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INTRODUCTION ON STAPHYLOCOCCI AND IMMUNE EVASION |

Staphylococcus aureus is a Gram-positive bacterium, characterized by the gold 
pigmentation of its typical grapelike clusters, hence its name; staphylo means grape in Greek, 
and aureus means golden in Latin. S. aureus is a successful human and animal pathogen 
and it is rising as a major health threat worldwide, mainly due to increases in antibiotic 
resistance. It is a commensal in both human and animals, but can cause severe diseases 
in most mammalian species when it becomes invasive1,2. S. aureus disease in livestock is 
common and ranges from mastitis in dairy cattle to dermatitis in poultry and rabbits2. In 
humans, invasive disease is mostly found in patients with immunological or barrier defects; 
however, more pathogenic strains have recently emerged with the ability to cause disease 
in otherwise healthy people with functional immune systems3,4. This ability is related to the 
large number of virulence factors, including immune evasion molecules, that interfere with 
proper immune functioning. These evasion molecules are generally secreted proteins that 
specifically interact with components of, mainly, the innate immune system and play a role in 
causing disease and successful colonization. So far over 35 staphylococcal evasion molecules 
have been described, which is more than what is known for any other bacterium, making 
staphylococci the textbook example for immune evasion. A closer look at the genome of S. 
aureus reveals that roughly 10% of all staphylococcal proteins are secreted5, meaning up to 
270 proteins could be secreted. Indeed, the list of evasion molecules is still growing.

In this chapter, we discuss the principles of staphylococcal immune evasion and respective 
immune targets. S. aureus has developed ways to interfere with different immunological 
processes involving host receptors and proteins that share little similarity; however, the 
immunomodulatory staphylococcal proteins do show remarkable resemblances: they have 
very conserved structural properties, are often small, varying in size between 8.9- and 35-
kDa, and have extreme isoelectric points (above 9 or below 5). Because of the multitude of 
evasion molecules and their redundancy, we grouped them based on their shared structural 
characteristics and evaluate the structure–function relationship. Another common property 
is that they are located on genomic clusters with other virulence factors. In general, these 
genomic clusters are mobile or display a high degree of genetic variability. Moreover, 
different strains and lineages of S. aureus carry and express different evasion molecules. This 
enables S. aureus to adapt to its environment and host; possibly leading to the development 
of immune evasion genes with species–specific functions. Finally, we will briefly deliberate 
on how targeting these evasion molecules might pave the way for new therapeutic strategies.

THE MECHANISMS OF IMMUNE EVASION |

S. aureus has evolved ways to target diverse branches of the immune system. Since the 
innate immune system is key in the clearance of staphylococci, most evasion molecules 
interfere at this stage. They can hinder initial bacterial recognition, manipulate coagulation 
processes, and inhibit the function of antimicrobial compounds, complement, and 
phagocytes. Other staphylococcal virulence factors interfere with adaptive immunity and 
the generation of successful memory responses. There are some general strategies that 
staphylococci use to prevent recognition by the immune system, which usually involve 
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shielding. For example, S. aureus can surround itself by an extracellular polysaccharide 
capsule or induce the formation of fibrin clots at the bacterial surface, both of which inhibit 
phagocytosis6. Other strategies include the formation of biofilms, where the bacteria provide 
each other with a protective milieu7, or the adaption to an intracellular lifestyle8. Most 
staphylococcal evasion strategies, however, involve manipulation of host functions through 
direct molecular interaction between secreted bacterial proteins and immune targets, which 
is the focus of this review.

The main molecular evasion mechanism employed by the secreted proteins of S. aureus 
is the blocking of host receptors or host enzymes, by interfering with ligand–receptor 
interactions or by occupying the catalytic sites of enzymes (Figure 1A). Chemokine, Fc, and 
pattern recognition receptors are affected, thereby preventing bacterial recognition and 
influx of immune cells to the site of infection. S. aureus has also developed ways to interact 
with factors that have been deposited on the bacterial membrane; it prevents opsonization 
by inhibiting complement activation and antibody binding. Furthermore, there are 
staphylococcal proteins that bind to soluble factors such as antimicrobial peptides. Usually, 
the secreted molecules act extracellularly, but there are also examples of proteins that inhibit 
intracellular host enzymes. 

An alternative strategy of S. aureus is to secrete enzymes that cause cleavage of host 
components and degrade important parts of the immune system (Figure 1B). This can 
be done directly by secreted proteases or indirectly through molecules that activate host 
enzymes. At the bacterial surface, both complement components and antibodies are cleaved, 
thereby limiting opsonization. Furthermore, the extracellular domains of host receptors 
can be cleaved, which results in truncated non-functional receptors. S. aureus also secretes 
enzymes that can degrade DNA (i.e., neutrophil extracellular traps (NETs)).

Another, very direct, strategy employed by staphylococci is to induce immune cell death 
through toxins (Figure 1C). Some staphylococcal proteins disrupt membrane integrity by 
acting as detergents, while others target specific, usually chemokine, receptors on the host 
cell membrane and induce the formation of pores. In this way, both cells from the innate 
and the adaptive immune system can be targeted, depending on the receptor repertoire 
present on the cells and the specificity of the toxins for the chemokine receptors. These 
processes can be employed extracellularly or intracellularly, after the bacterium has been 
phagocytozed as a way to escape from the phagosome and avoid death.

Aside the above-described inhibitory functions, S. aureus is also capable of modulating 
or activating parts of the immune system, which specially affects components of the 
adaptive immune system (Figure 1D). Secreted staphylococcal proteins can activate both 
B and T cells, which results in malfunctioning responses and overactivation. In time, this 
can inhibit a proper immune response. Furthermore, several secreted proteins can activate 
glycoproteins present on platelets and manipulate the coagulation system by promoting 
clotting or degrading existing fibrin clots, depending on the situation. Some inflammatory 
receptors can also be activated by evasion molecules; however, it is debatable whether these 
are side effects or if they actually contribute to pathogenesis.

Which host cells are affected by all these different strategies depends mainly on the 
receptor repertoire present on the cells, since most functions are mediated through 
staphylococcal protein–host receptor interactions. The effects are also not limited to immune 
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cells since, for example, epithelial cells can be targeted as well. These often are the first cells 
to come in contact with bacteria and are thus important in initiating primary danger signals. 
Altogether, S. aureus has developed ways to interfere with all important defense mechanisms 
and can target basically any immune cell. Figure 1 summarizes these mechanisms and gives 
an overview of all currently known secreted evasion molecules and their targets within the 
immune system. In this chapter, we take a closer look at these molecules, their conserved 
structures, host counterparts, and functions.

CONSERVED STRUCTURAL PROPERTIES OF EVASION MOLECULES: A 
STRUCTURE–FUNCTION ANALYSIS |

The secreted evasion molecules can be subdivided into two main distinct structural 
clusters and the group of membrane-damaging toxins (Figure 2). The largest structural 
group consists of proteins with a typical OB-fold and/or a β-grasp domain. The second 
group contains triple α-helix N-shaped bundle(s). The toxins can be divided into two further 
structurally distinct groups: the multiple β-barrel pore-forming toxins and the α-helices. 
These general structures are evolutionary conserved and found in all three domains of life. 
Thus, rather than being specific folds evolved in staphylococcal virulence, it is more likely 
the bacteria benefits from their extremely stable and energetically favorable conformation. 
However, it is interesting to look at how these basic structural elements can give rise to a 
wide variety of immune evasive functions. The stability of these folds permit a large variety 
of different sequences to be incorporated which allows for broad divergence and rapid 
adaptation9,10. Using these basic structures, S. aureus has evolved molecules to target almost 
every branch of the immune system.

Figure 1 | Evasion mechanisms of secreted proteins of S. aureus. The immune evasion mechanisms of 
S. aureus secreted proteins can be grouped into four categories: (A, red) Blocking of host components through 
blocking of immune receptors (e.g., TLR2), host enzymes (e.g., MMP-9), antimicrobial peptides (e.g., LL-37), or 
host factors deposited on the bacterial cell membrane (e.g., complement). (B, blue) Degradation of host factors, 
such as immune receptors (e.g., CXCR2), DNA (e.g., NETs), antimicrobial peptides, or factors deposited on the 
bacterial cell membrane (e.g., complement). (C, purple) Cell lysis, which can either be receptor dependent 
(e.g., C5aR1) or independent and extra- or intracellular. (D, green) Modulation or (non-specific) activation 
of host processes that affect host receptors (e.g., TCR) and coagulation processes. The evasion molecules 
discussed in this review are added in colored boxes depending on the category they belong to. All host 
targets are drawn schematically in black and the names of the affected host components are indicated in gray. 
Receptors are represented on the membrane of a “general” immune cell for simplicity reasons. Abbreviations: 
AMP (antimicrobial peptide), Aur (aureolysin), BCR (B cell receptor), CHIPS (chemotaxis inhibitory protein 
of S. aureus), DARC (Duffy antigen receptor for chemokines), Eap (extracellular adherence protein), Ecb 
(extracellular complement-binding protein), Efb (extracellular fibrinogen-binding protein), FLIPr (FPR2 
inhibitory protein), FPR (formyl peptide receptor), Ig (immunoglobulin), MMP9 (matrix metalloproteinase 
9), NET (neutrophil extracellular trap), NSP (neutrophil serine protease), PSGL-1 (P-selection glycoprotein 
ligand-1), PSM (phenol-soluble modulin), SAK (staphylokinase), Sbi (second immunoglobulin-binding 
protein), SC (staphylocoagulase), SCIN (staphylococcal complement inhibitor), SElX (staphylococcal 
enterotoxin-like X), SNase (staphylococcal nuclease), SpA (staphylococcal protein A), SSL (staphylococcal 
superantigen-like protein), TCR (T cell receptor), and vWbp (von Willebrand factor-binding protein).

◄
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Figure 2 | Structural comparison of immune evasion molecules and their targets. (A) Members of 
the OB-/β-grasp fold family. At the top, a representative structure of this fold type is shown (PDB 1ESF269) 
with the OB-domain in dark orange, and the β-grasp domain in light orange. Below are co-crystal structures 
of EapH1 (light orange) with neutrophil elastase (light blue) (PDB 4NZL43) and CHIPS (gray) with C5aR1 
N-terminus (purple, sulfated tyrosine residues are indicated in ball and stick) (PDB 2K3U54). Superantigen 
SEB (orange) with MHC-II (light blue), hemagglutinin peptide (spheres), and T cell receptor (light green) (PDB 

A B C
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PROTEINS CONSISTING OF AN OB-FOLD AND/OR β-GRASP DOMAIN

Most staphylococcal evasion proteins belong to the category of the OB-fold/β-grasp 
domain, two highly conserved regions that together form an extremely stable protein 
structure (Figure 2A). The N-terminal oligomer-binding (OB) domain is a mixed β-barrel 
with a Greek key motif9. It was first described by Murzin in 1993 and named OB because the 
first described proteins that belong to this group bind oligonucleotides and oligosaccharides. 
The OB-fold is not at all limited to staphylococcal virulence factors; many other pathogenic 
bacteria also secrete proteins containing this domain9. The ligand binding sites of this 
domain are often more fold than sequence related allowing a large degree of sequence 
variability. The C-terminal β-grasp domain typically consists of a five-stranded β-sheet 
that is diagonally twisted against a conserved α-helix (the β- sheet appears to grasp the 
helical segment, hence the name) and is a widespread fold with highly versatile functions11. 
Some evasion proteins contain both domains, while others contain either the OB-fold or the 
β-grasp. Below we will discuss the evasion molecules belonging to these structural groups: 
the superantigens (SAgs), the superantigen-like proteins (SSLs), the extracellular adherence 
proteins (EAPs), chemotaxis inhibitory protein of S. aureus (CHIPS), FPR2 inhibitory protein 
(FLIPr), staphylokinase (SAK), and staphylococcal nuclease (SNase).

The Superantigens
The group of SAgs is the largest and first described OB-fold-/β-grasp-containing family 

and is a good example of the adaptability of these conserved structural properties. The SAgs 
are best known for their capacity to induce, the often fatal, toxic shock syndrome12. Initially, 
they were described as enterotoxins because of their ability to cause food poisoning, but it is 
now known they have a much broader function. Superantigens massively activate T cells and 
antigen-presenting cells (APCs), thereby interfering with T cell activation and the buildup 
of a proper adaptive immune response, hence their importance in immune evasion. SAgs 
can activate up to 30–40 % of all T cells (as compared to 0.0001–0.01% during a normal T 

4C56270), and SSL7 and 11 (orange) in complex with, IgA Fc (light blue) (PDB 2QEJ41) and C5 (light purple) 
(PDB 3KLS30), and sialyl Lewis X (ball and stick) (PDB 2RDG37), respectively. (B) Members of the triple-helix 
family, with representative images of three different subgroups. The continuous N-shaped fold is on the left 
(Ecb/Efb/Sbi) (PDB 2GOX45), discontinuous N-shaped fold in the center (SCIN/SpA) (PDB 2QFF83), and the 
extended staphylocoagulase (SC) domain on the right (PDB 1NU795). These are colored rainbow from N- 
to C-terminus (blue to red). Below are co-crystal structures of Efb-C (rainbow) with C3d (light blue) (PDB 
2GOX45), SpA (rainbow) with IgG Fc (light green) (PDB 4WWI271) and IgM Fab (light blue) (PDB 1DEE272), and 
SCIN-A (rainbow) with C3b (light blue) and Bb (light green) (PDB 2WIN85). (C) Members of the pore-forming 
toxin family. The top image shows the β-barrel toxin subunit (left), with the N-terminal latch in magenta, the 
cap in blue, the rim in orange, and the (folded) stem in light green (monomeric conformation, PDB 1LKF273). 
The stem in its unfolded conformation is shown in the same image in dark green (oligomeric conformation, 
PDB 4P1Y114). The top right image shows an amphipathic α-helical toxin (hydrophobic residues in gray, polar 
residues in green, PDB 2KAM, Loureiro-Ferreira et al. to be published). Below are representative structures 
of monomeric β-barrel toxin subunits, with α-hemolysin on the left (PDB 4IDJ258), LukS-PV in the center (PDB 
1T5R274), and LukF-PV on the right (PDB 1PVL275), and the side and top views of complete hemolytic pores 
formed by α-hemolysin (magenta, PDB 7AHL110) and LukAB (LukA in tan, LukB in purple, PDB 4TW1120).

◄
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cell response induced by a regular antigen) by interacting with a set of Vβ-T cell receptors 
(TCRs) and cross-linking these with major histocompatibility complex II (MHC-II)13. S. aureus 
secretes up to 25 different SAgs that all range between 20- and 28-kDa: toxic shock syndrome 
toxin-1 (TSST-1), staphylococcal enterotoxins (SEA-E, G-J, and S-T), and staphylococcal 
enterotoxin-like (SElK-R, U and U2, V, and X-Y)14–16. Overall, the groove in between the OB-
fold and β-grasp domain appears to be crucial for their superantigenic activity (Figure 
2A). This groove contains a variable region that determines specificity for the TCR, and 
most SAgs therefore interact with a unique set of TCRs17. Some SAgs are more specific 
than others, and this is dependent on the amount of TCR variable loops the SAg interacts 
with, and whether specific structural elements or uncommon residues are required at the 
interface. The OB-fold of the SAgs is involved in a low-affinity interaction with MHC-II. As 
with TCRs, there are differences in preferences for MHC-II alleles. Furthermore, some of the 
SAgs require peptide-bound MHC-II for their interactions and others contain an additional 
high-affinity, zinc-dependent, MHC-II binding site in their β-grasp domain17. These basic 
differences in mechanisms have mainly been resolved through crystallographic studies as 
reviewed extensively by Sundberg et al. Besides their T cell stimulating capacities, SAgs have 
also been shown to down-regulate chemokine receptors on monocytes18. By interacting 
with MHC-II, they activate cellular tyrosine protein kinases that induce chemokine receptor 
down-modulation. Overall, the SAgs are a great example of proteins in which their general 
structure determines their overall function, but sequence differences result in remarkable 
diversity. This is required to stimulate a broad spectrum of T cells considering the variability 
of the Vβ elements of the TCRs and the different MHC-II alleles present. The superantigens 
nicely illustrate the evolution of the OB-fold.

Superantigen-Like Proteins
In 2000, a new gene cluster was defined that contained proteins structurally similar 

to the SAgs19. These proteins were part of a larger group of 14 that were first annotated 
as SET proteins for “staphylococcal enterotoxin-like,” but later renamed to staphylococcal 
superantigen-like (SSL, 1–14) proteins when it became clear that they did not have 
enterotoxic activity20. Even though the SSLs are highly conserved and involved in innate 
immune evasion, they have distinct functions. The SSLs are approximately 25-kDa, with the 
exception of SSL3 and SSL4 that both contain an additional N-terminal domain.

Functions (often multiple) have been described for SSL3, SSL4, SSL5, SSL6, SSL7, SSL8, 
SSL10, and SSL11. Both SSL3 and SSL4 are Toll-like receptor 2 (TLR2) inhibitors (SSL3 is 
far more potent than SSL4)21,22. SSL5 binds P-selectin glycoprotein ligand-1 (PSGL-1) and 
thereby inhibits neutrophil extravasation23,24. Moreover, it binds directly to the N-terminus 
of a wide variety of chemokine and anaphylatoxin receptors, thereby preventing leukocyte 
activation and migration25 and it further interferes with neutrophil migration by binding 
to and inhibiting the enzymatic activity of matrix metalloproteinase 9 (MMP9)26. SSL5 can 
also bind and activate platelets by interacting with the platelet glycoprotein receptors GPIb-
alpha and GPVI and the integrins αIIbβ3, causing platelet aggregation, which is beneficial 
for staphylococcal colonization27,28. SSL6 was found to interact with CD47, a cell surface 
protein ubiquitously expressed and involved in a range of cellular processes29. SSL7 has a 
dual function by which it inhibits opsonization; with its N- terminal OB-domain it binds 
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to the Fc region of IgA and thereby interferes with antibody recognition, and with its 
C-terminal β-grasp domain, it binds C5 and inhibits terminal complement activation30,31. 
SSL8 binds to the extracellular matrix protein tenascin C and inhibits its interaction with 
fibronectin, which might lead to attenuated motility of keratinocytes32. SSL10 targets IgG1 
through its N-terminal tail and C4 through its C-terminal domain33,34. Furthermore, it targets 
prothrombin and factor Xa to inhibit blood coagulation35 and binds and inhibits CXCR436. 
SSL11 binds glycoproteins present on neutrophils and prevents attachment to P-selectin. 
In addition, it binds FcαRI37 and possibly also targets GPIIb/IIIa on platelets; however, 
no experimental data have been published for this as of yet14. SElX, apart from being a 
superantigen, has recently been found to bind to PSGL-1 and block neutrophil recruitment. 
It is the first superantigen described to have a further immune evasive function through 
direct interaction with an additional receptor29. This is likely due to the fact that SElX shows 
higher sequence identity to SSLs than to superantigens38.

Although there is a large diversity in the target proteins and in the mechanism of 
action of the SSLs, there are some shared principles. Most knowledge on the functional 
mechanisms is derived from (co)-crystal structures (Figure 2A). For example, SSL2-6, 11, 
and SElX all contain a glycan-binding motif through which they bind glycoproteins present 
on cell surfaces37,39,40. This motif (TxExxKxxQx[D/H/N]RxxD) is located in the C-terminal 
β-grasp domain of the proteins and binds to sialyl Lewis X (sLex), a tetrasaccharide present 
on immune cells. Crystal structures of SSL4, SSL5, and SSL11 in complex with sLex have 
been solved, and for SSL5 and SSL11, the sLex interaction is required for their inhibitory 
functions37,39,40. Interestingly, their functions still appear to be distinct, which might in part 
be explained by the cationic properties of SSL5 that could result in additional interactions 
with the cell surface14. For SSL6, removal of the sLex residues also inhibited its interaction 
with CD4729. The glycan-binding motif may be a more general immune evasion mechanism 
employed by many of the SSLs and is likely partly responsible for the multitude of functions 
the SSLs have.

The crystal structures of SSL7 in complex with IgA and in complex with C5 revealed 
that SSL7 uses distinct parts of the protein for these interactions and that it can interact 
simultaneously with both targets30,41. SSL7 prevents IgA binding to its receptor FcαRI with 
its OB-domain, while it prevents cleavage of C5 through its β-grasp domain by interfering 
with C5 to C5 convertase binding, thereby limiting generation of the chemoattractant 
C5a31,41. It was found that not only SSL7 is capable of binding C5 and IgA simultaneously, 
but that this is required to reach full inhibitory function; complete inhibition of C5 cleavage 
and C5a generation is dependent on simultaneous IgA and C5 binding. IgA binding probably 
contributes to the inhibition by enhancing steric hindrance between C5 and its convertase30,31. 
Furthermore, SSL7 can inhibit formation of the membrane attack complex (MAC) by binding 
to preformed C5b and inhibit complement-mediated cell lysis of erythrocytes and Escherichia 
coli42. In this case, IgA binding was found to be required for inhibition of bacteriolysis, but 
not for hemolysis30.

The EAP Domain Proteins
The extracellular adherence protein (EAP) family consists of three proteins: Eap, EapHI, 

and EapH2, which contain one or more highly similar EAP domains of about 11-kDa43. 
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Crystallography revealed that these domains adopt a typical β-grasp fold44. Eap consists 
of several EAP domains which are joined by short linker regions with a flexible structure. 
Because of these flexible linkers, crystallization of the multidomain protein (Eap) has been 
unsuccessful45. Fortunately, structural studies in solution have shown that the domains 
convey a linear confirmation suggesting that, rather than stacking on top of each other, they 
interact with several ligands simultaneously45. EapH1 and EapH2 are two small homologs of 
Eap and, in contrast to Eap, are comprised of only one EAP domain.

A lot of different ligands and functions have been described for Eap. Initially, Eap was 
reported to bind multiple extracellular host proteins, resulting in bacterial agglutination, 
adherence to host tissues and cells, and inhibition of neutrophil extravasation. Recently, 
Eap was found to bind C4 and thereby inhibit complement activation46. Furthermore, Eap 
inhibits the activity of neutrophil serine proteases (NSPs: neutrophil elastase, cathepsin 
G, and proteinase 3)43. It was shown that by inhibiting these NSPs, S. aureus protects its 
own immune evasion proteins from cleavage and degradation 47. Multiple EAP domains are 
required for most described functions46,48, whereas the inhibition of NSPs only depends on a 
single EAP domain43. Therefore, it is not surprising that the single-domain homologs EapH1 
and EapH2 can also inhibit NSP activity. The inhibition of NSPs is also the only function of 
EAP domains in which the structure–function relationship has clearly been defined. A co-
crystal structure of EapH1 in complex with the NSP elastase revealed that EAP domains 
inhibit these proteases by occluding their catalytic site through non-covalent interactions43 
(Figure 2A).

Chemotaxis Inhibitory Protein of S. aureus
CHIPS is a 14.1-kDa protein that impairs the response of neutrophils and monocytes 

to the chemoattractants C5a and the formylated peptide fMLP49. It does so by specifically 
binding and blocking the GPCRs C5aR1 and the high-affinity formyl peptide receptor 
(FPR1)49,50. While the structure of the N-terminal domain of CHIPS is unknown, the C-terminal 
domain of CHIPS is highly similar to the superantigens and superantigen-like proteins and 
contains the structured β-grasp domain51. The two antagonistic functions of CHIPS are 
located in different domains of the protein. With its N-terminus CHIPS blocks FPR1 and its 
activity is attributed to two phenylalanine residues located in the N-terminus. N-terminal 
CHIPS-based peptides can inhibit FPR1, but do not block C5aR152. Rather, CHIPS targets the 
C5aR1 through its C-terminal domain and interferes with the initial interaction of C5a with 
the N-terminus of C5aR1. It thereby prevents C5a binding to the activation domain of the 
C5aR1 and further signaling. NMR spectroscopy with an N-terminal C5aR peptide revealed 
the exact residues involved in the interaction. In particular, C5aR residues 10–24, and 
specifically three aspartic acid and two tyrosine residues, were found to be important51,53,54. 
Sulfation of these two tyrosine residues was found to be critical for high-affinity C5aR–
CHIPS binding54,55. There are multiple parts of CHIPS that make contact with C5aR1, wherein 
several positively charged CHIPS residues are important. Another key determinant in CHIPS 
is the loop located between the α-helix and the first β-strand that is in contact with one of 
the sulfated tyrosines54 (Figure 2A).
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FPR2 Inhibitory Proteins
FLIPr and FLIPr-like were discovered as two individual proteins that were highly 

homologous and structurally related to CHIPS56,57. It was later recognized that FLIPr and 
FLIPr-like, rather than being two separate proteins, are two allelic variants of the same 
gene with 73% homology on the amino acid level57,58. The crystal structure of FLIPr has not 
been published yet, but, like CHIPS, it contains a β-grasp domain. Both variants also inhibit 
formyl peptide receptors. FLIPr binds to and blocks FPR2, a homolog of FPR156, that like 
FPR1 recognizes formyl peptides but with lower affinity. FLIPr-like inhibits both FPR1 and 
FPR257. The enhanced activity of FLIPr-like as compared to FLIPr toward FPR1 is explained 
by an N-terminal phenylalanine only present in FLIPr-like. This shows an interesting parallel 
with the phenylalanines in the N-terminal domain of CHIPS, which were found crucial for 
FPR1 inhibition. More recently, both FLIPr and FLIPr-like were shown to inhibit FcγR by 
competitively blocking IgG binding59. FLIPr specifically binds to and inhibits FcγRIIa, while 
FLIPr-like shows broader activity and binds to most FcγRs.

Staphylokinase
SAK is structurally most similar to CHIPS and contains a β-grasp-like fold60. SAK is a 

plasminogen activator and is not an enzyme by itself, but forms a complex with human 
plasminogen, a potent serine protease, and activates it to cleave fibrin and extracellular 
matrix proteins61. Additionally, at the bacterial surface, it activates plasminogen to cleave 
bound IgG and C3b, thereby indirectly blocking opsonization and complement activation, 
which consequently interferes with neutrophil phagocytosis62. SAK also directly binds to 
human α-defensin and inhibits its antimicrobial potency63.

Staphylococcal Nuclease
SNase is an enzyme that contains an OB-fold that cleaves DNA and RNA and binds to the 

DNA through the conserved oligonucleotide binding site common to the OB-folds64. SNase 
is important in the breakdown of neutrophil extracellular traps (NETs) and staphylococci 
can thereby escape from their entanglement and prevent getting killing by antimicrobial 
peptides and proteases that are entwined in the NETs65. Apart from releasing bacteria from 
their entrapment, SNase has a role in promoting immune cell death. It was shown to act 
together with the staphylococcal enzyme adenosine synthase to convert NET DNA into 
deoxyadenosine, which induces caspase-3-mediated apoptosis in macrophages66.

PROTEINS CONSISTING OF A TRIPLE ALPHA HELIX

The second most common fold found in evasion proteins is the triple alpha helix, also 
called the trihelical bundle, which resembles the form of an “N”. Although structurally 
similar, there are three distinct subgroups of triple helices, including the continuous 
N-shape, the discontinuous N-shape, and the elongated bundle (Figure 2B). As with the OB- 
and β-grasp fold, there is no general sequence motif, meaning they cannot be predicted from 
the sequence alone. The immunoglobulin-binding proteins (SpA and Sbi), the staphylococcal 
complement inhibitor (SCIN), the extracellular fibrinogen-binding proteins (Ecb and Efb), 
and the staphylococcal coagulases (SC and vWbp) all belong to this category.
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The Immunoglobulin-Binding Proteins
Staphylococcal protein A (SpA) is one of the best studied evasion molecules and it 

consists of five homologous domains, of approximately 6-kDa, with high-sequence identities 
that all have the topology of the triple alpha helix67. After secretion, SpA is initially cell wall 
bound through its C-terminal domain, but it can be released upon hydrolysis68,69. SpA can 
bind to both the constant (Fc) and variable (Fab) regions of immunoglobulins with each 
of its five repetitive triple-helix domains (Figure 2B). It binds to the Fc domain of IgG and 
disrupts opsonization and phagocytosis. The first two helices of each SpA domain are 
involved in Fc binding70. Binding to the Fab domain on the other hand involves SpA helices 
2 and 3 and through this interaction it acts as a B cell superantigen by cross-linking the VH3 
B cell receptor (surface IgM). This can result in both B cell proliferation and subsequent 
B cell apoptosis and also in the induction of class-switching, resulting in the secretion of 
non-specific antibodies. SpA thereby interferes with the ability to develop a good adaptive 
response71. SpA has also been demonstrated to bind to TNFR1 and can both activate the 
receptor, which contributes to pathogenesis, and induce shedding by activating an enzyme 
complex. This complex has anti-inflammatory consequences because it inhibits further 
signaling72,73. Furthermore, SpA binds von Willebrand factor74 and complement receptor 
gC1qR, which is often found on platelets and endothelial cells75, albeit not much is known 
about the consequences of these interactions.

The second immunoglobulin-binding protein (Sbi), identified through phage display 
screens, resembles the IgG-binding properties of SpA76,77. As with SpA, it exists in both cell-
bound and secreted forms78. In contrast to SpA, Sbi has only two domains with which it 
binds to IgG and it can only interact with the IgG Fc domain79,80. Besides the two IgG-binding 
domains, Sbi has two further independently folded domains that also resemble the triple 
alpha helix but instead bind to C3 and factor H to inhibit complement activation80,81.

The Staphylococcal Complement Inhibitor Family
The SCIN family consists of three members with approximately 50% sequence 

similarity, SCIN, SCIN-B, and SCIN-C82,83. However, SCIN-B and SCIN-C are allelic variants 
rather than separate proteins since the presence of the genes is mutually exclusive84. The 
SCIN proteins are small (10-kDa) potent complement inhibitors. They bind to and inhibit 
C3 convertase activity and thereby limit the release of the chemoattractant C5a and C3b 
deposition, which results in inhibited phagocytosis. Structural studies with SCIN in complex 
with the C3 convertase revealed that SCIN can bind two C3b molecules and a single Bb 
molecule simultaneously (Figure 2B); however, SCIN also binds directly to a single C3b 
molecule85,86. This has also been confirmed for SCIN-B87. By binding to C3b, they impair the 
rate of convertase assembly and also render the convertase inactive but in a stable state, by 
occluding the binding site for important host complement cofactors85,88. Furthermore, SCIN 
induces convertase dimerization which inhibits opsonophagocytosis because it modulates 
recognition of complement by phagocytic receptors85,89. Both the second alpha helix in the 
structure of SCIN and the N-terminus have shown to be important for the interaction with 
C3b85,90. 
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The Extracellular Fibrinogen-Binding Protein Family
Efb, extracellular fibrinogen-binding protein, is a 15.8-kDa protein with two functionally 

distinct domains: Its N-terminus is involved in fibrinogen binding, while its C-terminus is 
involved in complement inhibition by binding directly to the C3d domain of C3 (Figure 2B), 
thereby blocking active convertase formation. The crystal structure of Efb in complex with 
C3d, in conjunction with biophysical studies, revealed that Efb binding (when bound to 
C3b) forces C3b in an altered, but stable, conformation91. Efb links its N-terminal fibrinogen-
binding and C-terminal complement-binding domains to form a fibrinogen shield around 
itself. The thick layer of fibrinogen resembles a capsule and shields surface-bound 
complement and antibodies from recognition by phagocytes92.

Ecb, extracellular complement-binding protein, is a homolog of Efb and has similar 
complement inhibitory activity, but lacks the fibrinogen-binding domain. Interaction of Ecb 
with C3 is nearly identical to that of Efb as revealed by crystallographic studies91; however, 
mutagenesis studies revealed that Ecb contains a second, lower affinity, C3 binding site in its 
first alpha helix. This extra binding site results in enhanced complement inhibitory potency 
of Ecb as compared to Efb91. Both Efb and Ecb can also interfere with adaptive immune 
responses by inhibiting C3d to complement receptor 2 binding on B cells, which is important 
for B cell activation and maturation93,94.

Staphylococcal Coagulases
S. aureus secretes two coagulases, staphylocoagulase (SC), and von Willebrand factor-

binding protein (vWbp) that are highly homologous, especially in their N-termini, which 
contain two domains with triple alpha helices95. This region is also crucial for their shared 
function. They both associate with prothrombin to create staphylothrombin, an enzyme 
complex that can cleave fibrinogen without activating blood clotting, creating a fibrin mesh 
which protects S. aureus from phagocytosis96,97. The C-terminal domains of these proteins 
are more distinct. The C-terminus of SC is similar to the N-terminal domain of Efb, which 
is involved in fibrinogen binding98 and indeed provides SC with a fibrinogen-binding site. 
For vWbp, the C-terminal region is involved in binding to the von Willebrand factor, but the 
function of this interaction is not yet known99. Apart from prothrombin and fibrinogen, both 
proteins also bind to fibronectin, and vWbp also binds FXIII100.

 
THE STAPHYLOCOCCAL TOXINS: β-BARREL PORE-FORMERS AND α-HELICES

S. aureus secretes a wide variety of toxins that directly kill (immune) cells by disrupting 
the cell membrane. Structurally speaking, these toxins can be classified into two groups 
(Figure 2C), the β-barrel pore-forming toxins (α-hemolysin and the leukocidins), that target 
cells expressing specific receptors, and the small α-helical peptides that have detergent-like 
properties (the phenol-soluble modulins (PSMs)).

The β-Barrel Pore-Forming Toxins
Transmembrane proteins often take on the conformation of a β-barrel to insert 

themselves in the membrane. S. aureus uses this principle by secreting toxins that are 
composed of β-strand domains to create 1–2 nm cytolytic pores in the host cellular 
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membrane by spanning the phospholipid bilayer. The proteins are expressed in monomeric 
form and assemble on the target cell membrane through interaction with specific host 
receptors, inducing leakage and subsequent cell death. α-hemolysin (also known as 
α-toxin and Hla), a 33-kDa protein, was the first characterized member of this group, and 
it assembles into a homo-heptameric pore in the target membrane through interaction 
with its receptor, the zinc-dependent metalloprotease ADAM-10101, mainly found on 
host epithelium and endothelium. Apart from inducing cell lysis it induces ADAM-10 up-
regulation, which results in epithelial and endothelial barrier disruption through ADAM-
10’s metalloprotease activity102,103. α-hemolysin is also cytotoxic for monocytes, B cells, and 
T cells. Neutrophils, however, are fairly resistant to α-hemolysin-mediated killing, which is 
due to the low expression levels of ADAM-10 on these cells104. α-hemolysin can, however, 
affect downstream signaling in several immune cells, including neutrophils, thereby altering 
cytokine responses and immune function of these cells105.

Apart from α-hemolysin, S. aureus secretes bicomponent pore-forming toxins, also 
termed leukocidins. The main difference between these and α-hemolysin is that they 
consist of two different, independently secreted, 33-kDa components that form hetero-
multimeric pores. They are designated the S (slow) and F (fast) component, based on 
their chromatography elution profiles. The cell specificity is generally determined by the 
S-component that binds to a specific receptor on the cell surface. The final hetero-octameric 
pore consists of eight alternating S- and F-components. So far six pairs of bicomponent 
pore-forming have been discovered: LukAB (also named LukGH), LukED, LukMF’, LukSF 
(PVL), and two γ-hemolysins (HlgAB and HlgCB)106. In recent years, it was revealed that the 
leukocidins exert their lytic ability through association of their S-component with chemokine 
receptors. These GPCRs are found on a wide variety of immune cells, ranging from innate to 
adaptive. Some leukocidins have the ability to lyse erythrocytes, which provides S. aureus 
with a source of iron107. It was recently shown that S. aureus can use leukocidins to form a 
protective zone around its colonies killing neutrophils at a distance, thereby protecting them 
from phagocytosis and NETosis108. Apart from killing cells, leukocidins have shown to induce 
proinflammatory signals at sublytic concentrations, resulting in inflammasome activation, 
and induction of apoptosis (reviewed by Alonzo and Torres 2014106). Inhibition of signaling 
of chemokine receptors through the S-components has also been described109.

A lot of structural studies have been performed to understand the mechanism behind 
the pore-formation. Crystal structures of the monomeric forms have been available for 
many years already. These revealed that the monomeric α-hemolysin and leukocidins are 
highly similar. They consist of three domains, the cap, the rim, and the stem (Figure 2C). 
The cap domain lies on top and consists of β-sandwiches. The rim domain is located below 
the cap and is buildup of four β-strands. Lastly, there is the stem domain, which is highly 
hydrophobic and will later form the antiparallel β-barrel in the membrane. In the monomers, 
the stem region is packed within the cap domain. The heptameric pore of α-hemolysin and 
the octameric pore of γ-hemolysin have been structurally determined, which revealed that 
pore-formation is largely dependent on conformational changes110–113. After secretion of 
the soluble monomers, which are cotranscribed from a single promoter, dimerization of 
two components occurs at the host cell membrane. This induces a conformational change 
in an N-terminal region called the amino latch that results in the extension and unfolding 
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of the stem domain, releasing it from the cap and positioning it into the host membrane. 
Subsequently there is formation of the ring-shaped prepore, after which the transmembrane 
half of the β-barrel is inserted into the membrane, completing the formation of the pore 
(Figure 2C)113,114.

The general mechanism of action of all these β-barrel pore-forming toxins is highly 
similar. Overall, they have remarkable sequence similarity, especially within the groups of S- 
or F-components. Nonetheless, there are also differences and this is reflected by the different 
receptors targeted. LukED binds to CXCR1, CXCR2, and CCR5 on immune cells and targets the 
Duffy antigen receptor for chemokines (DARC) to lyse erythrocytes107,115,116. LukMF’, a toxin 
found in isolates from ruminants, binds to CCR1, CCR2, and CCR5108, while LukSF targets 
the C5aR1 and C5aR2 (formerly C5L2)117. HlgAB targets CXCR1, CXCR2, CCR2, and DARC, 
and HlgCB has affinity for the same receptors as LukSF, namely the C5a receptors109. LukAB 
is the only exception as it does not bind to a GPCR, but to the integrin CD11b118. This can 
be explained by the fact that LukAB is the most distantly related member of the leukocidin 
family. Through specific interactions with their receptors, the leukocidins target distinct 
cell populations. Receptor expression and conservation results in differential interaction 
of certain leukocidin pairs with immune cells from different species107,108. Studies have 
been performed to localize the receptor-binding parts in the toxins. Amino acid sequence 
alignment of leukocidins revealed specific regions in the rim domain of the S-components 
that are highly divergent and termed divergence regions 1–5 (DR1-5)115. For both LukED and 
LukMF’, the DR4 region, located at the bottom of the rim domain, showed to be important in 
specific receptor recognition108,115. Also on the receptor side, there are differences in regions 
that are targeted and involved. For example, PVL and HlgCB may target the same receptors, 
but do so differently as distinct parts of the C5a receptors are involved in the initial binding, 
but also in the subsequent pore-formation119. More recently, the structure of the LukAB 
octamer was solved. LukAB is distinct from the other leukocidins not only because it targets 
an integrin, but also because it forms a dimer even in solution, before contacting its target cell. 
Furthermore, the S-component is mainly involved in receptor binding, but the F-component 
of LukAB showed to strengthen the interaction. Therefore, dimerization before targeting the 
cell is a prerequisite for this toxin to gain sufficient binding affinity120.

Overall, the β-barrel pore-forming toxins share their mechanism of action as a result 
of their highly conserved structure, and their main differences lie in receptor recognition 
through divergent sequence regions. This also results in different target cell populations and 
species specificity.

The Phenol-Soluble Modulins
The PSMs are a family of small amphipathic peptides with similar α-helical structures 

and membrane damaging potential (Figure 2C). Although their structures are similar, their 
amino acid sequences are barely conserved. The toxic activity of PSMs is receptor independent 
and related to their detergent-like properties caused by their strong α-helical structure that 
results in a high affinity for lipids121. PSMs can be divided into two families based on their 
length. There is the shorter PSMα family that contains 6 family members (all between 20 
and 26 amino acids), which includes PSMα1-4, δ-toxin, and PSM-mec, and the longer PSMβ 
family containing PSMβ1-2 of both 44 amino acids. The PSMα-peptides are the most cytolytic, 
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with PSMα3 being the most potent121. Their lytic function is effective intracellularly rather 
than extracellularly, in contrast to most leukocidins, because PSM function is neutralized 
by serum lipoproteins122. Furthermore, in small intracellular compartments the high PSM 
concentration threshold required for lysis is more easily reached. By lysing phagocytes from 
the inside, S. aureus can escape phagocytic killing123. PSMs also have receptor-mediated 
actions. Through interacting with FPR2, they activate cells and stimulate chemotaxis at 
low PSM concentrations124. It is not known whether this is a strategy aiding the bacterium 
or rather a host-defense mechanism. PSMs have also been shown to affect the adaptive 
immune response by impairing the function of dendritic cells and inducing IL-10 secretion 
and T regulatory cells125. They are also involved in biofilm formation and structuration126. 
Structure–function studies using an alanine substitution library on PSMα3 revealed that the 
different activities of PSMs are linked to different parts of the peptides127. The hydrophilic 
side, containing a lot of positively charged residues, is highly important for the initiation of 
their cytolytic activities (for full pore-formation, the amphipathic properties are required), 
and for the pro-inflammatory properties. The hydrophobic side seems more involved 
in affecting biofilm formation and also to prevent antimicrobial activity while retaining 
cytolytic abilities127.

ADDITIONAL SECRETED ENZYMES

Staphylococcal Proteases
The staphylococcal proteases do not belong to any of the discussed structural categories, 

but are nonetheless potent secreted evasion molecules. Aureolysin (Aur), staphopain A, 
staphopain B, and V8 are all proteases that cleave host factors and are especially involved 
in the shutdown of complement128. Aur is a zinc-dependent metalloprotease that cleaves C3, 
which is then further degraded by host factors129. Furthermore, Aur cleaves and inactivates 
antimicrobial peptides130. Staphopain A and staphopain B are cysteine proteases that cleave 
complement components and interfere with neutrophil receptors. Staphopain A cleaves 
the N-terminus of the chemokine receptor CXCR2131, thereby interfering with neutrophil 
migration. Staphopain B cleaves both CD11b and CD31 on phagocytes, which impairs 
phagocyte function and marks them for depletion132. V8 is a serine protease and, apart from 
cleaving complement components, is involved in cleavage of immunoglobulins133. Multiple 
structures for most of these proteases have been described, but since they belong to different 
classes of proteases, there are no real structural similarities between the groups.

β-Hemolysin
β-hemolysin (Hlb, or also called beta toxin) is a 35-kDa protein that works as a 

sphingomyelinase, as it hydrolyzes a specific membrane lipid, sphingomyelin, thereby 
inducing cell lysis. Structurally speaking, it belongs to the DNase I folding superfamily and it 
was first described to lyse red blood cells and thought to be important in the acquisition of 
iron. It has now been recognized that β-hemolysin can also kill neutrophils, monocytes, and 
T cells, giving it clear immune evasive properties134.
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THE STRUCTURE–FUNCTION RELATIONSHIP

Detailed insight in the above-described molecular mechanisms was largely gained 
through crystallographic studies of the proteins, which were feasible due to the highly stable 
conformation of the conserved folds. In terms of sequence similarity, pore-forming toxins 
are most related to each other, followed by the OB-fold/β-grasp proteins, while the triple 
alpha helices have the least conserved sequences within their group. The OB- and β-grasp 
folds are often found together, and many immune evasion molecules contain both domains, 
such as the SAg and SSL families. Even though these families are structurally highly similar, 
there are surprising differences in how they engage their binding partners. Figure 2A 
illustrates the generally conserved binding sites of MHC-II and TCR on the SAgs. These sites 
are conserved because TCRs are structurally similar and differ only in the sequence of their 
variable regions, and the same accounts for MHC-II. In contrast, the SSLs bind a diverse array 
of proteins, and consequently binding sites are found all over the protein surface (Figure 
2A). Surprisingly, members of the SSL family share similar levels of sequence homology to 
each other as the SAgs among themselves.

The other proteins in this group contain either an OB-domain or β-grasp domain. 
Interestingly, despite having completely different functions, EAP domains and CHIPS have 
very similar structures (Figure 2A), likely because they both only contain the β-grasp 
domain. However, EAP can bind a variety of targets, due to its multi-domain structure. 
More surprisingly is that the SSLs and the EAP domain proteins also have somewhat similar 
sequences, despite their wide range in targets. The sequence of the α-helix (within the 
β-grasp domain) seems to be most conserved within this family of proteins 51. These residues 
are probably involved in maintaining the overall structure of the domain. While most of 
the β-grasp proteins contain five beta strands, some proteins contain only four, which may 
alter the domain flexibility. The biggest outlier, and the only protein that contains solely an 
OB-domain, is SNase. Its OB-domain likely has an altered structure to accommodate for its 
enzymatic activity.

For the triple alpha helices, three distinct types of folds can be distinguished (Figure 
2B). Efb-C, Ecb, and (at least domain four of) Sbi contain a continuous N-shape, whereas 
SCIN, SpA, and SC have a discontinuous N-shape. Although the structures are unknown, it is 
likely that the first two domains of Sbi have a discontinuous N-shape, due to their sequence 
and functional similarity to the SpA domains. The third Sbi domain is probably similar to 
the fourth as these are both involved in binding C3. Additionally, SC (and perhaps vWbP) 
has an elongated triple helix and is functionally divergent from the other two groups. Triple-
helix proteins have the least conserved sequence similarity (often less than 10 % identity) 
of all three families; however, structural similarity is surprisingly high. The triple-helix 
proteins bind to a wide variety of targets, probably due to the high-sequence diversity. 
Only within domains that share binding partners, the sequence similarity is greater than 
20%. The amount of different targets that bind the triple alpha helix family is further 
increased through distinct physicochemical properties of the proteins and individual 
helices themselves. Interestingly, Efb/Ecb/Sbi and SCIN all bind to complement C3 and 
its fragments/complexes. But, despite having highly similar structures and binding to the 
same protein, they function in completely different ways. For example, SCIN does not bind to 
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native C3, in comparison with other complement inhibitors 135. Both SCIN and Efb alter the 
convertase, but via completely different mechanisms.

For the pore-forming toxins, there is overall high-sequence and structural identity. 
The S-components all have >60% sequence identity and so do the F-components. Between 
the single subunits of α-hemolysin, S-, and F-components, there is only 20–30% sequence 
identity, but this is still much higher than the intragroup sequence identities of the OB-fold/β-
grasp and triple-helix groups. This is not surprising since the pore-forming toxins share their 
general modes of action. Sequence diversity is mostly required for the S-components to bind 
different cell surface receptors, through which they target a variety of immune cells. In the 
monomers, the rim domains are most diverse as they are comprised of many flexible loops 
between strands. Diversity is most important here as this appears to be the region to define 
receptor specificity. Despite sequence variability, the α-hemolysin, S-, and F-component 
monomers have very high structural homology, exhibiting only subtle differences in the 
rim and stem domains that may account for differences in receptor selectivity and pore 
oligomerization/size. The PSMs are membrane disrupting toxins, but are structurally and 
mechanistically completely different. Their high amphipathic nature with polar residues on 
one side and hydrophobic on the other side results in their detergent-like properties, which 
is similar to human cathelicidins.

Although staphylococcal immune evasion molecules share very low sequence homology, 
they conform to a remarkably small number of folds. This observation underscores that 
during evolution, protein structure is more conserved than sequence. The structured folds 
clearly form ideal scaffolds for the formation of extensive variations of protein–protein 
interactions, highlighted by the myriad of different host target proteins and receptors. 
Many of these evasion proteins have most likely evolved from common ancestors and gene 
duplications (especially, the clusters, such as the SAgs and the SSLs). They managed to target 
different molecules, since the folds allow high-sequence variability without compromising 
stability. Related to this evolution may be the appearance of strain-specific and species-
specific immune evasion molecules. 

GENOMIC LOCATION AND HOST SPECIFICITY | 

The S. aureus population is subdivided into lineages that evolve separately from each 
other. Generally, human and animal isolates belong to different lineages. However, animal 
lineages can also cause infections in humans136,137. Likewise, human lineages can also be 
isolated from animals, especially from animals that live in close contact with humans138,139. 
Clearly, S. aureus has the ability to adapt to different host species, including cattle, small 
ruminants, poultry, horses, rabbits, and pigs. While the molecular mechanisms of host 
adaptation are largely unknown, it is likely that gene loss, allelic diversification, and the 
acquisition of mobile genetic elements (MGEs) are involved in this process140,141. The S. 
aureus genome is highly variable and only 75% of the gene content is shared between all 
strains142. The other 25 % comprises the accessory genome of S. aureus and consists of the 
“core variable” genome and MGEs. The core variable genome is a lineage-specific set of genes 
typically encoding surface proteins, secreted virulence factors, and their regulators58,84,143. 
MGEs are DNA segments that can move between bacteria through horizontal gene 
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transfer, i.e., prophages, plasmids, pathogenicity islands (SaPIs), staphylococcal cassette 
chromosomes (SCCs), and transposons84,144. A common feature of these MGEs is that they 
especially encode genes involved in either immune evasion, and thus virulence, or antibiotic 
resistance58,143. The distribution of the MGEs is highly host-specific, indicating that the 
immune evasion genes encoded by these MGEs could be determinants of host adaptation of 
S. aureus. We set out to understand the relation between the function, host specificity, and 
the genomic distribution of the staphylococcal immune evasion proteins. While most animal 
experiments have been performed in mice, we focused on the functionality of the immune 
evasion proteins in natural hosts of S. aureus (e.g., ruminants, rabbits, pigs, and poultry) 
to elucidate their potential role in S. aureus diseases in these species. First, we discuss the 
immune evasion genes that are immobile and localized on the core variable genome of S. 
aureus. Next, the MGE-encoded immune evasion genes are discussed.

CORE VARIABLE GENOME

Genomic Islands
νSaα and νSaβ are the two major genomic islands of S. aureus that encode immune evasion 

genes. They are present in virtually every S. aureus isolate and are part of the core variable 
genome, but their gene content is highly variable and prone to recombination145,146. νSaα 
and νSaβ are flanked by a broken transposase gene and a partial restriction–modification 
system downstream, and the GC content of these islands differs from the core genome147,148. 
Therefore, they were presumably introduced in the S. aureus genome by horizontal gene 
transfer144. The acquisition of νSaα and νSaβ is thought to have played a role in successful 
evolution of S. aureus as a pathogen, since they are absent in the genomes of the nonpathogenic 
Staphylococcus epidermidis and other coagulase-negative staphylococci148–152. While νSaα 
and νSaβ are considered to have lost their mobility, it has recently been shown that νSaβ can 
be horizontally transferred in strains that have a resident prophage located downstream of 
the genomic island146. The immune evasion proteins encoded by νSaα and νSaβ are generally 
not human specific (Figure 3), a feature that is reflected by their broad distribution in both 
human and animal lineages.

νSaα encodes the ssl genes 1 through 11, which are likely a product of duplication of ssl 
genes in an ancestral S. aureus strain. The ssl1, 2, 3, and 11 genes are present in almost every 
S. aureus strain, but their coding sequence is highly diverse due to a high degree of allelic 
variance. The allelic variation in ssl4–ssl10 is less but the presence of these genes is more 
variable among strains, due to parallel gene loss in strains of different clonal lineages58,153. 
Allelic variation in the ssl genes can result in functional differences of the encoded proteins, 
as is seen for SSL3 and SSL4. SSL3 is generally a far stronger TLR2 inhibitor than SSL4, but 
there is an exception in one specific strain (MRSA252) that expresses specific allelic variants 
of the genes. In this strain, the two proteins appear to have switched their TLR2 inhibiting 
potential through changes in their functional domains21. The host specificity of the SSLs, as 
far as examined, is not restricted to humans (Figure 3). The functionality of SSL3 and SSL4 
has only been studied in humans and mice and they target TLR2 from both species21. SSL5 
also activates platelets in both species38,154. SSL7 binds IgA and complement factor C5 from 
several species31,42. However, up to 39% of the common inbred mice are genetically deficient 
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Figure 3 | Genomic distribution and species specificity of S. aureus immune evasion molecules. 
Genes are located in the core variable genome (upper panel), on mobile genetic elements (MGEs) specific for 
human isolates (lower left panel), or MGEs specific for animal isolates (lower right panel). Colors indicate 
the functional species specificity of the immune evasion molecules encoded by the displayed genes. Broad 
species specificity (blue) is assigned when an evasion molecule is functional in humans, rabbits, and/or 
mice, and in one or more large animals (e.g., pigs, sheep, goats, cattle, and horses). The specificity of evasion 
molecules at least functional in humans and mice (purple) has not been confirmed in other animals so far. 
aSaPIn1 is an example of a superantigen (SAg) encoding SaPI present in human strains, SaPIs encoding 
different combinations of SAgs have also been described203. bSaPIov1 shares close homology with SaPIbov1, 
which encodes bovine variants of the same genes167,216. cSaPIov2 shares a considerable degree of homology 
with SaPIbov4, SaPIbov5, and SaPIeq1, which encode host-specific variants of the same immune evasion 
genes198. Abbreviations: chp (chemotaxis inhibitory protein of S. aureus), eap (extracellular adherence 
protein), ecb (extracellular complement-binding protein), efb (extracellular fibrinogen-binding protein), 
flipr (FPR2 inhibitory protein), flipr-like (FPR2 inhibitory protein-like), hla (α-hemolysin), hlb (β-hemolysin), 
hlg (γ-hemolysin), luk (leukocidin), psm (phenol-soluble modulin), sak (staphylokinase), sbi (second 
immunoglobulin-binding protein), scn (staphylococcal complement inhibitor), scnb/c (staphylococcal 
complement inhibitor B/C), scn-var (staphylococcal complement inhibitor variant), se (staphylococcal 
enterotoxin), sea-ov (staphylococcal enterotoxin A-ovine), sel (staphylococcal enterotoxin-like), sec-
ov (staphylococcal enterotoxin C-ovine), ssl (staphylococcal superantigen-like protein), tst (toxic shock 
syndrome toxin-1), tstO (toxic shock syndrome toxin-1-ovine), vwb (von Willebrand factor-binding protein).
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for C5 and not suitable to study the effects of SSL731,155. SSL10 exclusively binds human IgG1, 
while its other functions, like the binding of prothrombin, have a broader species range33,35.

The gene content of the νSaβ locus is also highly variable. It can include lukED, several 
serine proteases that are putatively involved in virulence, and the enterotoxin gene cluster 
(egc) (Figure 3)148. The egc contains the genes of several SAgs of which the combination of 
seg, sei, selm, seln, and selo seems to be most common156,157. Like the ssl genes, the SAg genes 
within the egc are likely to be a product of distant gene duplication156,158. Both human and 
animal isolates have been shown to carry the egc SAg genes with a frequency of 30-66%, but 
their functional activity in animals is unknown159–163. The presence of the egc cluster within 
νSaβ is lineage associated, as is the presence of lukED58,157. LukED is the least host-specific 
leukocidin of S. aureus. In addition to humans, it has shown to be cytotoxic for bovine and 
murine neutrophils115,164,165. LukED is the only leukocidin with a clear in vivo phenotype in 
mice, where survival of animals is negatively correlated with the presence of lukED115,165. 
While the sequence of LukED has been described to be highly conserved in a set of 88 
isolates58, there are some variations to this theme. For instance, the strains Newman and V8 
express a different form of LukE that has shown to have a different biological activity164,166. 
Also of note is the loss of function of LukE in ovine strain ED133 of the ruminant lineage 
CC133, which might indicate a lack of requirement of this toxin in ruminant disease 
pathogenesis167.

Immune Evasion Cluster 2 (IEC2)
IEC2 is a large cluster of immune evasion genes that is present in the core variable 

genome, while the earlier discovered immune evasion cluster 1 (IEC1) is located on a MGE 
and will be discussed later168. Like the genomic islands, IEC2 contains mobile elements and 
bacteriophage remnants and is therefore suggested to be introduced by horizontal gene 
transfer169. IEC2 encodes genes of immune evasion proteins that target a broad host range 
such as efb, ecb, flipr/flipr-like, and hla (Figure 3). Ecb and Efb are functional complement 
inhibitors in both humans and mice169–171, and Efb can also inhibit complement-mediated 
phagocytosis in cattle172. FLIPr and FLIPr-like both efficiently inhibit phagocytosis by human 
neutrophils, while only FLIPr-like has similar efficiency in mice59. The hla gene encodes 
for α-hemolysin which has a very broad host range including cattle, rabbits, guinea pigs, 
horses, and pigs173–177. Of note is the extreme sensitivity of rabbits and rabbit erythrocytes 
to α-hemolysin178,179. In several experimental rodent and rabbit models, α-hemolysin has 
been shown to contribute to S. aureus pneumonia, peritonitis, infections of the skin, cornea, 
endocardium, central nervous system, and the mammary gland 177,180. In hospitalized patients, 
α-hemolysin production has been associated with S. aureus peritonitis and ventilator-
associated pneumonia181,182. Together, this suggests that α-hemolysin is indeed an important 
virulence factor in human S. aureus disease.

The only human-specific immune evasion gene on IEC2 is scn-b/c. IEC2 contains either 
one of both allelic variants, scn-b or c58 and the activity of SCIN-B/C corresponds to that of 
SCIN located on immune evasion cluster 1 (IEC1)87,169. The IEC2 genes are present in almost 
every S. aureus strain and the allelic variants of its genes are distributed in a lineage-specific 
manner. Of note is the occurrence of a nonsense mutation in the hla gene in some strains, 
resulting in the expression of a non-functional protein183. The ssl12-14 genes are also located 
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on IEC2 and thereby lie 700 kb upstream of the other ssl genes, but no function has been 
assigned to them yet.

Other Clustered Immune Evasion Genes
All S. aureus strains harbor the genes of at least three leukocidins in their core variable 

genome; HlgAB, HlgCB, and LukAB. The γ-hemolysin (hlgABC) genes are part of the sbi/hlg 
locus (Figure 3)184. There is some genetic diversity among coding sequences of the hlgABC 
genes58, while the adjacent sbi genomic sequence is highly conserved throughout (both 
animal and human) isolates79. Sbi is functional in humans and rodents, but its activity in 
large animals (e.g., cow, sheep, horse, and goat) seems to be limited79,81. The γ-hemolysins are 
active on neutrophils of humans, rabbits, and cattle119. Murine neutrophils, however, are not 
susceptible, which complicates the use of mouse models to study the effects of γ-hemolysins 
in vivo109. In mice, the effects of γ-hemolysins are limited to CCR2+ cells (e.g., inflammatory 
macrophages). While HlgAB still contributes to S. aureus bacteremia in this animal model, 
the full-blown in vivo effects of both HlgAB and HlgCB are probably severely underestimated. 
The genes for lukAB are located adjacent to the eap/hlb locus (Figure 3). LukAB specifically 
targets the I-domain of human but not murine CD11b118. While there is low-to-intermediate 
toxicity observed in rabbits, murine neutrophils and macrophages are highly resistant to 
LukAB-mediated killing118,185. Surprisingly, two studies did find an in vivo effect of LukAB in 
a murine renal abscess186 and an orthopedic implant biofilm model187, indicating that LukAB 
still has some residual activity toward murine leukocytes. However, as posed earlier, mouse 
models do not provide a suitable context to study the complete effects of, or therapeutic 
approaches involving, leukocidins such as LukAB and HlgABC, because of their strongly 
reduced affinity for murine leukocytes. The susceptibility of large animal leukocytes to the 
toxic effects of LukAB, unknown as yet, will provide an answer to the question if LukAB is 
a human-specific toxin. The eap gene is very versatile and has 15 different alleles58. The 
number of EAP domains (ranging 4–6) encoded by the eap gene differs per allele and might 
have functional implications for the resulting Eap protein43. The host specificity of Eap has 
not been extensively studied, but Eap is at least also functional in mice188. Eap contributes 
to an increased bacterial load in S. aureus infections in mice, in synergy with its homologs 
EapH1 and EapH243.

The psmα1–4 genes are located together and encode for the α-type PSMs, whereas 
the psmβ1–2 genes lie on another cluster and encode for the β-type PSMs (Figure 3). Not 
all S. aureus lineages encode the psmβ2 gene58. The hld gene is located separately on the 
chromosome and encodes for δ-toxin, also a member of the PSMα family. Recently, an allelic 
variant of PSMα3 has been described that has differential cytolytic properties189. PSMs are 
not species specific, which can be explained by the fact that there is no receptor involved in 
the cytolytic process121,190. Therefore, mouse models could successfully be implemented and 
have shown that PSMs modulate immune responses and contribute to S. aureus disease in 
vivo121,124,191.

The spa gene is an example of a core variable genome-encoded immune evasion protein 
that is not located in a cluster. The spa gene is ubiquitous in S. aureus and highly variable 
and therefore often used for strain typing. Its length can differ between isolates resulting in 
truncation of the protein or expression of different numbers of IgG-binding domains79,192,193. 



 GENERAL INTRODUCTION | STAPHYLOCOCCAL IMMUNE EVASION PROTEINS |

33 |

1

SpA has immune modulating functions in multiple species and contributes to S. aureus 
abscess formation in mice70,79,194,195. Recently, it was shown that guinea pigs provide a suitable 
model to evaluate therapeutic approaches directed toward SpA in vivo195. The selx gene 
encoding for the superantigen SElX is also not located in a cluster and is presumed to have 
been horizontally acquired by a distant progenitor of S. aureus. This gene has subsequently 
diversified among S. aureus lineages and has multiple allelic variants that differ in coding 
sequence. SElX variants from human and ruminant isolates differ in mitogenicity toward 
human or bovine T cells, indicating that the allelic diversification of selx has had functional 
properties for the encoded protein15. Other singly occurring immune evasion genes are 
coa and vwb. These genes encoding for, respectively, SC and vWbp are found in most S. 
aureus strains and their proteins effectively coagulate human and murine plasma196, but not 
ruminant plasma197,198.

MOBILE GENETIC ELEMENTS

SaPIs
The SaPIs belong to the family of mobile phage-related pathogenicity islands that are 

found primarily in S. aureus but also in other Gram-positive bacteria, including streptococci 
and lactococci199,200. The SaPIs are not mobile by themselves, but hijack the capsid of phages 
for their horizontal transfer200,201. To date, at least 16 different SaPIs have been identified 
in the genome of S. aureus202. Most of the SaPIs carry a combination of two or three SAg 
genes203 (Figure 3). However, the gene content of SaPIs is variable as a result of intensive 
recombination202. For example, the SaPIn1 in strain N315 carries the SAg-encoding genes 
sell, sec, and tst, while the SaPI3 encoded by COL carries seb, selk, and selq147,203,204. The tst 
gene is exclusively encoded by SaPIs, and carriage of specific SaPIs is therefore directly 
linked to the ability of a strain to cause menstrual toxic shock syndrome205. As discussed, 
all SAgs can stimulate T cells but exhibit different preferences for TCR Vβ and MHC class 
II profiles206. Therefore, the effect of SAgs can differ between human individuals and also 
between different species15. Mouse models have been hampered by the fact that murine MHC-
II responds differently to SAgs than human MHC-II207. Mice are >109 times more resistant to 
SAgs than humans, while the sensitivity of rabbits resembles that of humans208. In rabbit 
models, it has been shown that the SaPI-encoded SAgs contribute to S. aureus toxic shock 
syndrome, endocarditis, sepsis, and kidney injury in vivo12,209–211. SAg-sensitive transgenic 
mice expressing HLA-DR4 can also be used to study the effects of SAgs in vivo212,213. In 
addition, cattle are also reported to be susceptible to the effects of several SAgs 15,214,215.

Genome analysis of ruminant S. aureus strains ED133167 and RF122192 led to the discovery 
of specific SaPIs of animal isolates. These SaPIs, SaPIovine1 (SaPIov1) and SaPIbovine1, 
(SaPIbov1) encode host-specific variants of tst, sec, and sell216 of which the SEC and TSST-1 
variants have shown to vary in biological activity in comparison with the proteins encoded 
by human strains217,218 (Figure 3). Other animal-related SaPIs (SaPIov2, SaPIbov4, SaPIbov5, 
and SaPIequine1 (SaPIeq1)) encode allelic variants of the vwb gene that differ in sequence 
from the chromosomally encoded gene that is present in all S. aureus isolates99,167,198,219. While 
the chromosomally encoded vWbp is mostly unable to coagulate animal blood, the SaPI-
encoded vWbp variants of equine and ruminant isolates do have the ability to coagulate 
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blood of their specific host (Figure 3). Also, the SaPI-carried vwb genes are differentially 
regulated than the chromosomally encoded ones. Together, this indicates that acquisition 
of these SaPIs might be important for adaptation to a specific host198. Finally, the ruminant, 
porcine, and equine SaPIs also carry homologs of three other putative virulence genes, 
including SCIN82,198,220, but their function is yet to be determined.

Prophages
Bacteriophages can transfer their DNA from one bacterial cell to another, where it 

is integrated at a specific site in the chromosome. Integrated bacteriophage genomes 
(prophages) of S. aureus also encode immune evasion genes that usually have conserved 
coding sequences and display little allelic variance58. These genes can be disseminated 
horizontally through transduction, as reviewed in detail by Lindsay221. The leukocidins PVL 
and LukMF’ are examples of prophage-encoded virulence factors141,222. The pvl gene is located 
on ϕSa2 and present in only 2–3% of the S. aureus isolates223. However, in community-
acquired (CA)-MRSA strains and strains causing necrotizing pneumonia, the prevalence of 
PVL is extremely high (>85%)224–226. Also, the successful spread of the PVL-carrying clone 
USA300 in the USA has increased the prevalence of pvl in CA-MRSA strains227,228. It is unclear 
whether carriage of the PVL encoding ϕSa2 phage is responsible for the enhanced virulence 
of CA-MRSA strains228. In other countries, i.e., Korea and the UK, an increasing number of 
CA-MRSA clones are found that do not contain the PVL genes229,230. PVL is a predominantly 
human-specific toxin, and in line with this, the ϕSa2 phage is only found in human S. aureus 
isolates58 (Figure 3). The incompatibility of murine C5aR1 with PVL has been a great setback 
for studying the contribution of PVL to S. aureus pathogenesis in in vivo models. Only rabbits 
are described to confer some degree of susceptibility to this toxin117. While an isogenetic 
deletion mutant of pvl does seem to benefit rabbit survival in a pneumonia model231, other in 
vivo infection models in rabbits have shown more ambiguous results232–235. To date, the role 
of pvl in S. aureus pathogenesis remains elusive.

The lukmf’ genes are located on the ϕSa1 phage, which has a different genetic makeup 
and distribution than the ϕSa2 phage encoding pvl167,222,236. The lukmf’ genes are mainly 
harbored by isolates from ruminant origin and are absent in human strains192,236,237. While 
LukMF’ has a very profound lytic effect on bovine neutrophils, human neutrophils are fully 
resistant to its toxicity because they lack expression of CCR1108 (Figure 3). Apart from cattle, 
other ruminants such as goats, sheep, and rodents are also susceptible to LukMF’-mediated 
cytotoxicity238–241. The prevalence of lukmf’ in bovine isolates ranges from 10 to 86 % and 
differs per geographic region and site of isolation236–238,242,243. Carriage of lukmf’ has been 
associated with mastitis in ruminants237,238; however, its exact role in the pathogenesis, 
severity, or persistence of mastitis is yet to be determined experimentally in vivo.

The IEC1 cluster is carried on the ϕSa3 prophage and harbors a combination of the scn, 
sak, and chp genes168. These genes encode immune evasion proteins that are highly human 
specific. SCIN, like SCIN-B/C, is unable to inhibit complement activation of mouse, rat, dog, 
sheep, guinea pig, goat, and cow82. SAK can activate plasminogen of humans, dogs, and 
baboons, but not of large animals (horses, pigs, cows, and sheep), rabbits, or mice244. CHIPS 
does not bind to neutrophils of rabbit, pig, mouse, guinea pig, rat, and dog and the functional 
blockade of the C5aR1 is inefficient in these species (Postma et al. unpublished observations). 
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In accordance with the human-specific function of the genes on IEC1, the carriage of ϕSa3 is 
associated with human isolates of S. aureus245,246 (Figure 3). An exceptional high percentage 
of human clinical isolates (>90%) carry IEC1, indicating that virulence factors encoded by 
this cluster might be important for infection of humans168. The prevalence of the IEC1 in 
animal isolates is generally low242,247,248. During evolution of S. aureus, IEC1 is lost in strains 
that become associated with animals, while it remains conserved in human-associated 
strains249,250. Insertion of the IEC1 cluster results in disruption of the hlb gene and therefore 
the phages encoding IEC1 are also known as β-hemolysin converting bacteriophages168. 
There is some evidence that β-hemolysin plays a role in animal diseases like bovine 
mastitis174,251. However, the exact role of β-hemolysin in bacterial pathogenesis in animals 
(and humans) is still unclear. In addition to scn, sak, and chp, ϕSa3 can harbor several SAg 
genes including sea, selk, selq, and selp141,147,168. While sea was observed to be absent in most 
animal isolates162, ovine strain ED133 encodes a variant of sea (sea-ov, 87% identity with 
sea) on a newly identified phage named ϕSaovine2 (ϕSaov2)167 (Figure 3). Also of interest 
is the discovery of a novel member of the β-converting phage family (ϕAvβ), a prophage 
harbored by avian isolates of S. aureus. This prophage lacks the genes of IEC1 but encodes 
other virulence factors putatively involved in avian-niche adaptation252,253.

HOST ADAPTATION OF IMMUNE EVASION MOLECULES

Immune evasion genes play a major role in host adaptation. While some immune 
evasion clusters are on MGEs and have retained their ability to move, other clusters, such 
as the genomic islands and IEC2, have become immobile and are now considered to be part 
of the core variable genome of S. aureus. Allelic variation of immune evasion genes and 
host specificity of the encoded proteins are related to the mobility of their gene cluster. 
The immobile genomic clusters are present in virtually all strains, and their genes display a 
large degree of allelic variance between lineages58. The encoded immune evasion proteins 
generally have a broad species specificity, but allelic diversification may influence the 
function of these proteins in different hosts15. The broad species specificity of these immune 
evasion proteins makes it possible to study their function in common animal models, such 
as mice and rabbits121,165,169.

In contrast to the gene clusters in the core variable genome, MGEs have a lineage as 
well as a host-restricted distribution and their genes generally show little allelic variation58. 
Interestingly, the function of the MGE-encoded immune evasion proteins is also highly 
species specific. These evasion proteins typically have a high affinity for their host-specific 
targets49,82,108,117. Coevolution of MGEs with a specific host may have increased the affinity 
of encoded immune evasion proteins for the host’s immune system, in turn coinciding with 
a loss of function in other species. This might be an explanation for the human-restricted 
functions of the IEC1-encoded proteins SCIN, CHIPS, and SAK. The lack of animal models to 
study these human-specific proteins has limited the understanding of their importance in 
the pathogenesis of S. aureus disease.

Future research should be directed toward explaining the molecular basis of host 
adaptation and the role of MGEs in this process. The identification of more MGE-encoded 
immune evasion molecules will provide insights into the pathogenesis in different hosts and 
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may provide new therapeutic approaches to treat S. aureus disease in humans and animals.

FUTURE DIRECTIONS |

It is clear that S. aureus has evolved multiple ways to prevent immune recognition and 
sabotage immune cell function, on a much larger scale than any other bacterium. Knowledge 
of these immune evasion strategies, their structure–function, and host relationships can 
aid in the development of new therapeutic strategies. A co-crystal structure can provide a 
highly visual and comprehensive definition of an interaction interface254 and host specificity 
is important to take into account when performing in vivo studies in animals and translating 
these findings to other species. The immune evasion proteins are interesting for the 
development of novel pharmaceutical compounds in two distinct ways. Firstly, they can be 
used to interfere in staphylococcal virulence. Secondly, the immune evasive properties can 
be used in situations where there is aberrant activation of the immune system that leads to 
inflammatory diseases. We will review these two potential uses briefly. 

THERAPEUTIC STRATEGIES FOR S. AUREUS INFECTIONS 

Novel therapeutic strategies to combat S. aureus infections are critically needed 
because of the rise in antibiotic-resistant strains, the limited availability of therapeutics, 
and the absence of a working vaccine. The limited therapeutic options are in part due 
to the interference of S. aureus in both innate and adaptive immune responses. This is 
because successful therapies, such as vaccination, rely on robust immune responses to take 
effect106,255. Thus, the staphylococcal evasion proteins provide promising candidates for new 
anti-staphylococcal approaches. If neutralization of these proteins can be induced, either 
through vaccination, monoclonal antibodies (mAbs), or through the use of inhibitory small 
molecules, the immune system might be able to battle off the infection and even generate a 
successful immune memory. 

Therapeutic strategies always have to be evaluated in vivo. One major obstacle of 
studying these virulence factors in vivo is that often mice are used as model organisms. Mice 
are highly resistant to staphylococcal infections. To illustrate, for most mouse models up to 
108

 
bacteria are required to reach infection, whereas less than 100 bacteria can be enough to 

cause disease in a natural host. This discrepancy in doses may, in part, be explained by the 
activity of the immune evasion molecules that, as discussed, often do not function in mice. 
Indeed, a lot of vaccine studies that have been tested in mice and conferred protection in 
these models could not be successfully translated to humans256. A way to overcome this could 
be to generate humanized mice that express human receptors and factors that are critical for 
disease. However, even here the problem remains that only the effect of an isolated protein 
is studied. It would be better to move toward species that are more susceptible to S. aureus 
infections and are a natural host, such as cattle, poultry, and rabbits. The principles found in 
studies directed toward preventing disease in these natural hosts might be translated into 
the human system, as long as species-specific factors are taken into account. Most of the 
newer vaccine designs aim at simultaneously targeting multiple virulence factors, since it 
was found that neutralizing one virulence factor was probably not enough given the great 
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number of immune evasion molecules secreted by S. aureus255,256. 
Besides vaccination, there are ongoing studies seeking to develop mAbs or small 

molecules targeted against host receptors or evasion proteins. Treatment with maraviroc, 
the CCR5 inhibitor often used in the treatment of HIV, protects T cells and myeloid cells from 
LukED-mediated toxicity165 and treatment of bovine neutrophils with a CCR1 antagonist 
protects these cells from LukMF’-mediated lysis108. Thus, targeting the toxin receptors might 
be a good therapeutic strategy. The toxins themselves can also be targeted and may make 
good mAb or vaccine candidates. Several studies showed that neutralizing antibodies against 
conferred protection in mice models257,258. These studies might be translatable to humans 
since antibody levels against α-hemolysin were found to be correlated with protection 
against S. aureus infections in children259, while low anti-α-hemolysin anti- body levels were 
found to be associated with sepsis in hospitalized adults260. Correlates between protection 
and antibody levels have also been found for PVL, some superantigens, and several PSMs260. 

Structural studies can be useful in understanding mechanisms of protection and allow 
for the bench-to-bedside transition. mAbs can be developed that target multiple S. aureus 
proteins, based on a shared structure. A single mAb has already been developed that can 
neutralize both α-hemolysin and four bicomponent leukocidins261. Neutralization is based 
on the recognition of a shared conformational epitope. These strategies are promising 
because they target multiple proteins at once, which might be necessary for good therapeutic 
efficiency because of the redundancy of the evasion proteins. Overall, therapeutic targeting 
of staphylococcal toxins is an interesting strategy that should be explored further. 

THERAPEUTIC STRATEGIES FOR OTHER INFLAMMATORY CONDITIONS AND 
CANCER 

The anti-inflammatory properties of the evasion proteins can be used to combat diseases 
in which there is aberrant immune activation. Often, the actual evasion molecules cannot be 
used directly because they are too immunogenic. This creates a need for the construction of 
hypoimmunogenic derivatives. To attain this, (co)crystal structures are extremely valuable 
as they provide us with the exact binding interface and the involved amino acid through 
which the construction of derivatives can be facilitated. Based on the crystallographic data, 
structured peptide derivatives can be designed. 

Apart from being crucial in antimicrobial defense, immune receptors can be involved 
in the development of disease. In these situations, where the balance has tipped the wrong 
way, the evasion molecules provide us with highly specific strategies to inhibit these 
aberrant responses. For example, complement, several GPCRs, and Toll-like receptors 
can play central roles in human inflammatory diseases and could therefore be interesting 
therapeutic targets262–264. A lot of immune evasion molecules target these systems and hence 
might be used in therapeutic settings and some studies have already explored this concept. 
Through a phage display approach, SCIN-derived peptides were identified that retained the 
complement inhibitory activity of SCIN265. In a more targeted approach, a non-immunogenic 
mimic of the C5aR inhibitor CHIPS was produced. It was designed to include all important 
amino acids based on the C5aR-CHIPS co-crystal structure and the 50-residue sulfated 
peptide showed formation of structural elements266. Similar strategies could be used to 
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generate more anti-inflammatory molecules. For example, SSL3-derived peptides could be 
able to block aberrant TLR2 activation, whereas SSL5-derived peptides could inhibit PSGL-1. 

The other approach that is being explored is to use the molecules or derivatives in anti-
cancer strategies. Some of the immune receptors are involved in the growth or metastasis of 
different types of cancers. Activation of FPR1 can promote brain tumor growth. Treatment 
of mice implanted with human, FPR1 expressing, astro- cytoma cells with CHIPS reduced 
tumor growth and prolonged survival of the mice267. SSL5 has also been explored for its 
anti-tumor activities. Rolling and extravasation of cancer cells, processes involved in tumor 
metastasis, can be mediated through PSGL-1 and P-selectin. SSL5 showed to inhibit the 
P-selectin and PSGL-1 interaction on leukemic cells24. Furthermore, SSL5 can inhibit tumor 
cell to platelet adherence, a process described to induce tumor growth and metastasis24. Its 
family members SSL6 and SSL10 could be interesting because they block CD47 and CXCR4, 
respectively29,36. CD47 expression is increased on various tumor cells and this protects them 
from phagocytosis268. The same study showed that blocking CD47 with a mAb in mouse 
models results in attenuated tumor growth, reduced metastasis, and increased survival. 
Similarly, blockage of CXCR4 could be beneficial since its expression has been linked to many 
different types of cancer and it is involved in tumor dissemination36. Altogether, immune 
evasion proteins might provide novel therapeutic options in the treatments of many different 
kinds of cancer. 

CONCLUSIONS |

For pathogenic bacteria, immune evasion is crucial, especially in the early phase 
of invasion, to escape the acute attack of the immune system and to create a window of 
opportunity in order to divide. S. aureus has evolved at least 35 proteins to assist in this 
process. These structurally highly related evasion molecules have distinct molecular targets 
within the host immune system. Despite the very low sequence homology, these proteins 
conform to a remarkably small number of folds, thus protein structure is more conserved 
than sequence. These structured folds form ideal scaffolds for amino acid variation to 
favor adjustments in protein–protein interactions. Most immune evasion molecules have 
evolved from common ancestors and gene duplications. The target range and specificity is 
explained by high-affinity protein–protein interactions that over time, resulted in the host 
adaptation we observe today. This is aided by the flexibility of the S. aureus genome and 
its MGEs. Phages and pathogenicity islands especially contribute to the spread of evasion 
molecules through different lineages of S. aureus and form the foundation of host adaptation. 
Future identification of novel MGE-encoded virulence genes and of the function of the 
encoded proteins contributes to our understanding of the coevolution of pathogen and host. 
Unraveling the pathogenesis of S. aureus disease in different hosts will pave the way for the 
development of new therapeutics in humans and animals. 
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AIM AND OUTLINE OF THIS THESIS |

In this thesis we aim to further grasp the principles of immune evasion by exploring 
the immune modulating properties of the staphylococcal superantigen-like (SSL) family. 
This highly structurally related family has arisen from gene duplications, but has evolved 
surprisingly diverse functions in immune evasion. This makes them interesting study subjects 
to understand the intricate interplay between staphylococci and the immune system. This 
knowledge will aid in the development of novel therapeutics against staphylococci, but also 
increases our basic understanding of the immune system and immune-mediated pathologies. 

In Chapter 2, the family of matrix metalloproteinases (MMPs) is identified as a novel 
host target for SSL1 and SSL5. Consequently, we show that SSL1 and SSL5 limit neutrophil 
migration and chemotaxis. In Chapter 3, the molecular mechanism behind the inhibition of 
TLR2 by SSL3 is unraveled, which reveals the amino acids involved in the protein-protein 
interaction and shows that SSL3 inhibits TLR2 in a dual mechanism; SSL3 interferes with 
both ligand binding and TLR dimerization. In Chapter 4, research into the molecular 
basis of the SSL3-TLR2 interaction is continued, but now with a focus on the TLR2 side. 
This uncovers the species specificity of SSL3 and reveals that SSL3 does not inhibit bovine 
TLR2. In Chapter 5, initial steps are taken to investigate the importance of SSL3 in vivo, 
which confirms its potential as a virulence factor. In Chapter 6, SSL3-based peptides are 
constructed and characterized for their ability to mimic the SSL3 interaction with TLR2. 
Finally, in Chapter 7 the implications of the SSL family as a whole in staphylococcal immune 
evasion and virulence are discussed. 
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CHAPTER TWO |
Staphylococcal Superantigen-like Protein 1 and 5 (SSL1 & 
SSL5) Limit Neutrophil Chemotaxis and Migration through 
MMP-Inhibition
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ABSTRACT |

Matrix metalloproteinases (MMPs) are endopeptidases that degrade components 
of the extracellular matrix, but also modulate inflammation. During bacterial infections, 
MMPs are important in the recruitment and migration of inflammatory cells. Besides 
facilitating cell migration by degrading extracellular matrix components, they potentiate 
the action of several inflammatory molecules, including cytokines, chemokines, and 
antimicrobial peptides. Staphylococcus aureus secretes an arsenal of immune evasion 
molecules that interfere with immune cell functioning and hamper proper immune 
responses. An earlier study identified staphylococcal superantigen-like protein 5 (SSL5) 
as an MMP9 inhibitor. Since multiple MMPs are involved in neutrophil recruitment, we 
set up an in-depth search for additional MMP inhibitors by testing a panel of over 70 
secreted staphylococcal proteins on the inhibition of the two main neutrophil MMPs: 
MMP8 (neutrophil collagenase) and MMP9 (neutrophil gelatinase B). We identified 
SSL1 and SSL5 as potent inhibitors of both neutrophil MMPs and show that they are 
actually broad range MMP inhibitors. SSL1 and SSL5 prevent MMP-induced cleavage 
and potentiation of IL-8 and inhibit the migration of neutrophils through collagen. Thus, 
through MMP-inhibition, SSL1 and SSL5 interfere with neutrophil activation, chemotaxis, 
and migration, all vital neutrophil functions in bacterial clearance. Studies on MMP-SSL 
interactions can have therapeutic potential and SSL based derivatives might prove useful 
in treatment of cancer and destructive inflammatory diseases.
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INTRODUCTION |

Matrix metalloproteinases (MMPs) constitute a large, structurally related, family 
of zinc-dependent proteases with in the human system currently up to 23 distinct 
members described. They are named after their initially described role: the turnover and 
degradation of extracellular matrix (ECM) component1. More recently, also non-matrix 
substrates have been identified for the MMPs, including chemokines, cytokines, growth 
factors, and receptors2. Since then, it has been recognized that they have a much broader 
function than breakdown of ECM and also play an important role in inflammation and 
immunity2,3. MMPs are directly implicated in bacterial infection, wound healing, and 
cancer cell invasiveness and they can have both anti- and pro-inflammatory effects, 
depending on the MMP, the situation, and the target molecule. Chemokines and cytokines 
can be broken down or converted to antagonists by MMPs, but in recent years, it has 
been realized that, during bacterial infections, MMPs are widely involved in immune cell 
recruitment and have been shown to facilitate cell migration to the site of inflammation 
through several processes2-5. First, breakdown of ECM components opens up a path 
that can directly lead to enhanced immune cell migration. Secondly, the MMP-induced 
release of ECM-bound components can result in additional pro-inflammatory signals 
with chemotactic properties. Thirdly, MMPs directly affect chemoattractant molecules; 
chemokines can be effectively potentiated through MMP cleavage, thereby enhancing 
inflammation and aiding in bacterial clearance.

Staphylococcus aureus is a highly successful manipulator of the host immune response 
and has evolved numerous ways to interfere with proper immune functioning6. It does so 
through the secretion of small immune evasion molecules, that bind to and inhibit distinct 
parts of the immune system, both innate and adaptive. In the defense against S. aureus, 
there are multiple host cells and proteins of importance, with a key role for neutrophils7. 
In order to successfully limit S. aureus infections, neutrophils need to be activated, drawn 
to the site of infection, and extravasate from the circulation. Thus, the secretion of proteins 
hindering one or more of these processes is beneficial for staphylococcal survival, and, 
indeed, S. aureus secretes several proteins that interfere in these stages. For example, the 
chemotaxis inhibitory protein of S. aureus (CHIPS) interferes with neutrophil chemotaxis 
through blocking FPR1 and C5aR and superantigen-like proteins 5 (SSL5) and 11 (SSL11) 
inhibit neutrophil extravasation by blocking the interaction of PSGL-1 with P-selectin8,9. 
Furthermore, SSL5 is described to block the enzymatic activity of MMP9, one of the two 
main MMPs secreted by neutrophils, to interfere with leukocyte trafficking10.

MMP9 is not the only MMP involved in antibacterial defense mechanisms; many 
MMPs have been shown to directly facilitate neutrophil migration to the site of 
inflammation. MMP1, 8, 9, 13, and 14 are described to enhance two highly important 
neutrophil chemo-attractants, CXCL8 (IL-8) and CXCL5 (ENA-78)11-14. Additionally, MMP2 
works synergistically with MMP9 in vivo to potentiate the action of CXCL5 to promote 
neutrophil recruitment to the peritoneal cavity in mice15. In vivo studies with MMP8 
knock-out mice showed deficient neutrophil influx in these mice through impaired 
release of LIX, the murine homolog of CXCL511. Furthermore, many MMPs can release the 
pro-inflammatory cytokine TNF-α from its membrane-anchored precursor4. Moreover, 
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IL-1β, which is produced by neutrophils upon S. aureus infections and important for 
proper host defense16, can be activated by at least MMP2, 3, and 917. MMP7 is important in 
neutrophil transepithelial migration and MMP7 deficient mice have inhibited neutrophil 
recruitment. MMP9 driven proteolysis of collagen has been shown to result in cleavage of 
fragments with chemotactic potential that stimulate neutrophil migration18 and MMP1, 2, 
3, 9, and 13 induce chemotaxis of human neutrophils and T cells by releasing cyclophilin 
B19. Furthermore, MMP7 has been described to activate pro-α-defensin20, an antimicrobial 
peptide, while the hemopexin-like domain of MMP12 might have direct bactericidal 
activity21. Thus, the whole arsenal of MMPs is crucial in a large number of aspects that 
together allow for optimal neutrophil function. Thus, interference with a large range of 
MMPs is beneficial for pathogens in order to inhibit proper neutrophil migration and 
functioning and thereby enhance bacterial survival.

Therefore, we hypothesized that staphylococci secrete additional proteins targeting 
MMPs to protect themselves from neutrophil-mediated killing. We set up a systematic 
search for MMP inhibitors by testing a large set (>70) of secreted staphylococcal proteins 
on the two main neutrophil MMPs: MMP8 and MMP9. We identified SSL1 and SSL5 as 
potent neutrophil MMP inhibitors, which is for SSL1 its first function ever described. 
Moreover, we found that the effects of SSL1 and SSL5 are not limited to neutrophil MMPs, 
but that the staphylococcal proteins are actually broad range MMP inhibitors, inhibiting 
the full spectrum of human MMPs. We show that SSL1 and SSL5 prevent the potentiation of 
the important neutrophil chemokine IL-8 and limit MMP-mediated neutrophil migration 
through collagen. Thus, this study reveals a new function of a staphylococcal immune 
evasion protein and adds to our understanding of the biological consequences of MMP 
inhibition by secreted staphylococcal proteins.

RESULTS |

Identification of Two Staphylococcal Inhibitors of Neutrophil Matrix 
Metalloproteinases (MMPs)

To determine whether S. aureus produces additional MMP inhibitors, we broadly 
screened for the effects of secreted staphylococcal proteins on the activity of the two most 
important MMPs secreted by neutrophils: MMP8 and MMP9. Both MMP8 and MMP9 are 
produced by neutrophils in high amounts, stored in secondary or tertiary granules, and 
secreted upon neutrophil activation. We incubated activated recombinant MMP8 and MMP9 
with 10 µg/mL of 76 different purified staphylococcal proteins and assessed MMP activity 
by measuring the conversion of a fluorogenic peptide substrate that gains fluorescence 
upon MMP cleavage of the quenching group. From this screen, we identified two S. aureus 
proteins that inhibit the enzymatic activity of both MMP8 and MMP9: two staphylococcal 
superantigen-like proteins, SSL1 and SSL5, effectively inhibited the conversion of the peptide 
substrate, as shown in Figure 1A. None of the other staphylococcal proteins, including the 
other SSL family members, were capable of inhibiting MMP8 or MMP9. SSL5 was previously 
described to inhibit MMP9 activity10, but this screen determined that its activity is not 
limited towards MMP9. Moreover, for SSL1 this is its first discovered function.

The binding of SSL1 and SSL5 to MMP8 and MMP9 was further confirmed through 
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Figure 1 | Identification of SSL1 and SSL5 as inhibitors of neutrophil MMPs. (A) The effects of 76 
secreted staphylococcal proteins (10 µg/mL) on the activity of MMP8 (left) and MMP9 (right) was assessed 
by measuring the conversion of a fluorogenic peptide substrate. SSL1 and SSL5 are shown in red. One 
representative out of three separate experiments is shown. (B) SSL to MMP binding was visualized in far 
Western blot. PSGL-1 (lane 1), MMP8 (lane 2), MMP9 (lane 3), each 0.2 µg/lane, were loaded on gel and 
subsequently blotted and incubated with 10 µg/mL HIS-tagged SSLs and detected with anti-HIS (anti-X-
Press). The expected height of all proteins is indicated on the right. One representative experiment is shown. 
(C) Neuraminidase treatment (neur) of 3 µg/mL coated MMP8 (upper graph) and MMP9 (lower graph) did not 
alter SSL to MMP binding, as measured by anti-HIS detection in ELISA, whereas it did abrogate SSL5 to PSGL-1 
(coated, 3 µg/mL) binding (right graph); Data points represent the mean and standard error (SE) from three 
independent experiments. (D) Neur treatment of MMP8 (left graph) and MMP9 (right graph) did not alter the 
inhibitory activity of 10 µg/mL SSL1 and SSL5 on MMP8/9 activity as measured in the fluorogenic peptide 
substrate assay. Data points represent the mean fluorescence and SE of three independent experiments.
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far Western blotting. PSGL-1, a known ligand for SSL5, MMP8, and MMP9, was run on an 
SDS-PAGE gel. After the proteins were transferred to blot, they were incubated with SSL1, 
SSL2, SSL5, and SSL10 and binding of the SSLs was subsequently visualized using anti-HIS 
detection (Figure 1B). Both SSL1 and SSL5, but not SSL2 and SSL10, can be detected on the 
lanes run with MMP8 and MMP9, and SSL5 to PSGL-1 binding can also be detected. The 
specific binding of MMP8 and MMP9 to SSL1 and SSL5 has also been confirmed in ELISA 
(Figure 1C).

Several of the SSL proteins, including SSL2-6 and SSL11, contain a sialic acid binding 
motif in their C-terminal β-grasp domain through which they bind glycoproteins. Most 
previously described functions for SSL5, including PSGL-1 binding, are fully dependent on 
this sugar-binding motif. Since MMPs can be heavily glycosylated, the interaction between 
the SSLs and MMPs could also be based on carbohydrate moieties. To examine this, MMP8 
and MMP9 were treated with neuraminidase, which removes terminal sialic acid residues, 
before SSL binding was assessed in ELISA. Neuraminidase treatment did not alter the binding 
of SSL1 and SSL5 to either MMP8 or MMP9, whereas it did fully abrogate SSL5 to PSGL-
1 binding (Figure 1C). Furthermore, neuraminidase treatment did not functionally affect 
the inhibitory capacity of SSL1 and SSL5 on MMP-mediated fluorogenic peptide conversion 
(Figure 1D). Thus, the inhibition of MMP8 and MMP9 by SSL1 and SSL5 is not sialic acid 
dependent, in contrast to the binding of SSL5 to PSGL-1.

As SSL5 can bind both to the MMPs and PSGL-1, we investigated whether SSL5 can also 
simultaneously bind to these proteins. Therefore, MMP8 was loaded on an SDS-gel in non-
denaturing conditions before a far Western blot was performed. The blots were incubated 
with SSL1 or SSL5 before incubation with PSGL-1, after which both SSL and PSGL-1 binding 
was determined. We found that both SSL5 and PSGL-1 were bound to MMP8, indicating 
formation of a triple complex containing MMP-SSL5-PSGL-1 (Figure 2A). SSL1, which does 
not bind PSGL-1, was used as a control. Furthermore, in ELISA we found that addition of 
MMP8 or MMP9 does not affect PSGL-1 binding to SSL5 (Figure 2B), again implying that 
MMP-SSL5 binding does not interfere with subsequent PSGL-1 binding. Lastly, using the 
functional fluorogenic peptide conversion MMP activity assay, pretreatment of SSL5 with 
PSGL-1 did not alter the inhibitory potential of SSL5 on MMP8 and MMP9 (Figure 2C). 
Together, this shows that SSL5 can simultaneously bind PSGL-1 and MMPs in a sialic acid 
dependent and independent manner, respectively.

Staphylococcal Superantigen-Like Protein 1 and 5 (SSL1 and SSL5) are Broad-
Range MMP Inhibitors

MMP8 and MMP9 are the main MMPs produced by neutrophils, but many other 
members of the MMP family have been implicated to play a role in neutrophil trafficking and 
function. More so, the MMP family is highly structurally related and MMP8 and MMP9 are 
not the closest related family members, both in sequence and structure. This implies that 
other MMP family members may also be inhibited by SSL1 and SSL5 through a more general 
mechanism that may be similar to that of endogenous broad-spectrum MMP inhibitors 
(the TIMPs). Therefore, we tested an array of distinct MMPs that have been suggested to be 
involved in enhancing neutrophil function. We tested MMP1, 2, 7, 8, 9, 12, 13, and 14 and pre-
incubated the activated MMPs with a concentration range of SSL1 and SSL5, before addition 
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of the fluorogenic peptide substrate. All tested MMPs were efficiently inhibited by both SSL1 
and SSL5, in a concentration dependent manner, indicating that SSL1 and SSL5 are actually 
broad range MMP inhibitors (Figure 3A). Activity seems limited to the MMP family however, 
as the activities of ADAM10 and ADAM17 were not inhibited by a high concentration (30 µg/
mL) of either SSL1 or SSL5 (Figure 3B).

The Potentiation of Neutrophil-Attracting Chemokines is Inhibited by SSL1 and 
SSL5

MMPs can affect neutrophil function in multiple ways, including the enhancement 
of leukocyte trafficking through the cleavage of chemokines. The two main chemokine 
receptors expressed by human neutrophils are CXCR1 and CXCR2 and these receptors 
play a central role in neutrophil activation, transmigration, and chemotaxis. Their main 
corresponding ligand, IL-8, requires proteolytic processing to gain full stimulatory capacity 
and MMPs have shown to be involved herein3,13. MMP1, MMP8, MMP9, MMP13, and MMP14 
have all been previously described to cleave and potentiate IL-8. During the potentiation, 
there is loss of only five amino acid residues, but this results in an enhanced IL-8 activity 
of 3–10 times. Therefore, one of the functional consequences of SSL1 and SSL5 could be to 
limit the generation of potentiated neutrophil chemokines. To investigate this, we visualized 
the cleavage of IL-8 by MMPs on Western blot, using an anti-IL8 antibody that recognizes 

Figure 2 | SSL5 binds MMPs and PSGL-1 simultaneously. (A) Formation of the triple MMP-SSL5-PSGL-1 
complex was examined by far Western blot. MMP8 (0.2 µg/lane) was loaded on a gel that was subsequently 
blotted and incubated with 10 µg/mL SSL1 or SSL5, after which 2 µg/mL PSGL-1-Fc was added and both 
SSL and PSGL-1 binding was assessed using anti-HIS (anti-X-Press) and anti-Fc detection, respectively. One 
representative experiment is shown. (B) PSGL-1 (10 µg/mL) binding to SSL5 (3 µg/mL, coated) was not 
affected by the addition of (10 µg/mL) MMP8 or MMP9 in ELISA. PSGL-1 binding was assessed by anti-Fc 
detection and data points represent the mean absorption and SE of at least three independent experiments. 
(C) Addition of a 10-fold excess of PSGL-1 (10 µg/mL) to the fluorogenic peptide substrate assay did not affect 
the SSL5 (1 µg/mL) inhibitory potential on MMP8 (left) or MMP9 (right). Data points represent the relative 
mean fluorescence and SE of at least three independent experiments.
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both full length (77 aa) and truncated (72 aa) IL-8. We found that, in our hands, MMP1, 
MMP2, MMP7, MMP9, MMP12, MMP13, and MMP14 were able to cleave IL-8, and all of 
these cleavages were fully inhibited by SSL1 and SSL5 (Figure 4A). We could not confirm 
IL-8 cleavage by MMP8, and, with MMP2, only minor IL-8 cleavage was seen. To continue 
examining the effects on the inhibition of IL-8 potentiation in a functional assay, we 
measured IL-8-mediated calcium mobilization through U937 CXCR1-expressing cells for all 
MMPs that showed clear cleavage on Western blot. After overnight incubation of full length 
IL-8 with all tested MMPs, an increase in calcium mobilization on U937-CXCR1 cells is seen, 

Figure 3 | SSL1 and SSL5 are broad-range MMP inhibitors. (A) The indicated MMPs were incubated 
with concentration ranges of SSL1 and SSL5 and MMP activity was measured using the fluorogenic peptide 
substrate assay. Relative MMP activity was determined based on activity with no SSL present. Data points 
represent the mean and SE from at least three independent experiments. (B) ADAM10 and ADAM17 were 
treated with a high (30 µg/mL) SSL concentration before activity was assessed in the same assay as in (A). 
Data points represent the mean and SE from at least three independent experiments.

A
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that corresponds to the activity of the shorter, more potent, IL-8 (Figure 4B and Figure S1 
for a representative example of the calcium flux image). In the presence of both SSL1 and 
SSL5, this increase is abolished, showing that SSL1 and SSL5 inhibit the MMP-mediated IL-8 
enhancement. Thus, SSL1 and SSL5 interfere with neutrophil chemotaxis.

Figure 4 | SSL1 and SSL5 interfere with MMP-mediated chemokine potentiation. (A) IL-8 72 aa 
(lane 1), IL-8 77 aa (lane 2), MMP-treated IL-8 77 aa (lane 3), and IL-8 77 aa with MMP pre-incubated with 
10 µg/mL SSL1 or SSL5 (lane 4 and lane 5, respectively). All conditions (in each case 0.1 µg/mL IL-8 and 10 
µg/mL MMP were used) were incubated overnight and loaded on Tris-Tricine gels. After transfer to blot, 
IL-8 was visualized with an anti-IL8 antibody. One representative image is shown for all MMPs out of two 
to three independent experiments per MMP. (B) Calcium mobilization in U937-CXCR1 cells was monitored 
after incubation with different conditions of IL-8. IL-8 (77 aa, 1 × 10−7 M) was incubated overnight with the 
different MMPs (10 µg/mL) with or without 10 µg/mL SSL1 and SSL5 present. The flux was determined by 
subtracting the mean fluorescence pre stimulus from the mean fluorescence post stimulus. Data represents 
mean plus SE for at least two to five independent experiments.
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SSL1 and SSL5 Inhibit Neutrophil Migration through Collagen
To effectively reach the place of infection, neutrophils need to migrate through the ECM, 

of which collagen is the major constituent. Several MMPs are capable of breaking down 
collagen, including the two neutrophil secreted MMPs, MMP8 and MMP9. We first visualized 
collagen degradation by the neutrophil MMPs and confirmed the inhibition thereof by SSL1 
and SSL5 (Figure 5A). Next, we assessed whether SSL1 and SSL5 affect the migration of 
neutrophils through a collagen matrix. Therefore, a Transwell system was set-up with a 
collagen gel layer in between chemo-attractant and neutrophils. Neutrophils were stimulated 
with the peptide and lipid-based chemo-attractants fMLP and LTB4 to prevent inhibition 
of migration by SSL5 through its interaction with chemokine receptors22. Neutrophils were 
allowed to migrate through the gel for up to 4 h and migration was assessed every hour. 
Addition of SSL1 and SSL5 showed a decrease of neutrophil migration at all time-points and 
significant inhibition of neutrophil migration was seen after 3 and 4 h (Figure 5B). When 
neutrophils were allowed to migrate without the presence of a collagen layer, no inhibition 
by SSL1 and SSL5 could be detected. Here, maximum migration was already reached after 1 
h (Figure 5C). These results show that the SSL1 and SSL5-induced inhibition of migration is 
collagen-dependent. Thus, SSL1 and SSL5 interfere with neutrophil migration through the 
ECM.

DISCUSSION |

MMPs are important host factors in fine-tuning immune responses and in the defense 
against invading pathogens. During many bacterial, including staphylococcal, infections, 
several MMPs are upregulated in different cell types, to enhance local immune cell trafficking 
and to aid in bacterial clearance. Exposure to staphylococci induces upregulation of active 
MMP9 in the spleen23, and human fibroblasts treated with culture supernatant or whole 
cell lysates of S. aureus show enhanced expression of many MMPs24. Several staphylococcal 
evolutionary conserved components have been shown to directly induce MMP expression, 
including S. aureus peptidoglycan and LTA25-27, and staphylococcal bound plasmin has been 
shown to activate MMP128. Here, after an intensive and broad screen, we identified two 
proteinaceous inhibitors of MMPs, the two staphylococcal superantigen family members 
SSL1 and SSL5.

MMPs supply direct cues for leukocyte migration and activation. The secretion of SSL1 
and SSL5 might help S. aureus to avoid MMP-mediated immune activation. We have shown 
two direct functional implications of MMP inhibition by SSL1 and SSL5: limiting chemokine 
potentiation and inhibiting neutrophil migration. We found that all MMPs tested, besides 
MMP8, effectively cleave IL-8, which results in a shorter but enhanced form of IL-8. Besides 
enhancing chemokine function, MMPs can also destroy signaling molecules or convert 
them to antagonists, thereby dampening immune responses. These two seemingly opposite 
effects exemplify the fine-tuning abilities of MMPs. This will affect the spatiotemporal 
inflammatory conditions in infections and thereby strongly influence the outcome of disease. 
Interestingly, IL-8, the most important chemokine involved in neutrophil chemotaxis and 
migration is specifically potentiated by MMPs2,3. Thus, for staphylococcal infections, in 
which neutrophils play a key role in bacterial clearance, inhibiting MMP activation could 
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be greatly beneficial for bacterial survival. The potentiating effects however are not limited 
to neutrophil chemokines. CCL15 and CCL23 were also shown to be potentiated by MMP-
mediated cleavage to promote monocyte recruitment29. Furthermore, by breaking down 
components of the extracellular matrix, besides directly facilitating immune cell motility, 
the ECM-fragments can be a source of chemotractant potential, also called matrikines30. 

Figure 5 | SSL1 and SSL5 limit neutrophil migration through collagen. (A) MMP-mediated collagen 
degradation was visualized using SDS-PAGE. Collagen (0.5 mg/mL) was incubated overnight with MMP8 and 
MMP9 (10 µg/mL) with and without the SSLs (10 µg/mL). Samples were loaded on gel and visualized using 
Instant Blue. (B,C) Migration of neutrophils was assessed in presence (B) or absence (C) of a collagen gel 
layer in the upper compartment of a Transwell system. Fluorescently labeled neutrophils, untreated (white 
bars) or treated with 10 µg/mL SSL1 (black bars) or SSL5 (gray bars), and placed on top of the collagen 
layer, were allowed to migrate for 1, 2, 3, and 4 h through the gel towards the chemo-attractants fMLP and 
LTB4 present in the lower compartment. Migration was monitored every hour by measuring the amount 
of fluorescence present in the lower compartment. Data points represent mean plus SE for at least three 
independent experiments. * p ≤ 0.05, ** p ≤ 0.01.
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MMP1, MMP2, MMP8, MMP9, and MMP12 have all been implicated in the formation of these 
fragments with chemotactic potential. The chemotactic fragments have also shown to induce 
inflammation that in turn leads to more production of MMPs, thereby initiating a circle of 
inflammation31. Thus, by preventing MMP-induced extracellular matrix cleavage, SSL1 and 
SSL5 inhibit neutrophil migration in several ways. They preserve the physical barrier formed 
by dense ECM matrices, thereby preventing the formation of an accessible path of migration. 
Moreover, by inhibiting ECM component cleavage, SSL1 and SSL5 prevent formation of ECM-
derived chemotactic peptides. Earlier described chemotaxis inhibitors of S. aureus generally 
inhibit migration by interfering with chemokine-receptor interactions. The migration that 
we measured through collagen matrices is a special case and highly dependent on MMPs. 
In our view, this migration in more complex in vitro systems is more close to the in vivo 
situation, and is, therefore, of high clinical relevance.

MMP8 and MMP9 are produced in high amounts by neutrophils, but many more MMPs 
have immune potentiating effects. Other cell types that secrete a lot of different MMPs are 
epithelial and endothelial cells, and macrophages3. Epithelial cells, besides producing MMPs, 
are also capable of producing IL-8 and thus interfering with IL-8 potentiation through broad-
spectrum MMP inhibition would be advantageous for S. aureus to limit initial danger signals 
by epithelial cells. Mechanistically, the broad-range MMP inhibition by the SSLs resembles 
the activity of the endogenous broad-spectrum MMP inhibitors, the TIMPs. All MMPs consist 
of a minimal domain containing a signal peptide, a pro-domain, and a catalytic domain. Most 
MMPs contain an additional hinge region followed by a hemopexin-like domain that can be 
involved in mediating protein–protein interactions and can facilitate binding to the TIMPs1,32. 
MMP7 only consists of the minimal domain and is still effectively inhibited by SSL1 and 
SSL5, indicating that binding and inhibition is most likely in the minimal catalytic domain. 
Interestingly, the only pronounced difference in activity between SSL1 and SSL5, SSL1 being 
approximately 60 times more active than SSL5, was found for MMP7. This could indicate that 
SSL5 might use an additional region in the MMPs to strengthen its interaction. A few MMPs 
contain a transmembrane region and are membrane-bound. MMP14, the only membrane-
type MMP that we tested, is less efficiently inhibited by SSL1 and SSL5 as compared to the 
other MMPs. In that sense the inhibitory activity of the SSLs appears to mostly reflect that of 
TIMP-1, which is also a weak inhibitor of the membrane MMPs32. Unlike most TIMPs, the SSL 
activity seems limited to the MMP family, as ADAM10 and ADAM17 activity was unaffected 
by SSL1 and SSL5 treatment. Structurally speaking, there are interesting parallels between 
the TIMP and the SSL families: they both contain an N-terminal OB-fold. This leads us to 
hypothesize that the SSLs might follow a similar mode of inhibition as the TIMPs. To confirm 
this hypothesis and also understand why the SSL activity is limited to the MMP family, 
crystal structures of the SSL1/SSL5 and MMP complexes would have to be solved. Structural 
information could reveal more on inhibitory specificity, which can be useful in therapeutic 
setting where you might want to target a specific subgroup of MMPs.

The family of SSL proteins is widely involved in staphylococcal immune evasion with 
emphasis on direct inhibition of enzymes or immune receptors. Like the MMP family, the 
SSLs are highly structurally related and sometimes share common interaction partners, as 
shown for SSL3/SSL433, SSL5/SSL119,34, and now for SSL1/SSL5. There are some common 
principles of inhibition used by the SSL family, including a shared sugar binding motif in the 
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C-terminal β-grasp domain that is involved in interactions with terminal sialic acid residues. 
For SSL5, this glycan binding motif and sialic acid binding is essential for its interaction with 
PSGL-1. Itoh et al. previously described that this motif is also involved in SSL5 to MMP9 
binding10, which is in contrast with our own findings. We found no differences in SSL binding 
after neuraminidase treatment of MMP8 and MMP9 and sialic acid removal also showed no 
difference in the functional inhibition of the MMPs by SSL1 and SSL5. SSL1 is not previously 
described to contain the conserved glycan binding motif, in contrast to SSL2-6, and SSL1135, 
which is in accordance with our data that indicates that these glycans are not involved in 
formation of the specific inhibitory complexes. Additionally, we found that SSL5 can bind 
to MMPs and PSGL-1 simultaneously, further indicating a different mode of interaction for 
the two proteins. This is also reflected by the differences in affinities of SSL5 for MMP9 and 
PSGL-1: the Kd for the SSL5-PSGL-1 interaction was found to be 820 nM9 as compared to 
the higher-affinity interaction of SSL5-MMP9 (Kd of 1.9 nM)10. This is indicative of a glycan–
protein interaction for PSGL-1/SSL5 versus a protein–protein based interaction for the 
SSLs/MMPs. It is tempting to speculate that the dual binding of SSL5 to MMPs and PSGL-1 
increases its potential to inhibit neutrophil-secreted MMP8 and MMP9. Neutrophils express 
high levels of PSGL-1 and this could ensure a high local concentration of SSL5 at the cell 
surface of neutrophils, better-suited to directly inhibit neutrophil MMPs upon secretion. 
We suggested a similar mechanism for TLR2 inhibition by SSL3. Binding of SSL3 to TLR2 
was shown to be independent of glycans36, however, glycan-dependent binding of SSL3 to 
the cell surface of neutrophils and monocytes increases its TLR2 inhibitory potential33,37. 
SSL5 is also not the first SSL described to bind multiple proteins simultaneously: SSL7 binds 
both complement C5 and IgA by using its C-terminal β-grasp domain for C5 binding and its 
N-terminal OB-fold for IgA binding38. Since the β-grasp domain of SSL5 is involved in PSGL-1 
binding, it is likely that the SSL OB-fold is involved in the MMP interactions. This strengthens 
the earlier discussed hypothesis that the SSLs could use a similar mode of inhibition as the 
OB-fold containing TIMPs.

This paper illustrates and adds to our understanding of the host–pathogen interaction, 
how widespread the immune evasion strategies of S. aureus are, and how important it is for 
staphylococci to prevent neutrophil activation. The fact that a bacterial pathogen produces 
two MMP inhibitors underscores the importance of MMPs in bacterial clearance. However, 
further in vivo studies are required to shed more light on this. A study by Calander et al. 
revealed a protective role for MMP9 in clearance of S. aureus in mice23 and MMP7 deficient 
mice showed increased bacterial growth39. Controlled MMP expression is necessary for an 
efficient immune response against invading pathogens, but when this activation becomes 
excessive, uncontrolled MMP activation can lead to detrimental consequences for host cells 
and lead to tissue damage and eventually immunopathologies40. During these situations 
with excessive MMP activation, SSL-derived therapeutics could be of interest. This study 
improves our knowledge of the molecular mechanisms of enzyme–inhibitor interactions 
that could prove useful in therapeutic settings.
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MATERIALS AND METHODS |

Reagents and Chemicals
NS0-expressed ADAM10, ADAM17, MMP1, 2, 7, 8, 9, 12, 13, and 14 were purchased from R & D Systems 

(Oxon, United Kingdom). They were diluted to a concentration of 100 µg/mL in assay buffer (50 mM Tris, 10 
mM CaCl2, 150 mM NaCl, 0.05% Brij-35 (w/v), pH 7.5, for MMP14 supplemented with 5 µM ZnCl2) and stored 
at −80 °C in aliquots until further use. Recombinant human IL-8 (CXCL8, 72 aa and 77 aa) was purchased from 
PeproTech. All chemokines were diluted to 100 µg/mL in PBS and stored at −20 °C. Mca-K-P-L-G-L-Dpa-A-R-
NH2 Fluorogenic Peptide Substrate IX (R & D Systems) was stored as 2 mM in dimethyl sulfoxide (DMSO) at 
−80 °C. PSGL-1-Fc was purchased from R & D Systems.

Cloning, Expression, and Purification of Recombinant Staphylococcal Proteins
SSL1 and SSL5 were cloned and expressed as previously described9. In short, they were cloned into the 

pRSETB vector (Invitrogen, Carlsbad, CA, USA), containing an N-terminal HIS-tag with an additional X-press 
epitope, and generated in E. coli Rosetta Gami (DE3) plysS. Expression was induced with 1 mM Isopropyl β-d-1-
iogalactopyranoside (IPTG). All other used staphylococcal proteins were cloned similarly; some are expressed 
with a shorter N-terminal HIS-tag, using a slightly modified pRSETB vector33. Some proteins were expressed 
in E. coli BL21 (DE3). Proteins were isolated from a HiTrap chelating HP column under either denaturing 
or native conditions and eluted using an imidazole gradient. Proteins were stored in PBS and purity was 
confirmed with SDS-PAGE (purity > 95%). SSL1 (SAOUHSC_00383) and SSL5 (SAOUHSC_00390) were cloned 
from S. aureus strain NCTC8325. Other tested S. aureus proteins are: CHIPS (NWMN_1877), EAP (SAV1938), 
EAP-H1 (SA2006), EAP-H2 (SA0841), Ecb (SA1000), Efb (SA1003), Enolase (SA0731), EsaC (SAV0289), EsxA 
(SAV0282), EsxB (SAV0290), FatB (SA0691), FLIPr (SA1001), FLIPr-like (MW1038), GAPDH (SA0727), GDPD 
(glycerophosphoryl diester phosphodiesterase; SAOUHSC_00897), Hla (Newbould305 1801), Hlb (PHLC 
STAAU), HlgA (NWMN_2318), HlgB (HLGB STAAU), HlgC (HLGC STAAU), IsdA (SA0977), IsdC (SA0978), Lipase 
(MW0297), LukA (NWMN_1928), LukB (NWMN_1927), LukD (SAUSA300_1768), LukE (SAUSA300_1769), 
LukF-PV (O50604 STAAU), LukS-PV (O50603 STAAU), LukM (Acc No: WP 063651016), ORF-D (MW0205), 
MW1225, NWMN_0337, NWMN_0401, NWMN_0402, NWMN_2283, PrsA (SAOUHSC_01972), rplQ 
(SAOUHSC_02484), rpsM (SAOUHSC_02487), SA0092, SA0104, SA0129, SA0182, SA0357, SA0570, SA0710, 
SA0719, SA0745, SA0908, SA1633, SA1737, SA1743, SA1774, SA1818, SAOUHSC_00704, SAR0846, SAR1886, 
SAV0301, SAV0302, SCIN-A (SA1754), SCIN-B (SA1004), SCIN-C (SAR1131), Snase (SA0746), Sortase A 
(SAOUCHSC_02834), SSL2 (SAOUHSC_00384), SSL3 (SAOUHSC_00386), SSL4 (SAOUHSC_00389), SSL6 
(SAOUHSC_00391), SSL7 (SAOUHSC_00392), SSL8 (SAOUHSC_00393), SSL9 (SAOUHSC_00394), SSL10 
(SAOUHSC_00395), SSL11 (SAOUHSC_00399), and SSL13 (NWMN_1076).
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Cells
U937 human pro-monocytic cells were obtained from ATCC (American Type Culture Collection) and 

grown in RPMI 1640 medium supplemented with 100 U/ml penicillin, 100 µg/mL streptomycin and 10% FCS. 
For stable expression of human CXCR1 in U937 cells, we used a lentiviral expression system. Therefore, we 
cloned human CXCR1 cDNA (XM_002581) in a dual promoter lentiviral vector, derived from No. 2025.pCCLsin.
PPT.pA.CTE.4x-scrT.eGFP.mCMV .hPGK.NGFR.pre, kindly provided by Luigi Naldini, San Raffaele Scientific 
Institute, Milan, Italy), as described by Michael L. van de Weijer et al.41. This altered lentiviral vector (BIC-PGK-
Zeo-T2a-mAmetrine; EF1A) uses the human EF1A promoter to facilitate potent expression in immune cells 
and expresses the fluorescent protein mAmetrine and selection marker ZeoR. Virus was produced in 24-well 
plates using standard lentiviral production protocols and the third-generation packaging vectors pMD2G-VSVg, 
pRSV-REV, and pMDL/RRE. Briefly, 0.25 µg lentiviral vector and 0.25 µg packaging vectors were cotransfected 
in 293T cells by using 1.5 uL Mirus LT1 tranfection reagent (Sopachem, Ochten, The Netherlands). After 72 
h, 100 µL unconcentrated viral supernatant adjusted to 8 µg/mL polybrene was used to infect approximately 
50,000 U937 cells by spin infection at 1000× g for 90 min at 33 °C. U937-CXCR1 expressing cells were selected 
by culturing in 400 µg/mL zeocin (Life technologies). Blood from healthy volunteers was collected in heparin 
tubes and neutrophils were isolated by Ficoll/Histopaque centrifugation, as described previously9. Informed 
consent was obtained from all subjects, in accordance with the Declaration of Helsinki. Approval from the 
medical ethics committee of the University Medical Center Utrecht was attained (METC-protocol 07-125/C 
approved on 1 March 2010).

Trypsin Activation of the MMPs
As an alternative for the highly toxic APMA, bovine pancreas trypsin (Sigma-Aldrich, St. Louis, MO, 

USA) was used for the activation of the MMPs. MMP2 was found to be degraded by trypsin treatment, but 
showed sufficient auto-activity in our assays. MMPs were activated at a concentration of 100 µg/mL in assay 
buffer (buffer as described, except for MMP14, the buffer of which consists of 50 mM Tris, 3 mM CaCl2, 1 µM 
ZnCl2, pH 8.5) for different times (see Table S1), with a final concentration of 5 µg/mL or 10 µg/mL trypsin. 
Afterwards, trypsin was inactivated with either or a combination of alpha-1 antitrypsin (final concentration 
of 100 µg/mL, Sigma-Aldrich), soybean trypsin inhibitor (SBTI, final concentration of 100 µg/mL, Sigma-
Aldrich), or 1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich). During all assays, controls for the 
effect of possible residual trypsin activity were performed and these were excluded. ADAM10 and ADAM17 
did not require trypsin activation.

Fluorogenic Peptide MMP Activity Assay
Twenty-five microliters of diluted activated MMP or ADAM (see Table S1) was incubated with 25 µL of 

the distinct staphylococcal proteins for 30 min at room temperature. Following this, 50 µL of Fluorogenic 
peptide substrate (20 µM) was added, making a total assay volume of 100 µL. Fluorescence intensity was 
measured directly over time, with a total of 16 min, in the CLARIOstar microplate reader (BMG Labtech, 
Ortenberg, Germany) using excitation and emission wavelengths of 320 and 405 nm, respectively. When 
indicated, MMPs were pretreated with 0.2 U/mL neuraminidase (from Clostridium perfringens, Roche, Basel, 
Switserland) for 1 h at 37 °C. When indicated, a 10-fold excess of PSGL-1 (10 µg/mL) was allowed to bind to 
SSL5 (1 µg/mL) for 30 minutes at room temperature before the activity assay was performed. MMP activity 
was assessed by determining the area under the curve after subtracting the area from a blank measurement.
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Far Western Blot to Detect MMP-SSL Binding
MMP8, MMP9, and PSGL-1-Fc (0.2 µg/lane) were loaded on 10% SDS-PAGE gels in native conditions 

(no boiling of the samples, and non-denaturing conditions). Samples were transferred to a PVDF blotting 
membrane, blocked with 4% skimmed milk in PBS 0.05% Tween-20 (PBS-T), after which the membrane 
was washed and incubated with 10 µg/mL of HIS-tagged SSL1, SSL2, SSL5, and SSL10. Subsequently, the 
membrane was washed and incubated with anti-X-Press mAb (recognizing the HIS-tag, 1 µg/mL, Thermo 
Fisher Scientific, Breda, The Netherlands) and goat anti-mouse HRP (1:10,000, Bio-Rad, Hercules, CA, USA). 
Blots were developed with ECL Western Blotting Substrate (Thermo Fisher Scientific) and visualized on a 
LAS 4010 imaging system (GE Healthcare, Hoevelaken, The Netherlands). To assess formation of the MMP8-
SSL5-PSGL-1 triple complex, MMP8 was loaded on gel. In this case, blots were first incubated with 10 µg/mL 
of HIS-tagged SSL1 or SSL5 before washing extensively and incubating the blot with 2 µg/mL of PSGL-1-Fc. 
PSGL-1 binding was determined by a mouse anti-human IgG Fc peroxidase conjugated antibody (1:5000, 
Calbiochem, Darmstadt, Germany).

MMP-SSL Binding Enzyme-Linked Immunosorbent Assay (ELISA)
Non-activated MMPs and PSGL-1-Fc were coated overnight at 4 °C in a concentration of 3 µg/mL in 

96-well Nunc MaxiSorp ELISA plates in 0.1 M sodium bicarbonate buffer. Blocking was performed with 4% 
skimmed milk in PBS-T for 1 h at 37 °C, after which HIS-tagged SSLs (10 µg/mL) were added and incubated 
for 1 h at 37 °C. SSL binding was detected using anti-X-Press mAb (1 µg/mL) and goat anti-mouse HRP (0.1 
µg/mL, SBI). Washes were performed 5 times with PBS containing 0.05% Tween in between all steps. Fresh 
tetramethylbenzidine (TMB) substrate was prepared and the reaction was stopped by the addition of 4 N 
sulfuric acid before the OD450 was measured. When indicated, coated MMPs and PSGL-1 were treated with 
0.2 U/mL neuraminidase, for 1 h at 37 °C prior to SSL binding. To determine whether MMP binding to SSL5 
affects SSL5/PSGL-1 binding, SSL5 was coated in a concentration of 3 µg/mL, after which 10 µg/mL of MMP8 
and MMP9 were allowed to bind for 1 h at 37 °C, before PSGL-1 (10 µg/mL) was added and PSGL-1 binding 
was assessed by a mouse anti-human IgG Fc peroxidase conjugated antibody (1:10,000).

Western Blot to Visualize IL-8 Cleavage
In total, 10 µg/mL of activated MMP, in some cases pretreated with 10 µg/mL SSL1 or SSL5, was 

incubated with 0.1 µg/mL of IL-8 (77 aa) overnight in activation buffer supplemented with 0.05% human 
serum albumin. The 72 aa and 77 aa variant of IL-8 were taken along as controls and treated exactly the same 
as the MMP samples. Samples (10 µL) were loaded on 16.5% Tris-Tricine gels and run for 2 h at 100 V, after 
which they were transferred to a blotting membrane using Trans-Blot® Turbo™ Transfer System (Bio-Rad). 
Blots were blocked with 4% skimmed milk in PBS-T. Subsequently, the membrane was incubated with 10 µg/
mL anti-IL8 (R & D Systems, clone 6217.111) and goat anti-mouse HRP (1:10,000, Bio-Rad) for 1 h at 37 °C. In 
between incubation steps, the blots were extensively washed with PBS-T. Finally, blots were developed with 
ECL (Thermo Fisher Scientific) and visualized on a LAS 4010 imaging system.

Calcium Mobilization Assay
IL-8 (77 aa) in a concentration of 1 × 10−7 M was mixed with a final concentration of 10 µg/mL activated 

MMP, that was in some cases pretreated with 10 µg/mL SSL1 or SSL5 for 30 min at room temperature. IL-8 
(72 aa) was taken along as a control, in the same concentration. The mixes were incubated overnight at 37 °C 
before a calcium mobilization assay was performed on a flow cytometer (FACSVerse). U937 cells expressing 
CXCR1 were labelled for 20 min at room temperature with 1 µM of Fluo-3-AM (Life Technologies, Carlsbad, 
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CA, USA). Afterwards, cells were washed once and resuspended in RPMI supplemented with 1% HSA, after 
which they were diluted to 1 × 106 cells/mL and plated out in 180 µL/well. Twenty microliters of stimuli 
was added to the cells after 10 s of measurement and the relative calcium flux was determined pre and post 
stimulus.

Visualization of MMP-Mediated Collagen Degradation
To visualize the degradation of collagen by MMPs we used SDS-PAGE. Collagen Type I (0.5 mg/mL) (from 

human, Sigma-Aldrich) was incubated overnight with MMP8 and MMP9 (final concentration, 10 µg/mL), in 
absence of presence of SSL1 and SSL5 (final concentration 10 µg/mL). After overnight incubation, 2 × sample 
buffer was added and samples were run on a 10% SDS-PAGE gel for 1 h at 200 V. Afterwards, the gel was 
stained with Instant Blue protein stain (Expedeon, Cambridgeshire, United Kingdom).

Neutrophil Migration Assays
To measure migration of human neutrophils through collagen, we set up a Transwell migration assay. 

Transwell filters (8.0 µm) (Costar) were filled with 40 µL of collagen solution, containing 1.5 mg/mL collagen 
(rat tail collagen, type I (BD Biosciences) and 8.6 mM NaOH in PBS, prepared on ice). Filters were put at 37 
°C for 90 min to induce collagen gelling. The lower compartment of the Transwell system was filled with 600 
µL buffer (HBSS, containing 1% HSA (HBSS/HSA)), or HBSS/HSA containing the chemoattractants fMLP (1 
× 10−8 M) and LTB4 (1 × 10−7 M). Human neutrophils (5 × 106 mL−1) were loaded with 4 µM Calcein-AM 
(Molecular Probes) in HBSS/HSA for 20 min, protected from light. After washing in HBSS/HSA, 100 µL labelled 
cells (5 × 106 mL−1) were added to the upper compartment of the Transwell filters on top of the collagen 
gel. Next, the Transwell filters were carefully placed in the lower compartment 24 wells. Control migrations 
were also performed without the addition of collagen. To test inhibition of migration, neutrophils were pre-
incubated with 10 µg/mL SSL1 or SSL5 for 30 min at room temperature, before Transwell filters were loaded 
to the lower 24 well compartments. Migration was allowed for 1, 2, 3, and 4 h at 37 °C. At each time point, the 
Transwell filters were carefully removed from the lower wells and fluorescence of the migrated neutrophils 
present in the lower compartment 24 wells was measured in a CytofluorII plate reader. After measurement, 
the Transwell filters were carefully placed back in the lower compartments to allow further migration in time.

Statistical Analysis
Statistical analysis was performed in Prism (GraphPad Software, La Jolla, CA, USA). The data (for Figure 

4) was analyzed with a two-way ANOVA with time as repeated measures, followed by Holm-Sidak’s multiple 
comparisons test to compare treatments.
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SUPPLEMENTAL INFORMATION |

Figure S1 | Calcium flux image of a representative experiment with MMP1. U937 cells stably expressing 
CXCR1 were stimulated with different variants of IL-8 (all final concentration of 1 × 10−7 M): IL-8 72 aa, IL-8 
77 aa, IL-8 77 aa treated with MMP (10 μg/mL), and IL-8 77 aa treated with a combination of MMP and SSL 
(10 μg/mL). The mixes were allowed to incubate overnight before calcium flux was determined. Samples 
were measured for 50 s (stimulus was added after 10 s) and mean FITC-A fluorescence was determined pre-
stimulus (Pre-gate) and post-stimulus (Post-gate). To define the final calcium flux for each sample the mean 
fluorescence from the Pre-gate was subtracted from the mean fluorescence from the Post-gate.
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MMP Activation Trypsin 
Concentration

Concentration in 
Activity Assay

MMP1 (Interstitial collagenase) 20 min at RT 10 μg/mL 2 μg/mL

MMP2 (Gelatinase A) 2 h at 37°C - 4 μg/mL

MMP7 (Matrilysin) 2 h at 37°C 10 μg/mL 1 μg/mL

MMP8 (Neutrophil collagenase) 3 h at 37°C 10 μg/mL 2 μg/mL

MMP9 (Gelatinase B) 2 h at 37°C 10 μg/mL 0.8 μg/mL

MMP12 (Macrophage elastase) 20 min at RT 10 μg/mL 1 μg/mL

MMP13 (Collagenase-3) 30 min at 37°C 10 μg/mL 0.4 μg/mL

MMP14 (MT1-MMP) 60 min at RT 5 μg/mL 2 μg/mL

ADAM10 - - 2 μg/mL

ADAM17 - - 0.8-2 μg/mL

Table S1 | Characteristics and activation of the MMPs and ADAMs.





Authors
Kirsten J. Koymans1*, Louris J. Feitsma2*, T. Harma C. Brondijk2, Piet C. Aerts1, Eddie 
Lukkien2, Philip Lössl3, Kok P. M. van Kessel1, Carla J. C. de Haas1, Jos A. G. van Strijp1#, and 
Eric G. Huizinga2#

1Department of Medical Microbiology, University Medical Center Utrecht, Utrecht, the Netherlands
2Crystal and Structural Chemistry, Bijvoet Center for Biomolecular Research, Department of Chemistry, 
Faculty of Science, Utrecht University, Utrecht, the Netherlands
3Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomolecular Research and Utrecht 
Institute for Pharmaceutical Sciences, Netherlands Proteomics Center, Utrecht University, Utrecht, the 
Netherlands

* Equal contribution # Shared supervision

Published in  
Proc. Natl. Acad. Sci. U. S. A. (2015) DOI: 10.1073/pnas.1502026112

CHAPTER THREE |
Structural Basis for Inhibition of TLR2 by Staphylococcal 
Superantigen-Like Protein 3 (SSL3) 
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ABSTRACT |

Toll-like receptors (TLRs) are crucial in innate recognition of invading micro-organisms 
and their subsequent clearance. Bacteria are not passive bystanders and have evolved 
complex evasion mechanisms. Staphylococcus aureus secretes a potent TLR2 antagonist, 
staphylococcal superantigen-like protein 3 (SSL3), which prevents receptor stimulation 
by pathogen-associated lipopeptides. Here, we present crystal structures of SSL3 and its 
complex with TLR2. The structure reveals that formation of the specific inhibitory complex 
is predominantly mediated by hydrophobic contacts between SSL3 and TLR2 and does 
not involve interaction of TLR2–glycans with the conserved LewisX binding site of SSL3. 
In the complex, SSL3 partially covers the entrance to the lipopeptide binding pocket in 
TLR2, reducing its size by ∼50%. We show that this is sufficient to inhibit binding of agonist 
Pam2CSK4 effectively, yet allows SSL3 to bind to an already formed TLR2–Pam2CSK4 
complex. The binding site of SSL3 overlaps those of TLR2 dimerization partners TLR1 
and TLR6 extensively. Combined, our data reveal a robust dual mechanism in which SSL3 
interferes with TLR2 activation at two stages: by binding to TLR2, it blocks ligand binding 
and thus inhibits activation. Second, by interacting with an already formed TLR2–lipopeptide 
complex, it prevents TLR heterodimerization and downstream signaling.

SIGNIFICANCE |

Staphylococcus aureus secretes a range of virulence factors to evade immune recognition. 
One of these, staphylococcal superantigen-like protein 3 (SSL3), disrupts an important 
component of our innate immune system: activation of Toll-like receptor 2 (TLR2) by 
bacterial lipopeptides. The crystal structure of the SSL3–TLR2 complex now provides the 
structural basis for a unique mechanism of full TLR2 antagonism in which SSL3 interferes 
with both ligand binding and receptor dimerization. Our novel insights on the host–pathogen 
interaction may contribute to vaccine development and form a starting point for the design 
of structure-based mimics to inhibit aberrant TLR2 activation in several inflammatory 
diseases and disease states.
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INTRODUCTION |

In recent years, Staphylococcus aureus has become a major health threat to both 
humans and domestic animals. It is found as a commensal bacterium in ∼30% of the human 
population, but when it becomes infectious it can cause a wide diversity of diseases, ranging 
from mild skin infections to life-threatening invasive conditions such as pneumonia and 
sepsis1. Increased antibiotic resistance and a high amount of virulence factors secreted by S. 
aureus contribute to its emergence as a pathogen. Among these secreted virulence factors 
are the staphylococcal superantigen-like proteins (SSLs), a family of 14 proteins located on 
two genomic clusters2-4. Recently, we and others identified SSL3 as a potent inhibitor of Toll-
like receptor 2 (TLR2)5,6, an innate immunity receptor that is a dominant factor in immune 
recognition of S. aureus7-10.

TLR2 belongs to a family of 10 homologous innate immunity receptors that are activated 
by pathogen-associated molecular patterns (PAMPs)11. TLR2 binds bacterial lipopeptides 
and lipoproteins. Subsequent formation of heterodimers with TLR1 or TLR6 leads to 
MyD88-dependent activation of the NF-κB pathway12. TLR2 has dual ligand specificity that 
is determined by its dimerization partner; stimulation by diacyl lipopeptides from Gram-
positive bacteria, including S. aureus, induces the formation of heterodimers with TLR613, 
whereas triacyl lipopeptides from Gram-negative bacteria initiate formation of TLR2–TLR1 
dimers14. The structural basis for lipopeptide specificity was revealed by crystal structures 
of TLR2–TLR1 and TLR2–TLR6 complexes with their respective lipopeptide analogs 
Pam3CSK4 and Pam2CSK4: TLR2 binds two lipid tails in a large hydrophobic pocket, whereas 
the third lipid tail of triacyl lipopeptides is accommodated by a smaller pocket present in 
TLR1, but not in TLR615,16.

The family of SSL proteins, including SSL3, share structural similarities to superantigens, 
but lack superantigenic activity. Interestingly, the functions that have been discovered for 
SSLs so far have all been linked to immune evasion. SSL5 inhibits neutrophil extravasation17,18 
and phagocyte function19,20, SSL7 binds IgA and inhibits complement21, and SSL10 inhibits 
IgG1-mediated phagocytosis22,23, blood coagulation24, and the chemokine receptor CXCR425. 
In addition to SSL3, also weak TLR2 inhibitory activity was observed for SSL45, but it 
remains unknown whether that is its dominant function. This variety of immunomodulatory 
molecules and functions reflects the importance of the different components of our innate 
immune system in the defense against S. aureus26.

In this study we determined the crystal structures of SSL3 and the SSL3–TLR2 complex. 
In combination with mutagenesis and binding studies, our data provide a novel working 
mechanism of a functional TLR2 antagonist.

RESULTS |

Structure of SSL3ΔN
To study the structural basis for inhibition of TLR2 activation by virulence factor SSL3, 

we expressed and purified SSL3ΔN, which lacks 133 N-terminal residues. Deletion of the 
N-terminal region proved essential to obtain crystals, but does not affect its activity toward 
TLR2 (Figure S1A). The crystal structure of SSL3ΔN, with two molecules in the asymmetric 
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unit, was solved at 1.94 Å resolution (Figure S2A and Table S1) by molecular replacement. 
SSL3 exhibits the characteristic two-domain fold of superantigens and other SSLs27,28. The 
C-terminal β-grasp domain (residues 228–326) contains a V-shaped binding site for sialyl 
LewisX, which is conserved in SSL2-6 and -11 (Figure S3A and B)28. The N-terminal OB 
domain (residues 134–227) displays well-defined but markedly different conformations for 
loops β1–β2 and α3–β4 (Figure S2B and C). These conformational differences likely arise 
from crystal contacts, and suggest considerable flexibility of these loops in solution.

Structure of the SSL3ΔN–mTLR2 Complex
To facilitate expression and crystallization of TLR2, previous structural studies used 

constructs in which the C-terminal cap domain (LRRCT) together with one leucine rich 
repeat (LRR) had been replaced by a fragment of a hagfish variable lymphocyte receptor 
(VLR)15,29. We successfully produced a mouse TLR2 (mTLR2) construct covering the entire 
extracellular region of the protein and crystallized it in a 1:1 complex with SSL3ΔN. The 
structure was solved to 3.2 Å resolution (Figure 1 and Table S1) using molecular replacement 
with the structures of SSL3ΔN and the mTLR2–VLR fusion (PDB ID code 2Z81)15.

Overall, the structures of TLR2 and SSL3 are well-defined (Figure S4A and B); the N- 
and C-terminal regions of TLR2, however, display increased average temperature factors. 
The LRRCT domain of TLR2 is structurally similar to that of TLR3 (Figure S4C-F), although 
22 C-terminal residues appear disordered and could not be modeled satisfactorily. The 
observed flexibility of this region might, at least in part, account for the success of the VLR 
fusion approach.

After refinement of the TLR2 and SSL3 structures, residual electron density in the lipid 
binding pocket located between LRR11 and LRR12 suggested the presence of a phospholipid 
(Figure S5A). Subsequent native mass spectrometry analysis of TLR2 detected a mixture of 
phosphatidylcholine (PC) lipids with acyl chain lengths varying between 12 and 20 (Figure 
S5B-H). Apparently, PC binds sufficiently tightly as to remain associated with TLR2 during 
the purification process. The residual density in the lipid-binding pocket was subsequently 
modeled as PC, with its phosphoglycerol moiety positioned just inside, and its choline head 
group outside, the pocket.

In the crystal structure of the SSL3–TLR2 complex, SSL3 binds with its OB domain on 
the convex face of the characteristic horseshoe-like structure of TLR2 and partially covers 
the entrance of the lipopeptide binding pocket. Quantitative assessment of the SSL3–TLR2 
interaction using the AlphaScreen assay30 yields a binding affinity of 0.6 ± 0.4 nM (Figure 
S3C). The β-grasp domain of SSL3 does not contact TLR2; its LewisX binding site is located 
more than 50 Å away from the nearest N-glycosylated asparagine in TLR2, a distance that 
cannot be bridged by a glycan antenna (Figure S3D). Formation of the TLR2–SSL3 complex 
does therefore not involve binding of TLR2 glycans to the LewisX binding site of SSL3, but is 
mediated by protein–protein interactions only.

The SSL3–TLR2 Binding Interface
The interface between SSL3 and TLR2 buries 1640 Å2 of solvent accessible surface and is 

predominantly hydrophobic in nature; it consists of TLR2 residues located in LRR11–LRR13, 
including helices H2–H4 and SSL3 residues in four loops of the OB domain as indicated in 
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Figure 1. Three of these SSL3 loops differ in conformation compared with the structure of 
SSL3 alone (Figure S2D), suggesting that TLR2 binding is accompanied by considerable 
conformational changes in SSL3 (Figure S2E).

The SSL3 footprint on TLR2 is arc shaped and surrounds three sides of the entrance 
to the lipopeptide binding pocket (Figure 2A). At one end of the arc, near helix H5, a 
continuous hydrophobic patch comprising SSL3 residues Phe156, Phe158, Leu160, and 
Pro194 interacts with TLR2 residues Phe349, Leu350, Gln375, Tyr376, and Asn379. In the 
center of the arc, a stretch of residues from the β2–β3 loop is positioned on top of TLR2 
helices H3 and H4. Besides many hydrophobic interactions, this region contains the only 
hydrophilic interactions observed in the interface: Arg175 forms a salt bridge with Asp327, 
whereas hydrogen bonds are present between Arg175 and Ser329, and between Asn174 
and His358. At the other end of the arc Trp163 stacks on Tyr323 in TLR2, whereas Leu211 
and Lys213 have interactions with TLR2 residues Leu324 and Tyr326, respectively. TLR2 
residues that contact SSL3 in the crystal structure are conserved between mouse and human 
TLR2 (hTLR2), except for a single Ser354Leu substitution at the periphery of the binding 
site. Therefore, the structures of the human and mouse SSL3–TLR2 complexes are likely very 
similar.

Figure 1 | Crystal structure of the SSL3ΔN–mTLR2 complex. The SSL3ΔN OB and β-grasp domains are 
shown in orange and yellow, respectively, mTLR2 in green, and the mTLR2 LRRCT domain in a darker shade of 
green. Odd-numbered LRRs, helices H1–H6 of TLR2, and SSL3 loops that contact TLR2 are labeled.
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Mutagenesis of SSL3 and SSL4
To confirm the binding site observed in the crystal structure, we mutated SSL3 residues 

located in the interface to alanines (Figure 2A). The effect of mutation on inhibitory capacity 
was measured through IL-8 production after MALP-2 stimulation of HEK cells stably 
expressing human TLR2–TLR6. Single mutants showed no or only minor effects, with at most 
a twofold decrease in SSL3 activity (Figure S1B-D). Mutation of both Phe156 and Phe158 
gave a 100-fold reduction (Figure 2B). If, in addition to Phe156 and Phe158, nearby residue 
Pro194 was also mutated, a further small decrease in activity was observed. Mutating a 
stretch of residues in loop β2–β3, Ile172, Asn174, Arg175, and Phe176 resulted in a moderate 
10-fold decrease in activity. Complete loss of SSL3 function could be achieved by combining 
mutations of the Phe156/Phe158/Pro194 patch and the β2–β3 stretch (SSL3− in Figure 
2B). Mutation of Trp163 and nearby residue Leu211 had no effect on SSL3 activity (Figure 

Figure 2 | The SSL3–TLR2 interface and characterization of the TLR2 binding sites in SSL3 and 
SSL4. (A) Footprint of SSL3 (green) on the van der Waals surface of TLR2 (gray). Residues of SSL3 and TLR2 
that are within 5 Å of its binding partner are shown in orange and green sticks, respectively. Van der Waals 
interactions are shown as dashed lines; hydrogen bonds and salt bridges as solid lines. (B) TLR2 inhibitory 
activity of SSL3 mutants. IL-8 production was measured after 6 h of MALP-2 (3 ng/mL) stimulation of HEK 
TLR2/6 cells and is expressed relative to cells not treated with SSL3. Data points represent the mean ± SD of at 
least three independent experiments. (C) Comparison of the TLR2 binding site of SSL3 and the corresponding 
region of SSL4. Residues of SSL3 and SSL4 are shown in orange and blue sticks, respectively. Black labels 
refer to the SSL3 sequence; substitutions in SSL4 are labeled in blue. Also shown is the van der Waals surface 
of SSL3 with hydrophobic regions colored purple and hydrophilic regions colored wheat, emphasizing the 
hydrophobic nature of the TLR2 binding site. (D) TLR2 inhibitory activity of SSL4 mutants. Indicated amino 
acids of SSL4 were replaced by amino acids of SSL3. Data points represent the mean ± SD of at least three 
independent experiments.

A C

B D
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S1D), suggesting that this region of the interaction surface does not contribute significantly 
to TLR2 binding. It appears that strong SSL3–TLR2 binding is the sum of many—mainly 
hydrophobic—interactions in which residues Phe156 and Phe158 play a prominent role.

SSL3 and SSL4 show high sequential and structural homology, but substantially differ 
in their capacity to inhibit TLR25. SSL3 residues important for TLR2 binding are poorly 
conserved in SSL4 (Figure 2C), which may explain the 100-fold less potency of SSL4 as a 
TLR2 inhibitor. The equivalent SSL4 residues in these OB domain loops, however, are 
also predominantly hydrophobic, and suggest that TLR2 binding involves the same site in 
SSL4. Additionally, the main-chain conformation of these loops in SSL4 is more similar to 
TLR2-bound SSL3 than free SSL3 itself (Figure S2D and E). To investigate the difference 
in inhibitory capacity between the two proteins, we replaced amino acids in SSL4 by their 
counterparts in SSL3. Replacement of both Ile108 and Ile110 by phenylalanines results 
in a fivefold increased TLR2 inhibition (Figure 2D). Additional replacement of Val146 by 
proline enhances its function 20-fold compared with SSL4. Replacement of the β2–β3 
stretch (Val124Ile, Asp125Asn, Tyr126Arg) on top of this has a minor additional effect, 
and generates an SSL4 mutant with the potency of SSL3 (SSL4+ in Figure 2D). The observed 
gradual increase of SSL4 potency upon progressive introduction of SSL3 residues confirms 
that the TLR2 binding sites of SSL3 and SSL4 are located at equivalent sites.

SSL3 Inhibits TLR Dimerization and Lipopeptide Binding
TLR2 activation vitally depends on the binding of bacterial lipopeptides and subsequent 

formation of TLR2–TLR1 or TLR2–TLR6 heterodimers. The mechanism of TLR2 inhibition 
by SSL3 could involve interference in either or both of these steps. From our structural data 
presented here, it is directly evident that SSL3 blocks productive dimerization; SSL3 binding 
extensively overlaps with the region of TLR2 that is involved in dimerization with TLR6 
(Figure 3A) as well as TLR1 (Figure S6A). Because dimerization is crucial for signaling, the 
functional consequence of SSL3 binding is that TLR2 stimulation by diacyl as well as triacyl 
lipopeptides is inhibited.

The structure of the SSL3–TLR2 complex furthermore suggests that binding of 
lipopeptides is inhibited, because SSL3 docks over the entrance to the ligand-binding 
pocket. However, an opening of ∼5 × 9 Å remains in the SSL3–TLR2 interface (Figure 3B), 
which is about half of the original entrance size. In our AlphaScreen assay we observed 
concentration-dependent inhibition of Pam2CSK4–TLR2 binding by SSL3, whereas the loss 
of function mutant SSL3− had no effect (Figure 3C). These data show that the observed 
size reduction of the pocket entrance upon binding of SSL3 effectively inhibits lipopeptide 
binding to TLR2.

SSL3 Binds to the TLR2–Pam2CSK4 Complex
Our observation of a PC molecule in the lipid binding pocket of the SSL3–TLR2 complex 

shows that PC does not block SSL3 binding. The conformation of bound PC is noticeably 
similar to the previously observed binding modes for the synthetic phosphatidylethanolamine 
derivative PE–DTPA (Figure 4A and B) and saccharolipid lipoteichoic acid (pnLTA) 
from Streptococcus pneumonia16, ligands that have little or no ability to activate TLR216,31,32. In 
these complexes and our structure (ignoring the presence of SSL3), the lipopeptide binding 
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pockets display similar open conformations and the conformations of pnLTA and PE–DTPA 
appear to be compatible with binding in the TLR2–SSL3 complex (Figure S6B and C).

These observations raise the question whether SSL3 can also bind if an activating ligand 
like Pam2CSK4 is present—a scenario that would enable SSL3 to block TLR2 signaling even 
after a bacterial ligand is engaged. The binding modes of nonactivating ligands in TLR2 
and Pam2CSK4 in the TLR2–TLR6 complex are, however, completely different. In the latter 
complex the TLR2 pocket is nearly closed due to a conformational change of LRR10 and 
LRR11, and the glycerol moiety of the ligand is oriented differently with the head group 
cysteine bound in the so-called “sulfur site”16; a conformation that would not be compatible 
with SSL3 binding (Figure 4A and B).

To establish experimentally whether SSL3 is capable of binding a preformed TLR2–
Pam2CSK4 complex, we used native PAGE and visualized the presence of bound lipopeptide 
with fluorescent Pam2CSK4–rhodamine. Addition of Pam2CSK4–rhodamine to TLR2 
generates a fluorescent band at the same height as TLR2 alone (Figure 4C, panels 1 and 
2). Incubation of TLR2 with SSL3 followed by the addition of Pam2CSK4–rhodamine results 

Figure 3 | Inhibition mechanism of SSL3. (A) Hypothetical complex of TLR2 (gray surface), SSL3 
(orange surface), and TLR6 (blue cartoon) as obtained by superposing SSL3–TLR2 and TLR2–TLR6 (PDB ID 
code 3A79)16. (Inset) TLR2 residues involved in binding to SSL3 (orange), TLR6 (blue), or both (red). (B) 
Dimensions of the entrance to the TLR2 lipopeptide binding pocket in the SSL3–TLR2 complex, measured in 
the presence (left) and absence (right) of SSL3. (C) AlphaScreen assay measuring the binding of Pam2CSK4–
biotin to mTLR2–Fc fusion protein preincubated with different concentrations of SSL3 or SSL3−. Data are 
expressed relative to binding in absence of SSL3, and data points represent the mean ± SD of at least three 
independent experiments.

A B
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in the appearance of a more slowly migrating, nonfluorescent band containing the SSL3–
TLR2 complex (Figure 4C, panel 3) as was confirmed by in-gel digestion mass spectrometry, 
whereas no complex is formed with the loss of function mutant SSL3− (Figure 4C, panel 4). If, 
however, Pam2CSK4–rhodamine is allowed to bind TLR2 before addition of SSL3, we observe 
that the band corresponding to the SSL3–TLR2 complex is fluorescent (Figure 4C, panel 
5), implying the formation of a SSL3–TLR2–Pam2CSK4 triple complex. The existence of this 
triple complex was confirmed by native mass spectrometry (Figure S7A-D). Furthermore, 
binding of Pam2CSK4 to TLR2 does not affect association with SSL3 (Figure S7E). Therefore, 
SSL3 is indeed able to block TLR2 signaling after a bacterial ligand is engaged.

In view of the structural data presented above, TLR2 and Pam2CSK4 within the triple 
complex must adopt a conformation typically observed for TLR2 bound to nonactivating 
ligands. Modeling shows that it is indeed possible to accommodate Pam2CSK4 in the SSL3–
TLR2 complex (Figure 4B and Figure S7F). Combined, our data show that SSL3 is able to 
interfere with TLR2 activation at two stages: first, its binding to TLR2 prevents lipopeptide 
binding, and second, its binding to an already formed TLR2–lipopeptide complex prevents 
dimerization.

Figure 4 | Binding of SSL3 to TLR2–lipid complexes. (A) Positioning of lipid head groups in the entrance 
to the TRL2 binding pocket: PC in the SSL3–TLR2 complex (left), PE–DTPA in TLR2 (center; PDB ID code 3A7C), 
Pam2CSK4 in TLR2–TLR6 complex (right; TLR6 not shown, PDB ID code 3A79)16. (B) Cross-sections of the 
SSL3–TLR2 surface near the lipopeptide pocket with ligands from (A) in stick representation: PC (blue, left), 
PE–DTPA (gray, left), and Pam2CSK4 (gray, right). Binding of SSL3 in the presence of Pam2CSK4 would require 
a substantial conformational change of its head group as shown in the modeled Pam2CSK4 (blue, right). (C) 
Native PAGE analysis of hTLR2 (panel 1) and hTLR2 complexes formed after incubation of hTLR2 (7 μM) 
with Pam2CSK4Rhodamine (20 μM; 18 h at 37 °C) and/or SSL3 (40 μM; 30 min at 20 °C) in the designated 
order (panels 2–5). Bands were visualized by rhodamine fluorescence (FL, red) and subsequent staining with 
Instant Blue (IB, blue).

A

B C
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DISCUSSION |

Recognition of bacterial lipopeptides by TLR2 is critical for the defense against S. aureus. 
From the opposite perspective, inhibition of TLR2 by SSL3 is a powerful mechanism of S. 
aureus to survive inside its host. The crystal structure of the SSL3–TLR2 complex presented 
here shows that the highly hydrophobic binding interface is critically dependent on a set of 
seven SSL3 residues with prominent roles for Phe156 and Phe158. This set of seven residues 
appears to be highly conserved among SSL3s from different S. aureus strains, but is absent 
in SSL4, the closest SSL3 relative within the SSL family and itself a weak TLR2 inhibitor. 
Introduction of these residues in SSL4 enhances its capacity to inhibit TLR2 to a similar level 
as SSL3 (Figure 2D). Interestingly, in strain MRSA252(SAR0425), these residues are present 
in SSL4, whereas they are not conserved in SSL3 (Figure S8), and, accordingly, SSL4 is the 
stronger TLR2 inhibitor5. Possibly, this strain underwent a genetic recombination event in 
which its overall capacity to evade TLR2 activation has been preserved, underlining the 
importance of TLR2 evasion.

Sialyl LewisX-dependent mechanisms have been described for functional activity of 
multiple SSL proteins, including SSL5 and SSL1127,28. The sialyl LewisX binding site is fully 
conserved in SSL3, but its role in TLR2 inhibition has been unclear. SSL3 residue Arg308, 
previously described to be crucial for sialic acid binding, was found to be involved in, yet 
not crucial for, binding and activity of SSL35. Yokoyama et al.6 reported that mutation of 
Phe297–Glu298, residues also involved in LewisX binding, results in decreased binding to 
cells, but has no effect on binding to TLR2 itself. Our crystallographic data show that the 
distance from the LewisX binding site of SSL3 to the nearest N-linked glycosylation site in 
both mouse and human TLR2 is too large for interaction to occur (Figure S3D). Thus, glycan 
binding does not contribute directly to formation of the specific inhibitory complex, which 
is therefore exclusively mediated by protein–protein interactions. We hypothesize that the 
actual functional role of glycan binding is to increase the local SSL3 concentration on the 
immune cell surface, which is known to be rich in sialyl LewisX sugars33—a preconcentration 
step that would lead to more efficient TLR2 inhibition.

In this study we show that SSL3 interferes in TLR2 activation at two stages: first, 
SSL3 inhibits binding of bacterial lipopeptides, and, second, if a lipopeptide has already 
been engaged by TLR2, SSL3 prevents the formation of TLR2–TLR1 and TLR2–TLR6 
heterodimers. A critical aspect of the SSL3–TLR2 complex that enables this dual mechanism 
is the opening to the lipopeptide binding pocket that remains after SSL3 binding. SSL3 only 
blocks about half of the pocket entrance, and our experiments show that this is sufficient to 
inhibit lipid entry, but does allow for the accommodation of the head group of a lipopeptide 
that is already bound to TLR2 before SSL3 binding. Whereas this provides a functional 
role for the opening, it remains to be seen whether binding of SSL3 to a TLR2–lipopeptide 
complex is a prevalent pathway in vivo. Alternatively, the opening may also serve a different 
purpose—namely, enabling the binding of SSL3 to TLR2–phospholipid complexes. It has not 
been established that TLR2 associates with phospholipids in vivo; however, the presence 
of copurified PC in our TLR2 preparation suggests that this may well be the case. In this 
scenario, an opening to the binding pocket of TLR2 is required to prevent steric hindrance of 
nonactivating phospholipids upon binding of SSL3.
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Unraveling the mechanism of TLR2 inhibition by SSL3 gives new insights in the host–
pathogen interaction and provides new tools to study TLR2 receptor biology. Aberrant 
TLR2 activation is linked to several diseases, including acute and chronic inflammatory 
conditions34, making it an interesting therapeutic target. Our structural data provide a 
starting point for the development of SSL3 derivatives that could be used to block TLR2 
activation in a therapeutic setting.
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MATERIALS AND METHODS |

Expression and Purification of SSL3 and SSL4 Mutants
The ssl3 and ssl4 genes of S. aureus strain NCTC 8325 (SAOUHSC_00386 and SAOUHSC_00389) were 

used for construction of truncated proteins SSL3ΔN comprising residues 134–326, SSL4ΔN (residues 79–
278), and mutants of SSL3ΔN and SSL4ΔN listed in Table S2. All variants were expressed with a noncleavable 
N-terminal His6-tag in Escherichia coli Rosetta-gami(DE3)pLysS, refolded from insoluble fractions and purified 
as described5. Proteins were stored in PBS, and protein purity was determined as >95% by SDS/PAGE.

For crystallization purposes, SSL3ΔN was expressed with a cleavable N-terminal His6-tag and isolated 
following the same procedure. Tobacco etch virus (TEV) protease cleavage was performed overnight in 25 
mM Tris-Cl buffer (pH 8.2) and 150 mM NaCl. After addition of imidazole to a final concentration of 10 mM, 
TEV protease and any residual undigested SSL3 were removed by filtration through a HiTrap chelating HP 
column. SSL3ΔN was ultimately purified by size-exclusion chromatography over a Superdex75 column (GE 
Healthcare) equilibrated in 10 mM Tris-Cl buffer (pH 8.2) and 150 mM NaCl, and concentrated to 12 mg/mL.

Expression and Purification of TLR2 Ectodomains
Ectodomains of mouse (Gln25–Ala588, NM_011905) and human (Lys19–Ala589, NM_003264) TLR2 

were transiently expressed with the N-terminal His6-StrepII3-TEV tag in HEK293-EBNA1-S and HEK293-
EBNA-1 cells, respectively (U-Protein Express BV) as described5. Protein yields were optimized by plasmid 
titration35, which indicated that transfections with 10-fold dilutions of expression plasmid in nonexpressing 
dummy plasmid improved TLR2 production approximately two- to threefold. Further improvement of 
protein yield was achieved by cotransfecting a PRAT4A (NM_006586) expression plasmid at a ratio of 1:40. 
Crystallization experiments with mTLR2 were preceded by removal of the purification tag with TEV protease 
as described for SSL3ΔN and gel filtration on a preequilibrated Superdex 200 column (GE Healthcare) with 10 
mM Tris-Cl buffer (pH 8.2) and 150 mM NaCl.
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Crystallization and Data Collection of SSL3ΔN and the SSL3ΔN–mTLR2 Complex
SSL3ΔN crystals were grown at 292 K using sitting-drop vapor diffusion against a well solution 

containing 0.2 M potassium thiocyanate and 20% (wt/vol) PEG 3350. Crystals were cryoprotected in well 
condition containing 20% (vol/vol) glycerol before flash-freezing in liquid nitrogen. Diffraction data to 1.94 Å 

resolution were collected at the Swiss Light Source on the PX beamline. For crystallization of the SSL3–TLR2 

complex, the individual proteins were mixed in a 1.1:1 molar ratio with final concentrations of 1.4 mg/mL and 

3.8 mg/mL, respectively. Crystals were obtained through sitting-drop vapor diffusion against a well solution 

containing 0.1 M PCB buffer (pH 5.0; sodium propionate, sodium cacodylate, and Bis-Tris propane) (Qiagen) 

and 25% (wt/vol) PEG 1500. For data collection, crystals were cryoprotected in well solution containing 

20% (vol/vol) glycerol before flash-freezing in liquid nitrogen. X-ray diffraction data to 3.2 Å resolution were 

collected at the PETRA III beamline (DESY). Details about structure determination and refinement procedures 

are included in SI Materials and Methods. Statistics of data processing and refinement are listed in Table S1.

Cell Lines
HEK cells expressing TLR2 and TLR6 were obtained from InvivoGen and cultured in DMEM in the 

presence of 10 µg/mL blasticidin, 100 units/mL penicillin, 100 μg/mL streptomycin, and 10% (vol/vol) FCS.

Ligand-Induced Cytokine Production
HEK-TLR2/6 cells were seeded in 96-well culture plates. After reaching confluency, cells were incubated 

with the SSLs or SSL mutants for 30 min at 37 °C. MALP-2 (Santa Cruz) was then added to a final concentration 
of 3 ng/mL. After 6 h, culture supernatants were collected and tested for IL-8 production using specific ELISA, 
following manufacturer’s instructions (Sanquin).

Binding Studies
The AlphaScreen assay (Perkin-Elmer Life Sciences)30 was used to determine TLR2–ligand interactions. 

Murine TLR2–Fc (R&D systems), final concentration 9 nM, was mixed with a concentration range (0.01–
100 nM) of SSL3ΔN or SSL3ΔN− (FF156AA P194A INRF172AAAA) in PBS containing 0.05% human serum 
albumin. After 45 min, Pam2CSK4–biotin (Tocris) was added to a final concentration of 9 nM and incubation 
was continued for another 45 min. Next, 20 µg/mL of streptavidin donor beads and 20 µg/mL Protein-G 
acceptor beads were added and incubated for 45 min. Samples were measured at 680 nm in a CLARIOstar 
microplate reader (BMG Labtech).

Native PAGE experiments were performed to study TLR2–ligand interactions as described36. Purified 
human TLR2 (7 µM, final concentration), in some cases preincubated with SSL3ΔN or SSL3ΔN− (40 µM) for 
30 min at room temperature, was mixed with Pam2CSK4Rhodamine (20 µM, InvivoGen) and incubated for 
18 h at 37 °C. To examine whether ligand binding and SSL3 binding can simultaneously occur, first TLR2 
and Pam2CSK4Rhodamine were allowed to bind for 18 h at 37 °C, after which SSL3 was added. Samples were 
loaded on 12.5% native glycine gels and run for 3 h at 200 V. Rhodamine fluorescence was detected using a 
LAS 4010 imaging system (GE Healthcare) equipped with a 520-nm excitation LED and a 575-20BP emission 
filter. Subsequently, the gel was stained with Instant Blue protein stain (Expedeon).
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SUPPLEMENTAL INFORMATION |

MATERIALS AND METHODS

Data Collection and Refinement of the SSL3ΔN and SSL3ΔN–mTLR2 Structures
Diffraction data to 1.94 Å obtained for crystals of SSL3ΔN was integrated with MOSFLM and further 

processed using CCP4 software37. Integrated data were first scaled with Aimless. Molecular replacement 
was then performed with PHASER and the structure of SSL4 as initial search model (PDB ID code 4DXF)38. 
The structure was refined with REFMAC alternated with manual model improvement using COOT. Rwork and 
Rfree had final values of 0.177 and 0.224. Statistics of data processing and refinement are listed in Table S1.

Diffraction data to 3.2 Å obtained for crystals of the SSL3ΔN–mTLR2 complex was integrated with 
XDS. The structure was solved by molecular replacement in PHASER using chain A of the SSL3ΔN structure 
and residues 27–506 of mTLR2 (PDB ID code 2Z81)15 as initial search models. Refinement of the model 
was performed with Phenix39. The initial molecular replacement solution that includes the structures of 
SSL3ΔN and mTLR227–506 was further optimized by performing a rigid-body refinement using separate 
rigid bodies comprising SSL3 residues 136–224 and 225–326 and TLR2 residues 27–250 and 251–506. 
Further refinement included TLS refinement using automatic TLS group identification. In view of the limited 
resolution of the diffraction data, external dihedral angle restraints derived from the structures of SSL3ΔN 
and the 1.8-Å resolution structure of mTLR227–506 were applied, except for regions where the electron density 
convincingly indicated a different conformation and partially modeled N-linked glycans connected to Asn414 
and Asn442. One of these regions concerns loops in LRR10 and LRR11, which determine the shape and size of 
the lipopeptide pocket entrance. LRR11 contacts SSL3 and its conformation is well-defined. The long LRR10 
loop is not involved in SSL3 binding and although it displays increased B-factors (Figure S4A), the electron 
density allowed building of the entire loop.

In the mTLR2–VLR6 fusion protein, LRR19 and the LRRCT domain of mTLR2 have been replaced by a 
fragment of hagfish VLR. Sequence identity between this VLR fragment and mTLR2 is only 11%. Therefore, we 
used the corresponding region of hTLR3 (PDB ID code 2A0Z)40, which is 25% identical (Figure S4F), to guide 
building of LRR19 and the LRRCT domain. The LRRCT domain harbors a CXC motive typical for C-cap domains 
of LRR structures. Both cysteines are involved in disulfide bridge formation. Whereas the Cys537–Cys564 
bridge could be modeled with confidence (Figure S4E), no electron density was visible for the Cys539–Cys585 
bridge. Possibly, radiation damage suffered by this bond explains the poor ordering of this region, although it 
cannot be excluded that it is inherently flexible. TLR2 residues on the C-terminal side of Cys564 either were 
modeled as polyalanine (residues 569–575) or are absent from the final model (residues 576–587).

Continuous residual density in the lipid binding pocket of TLR2 suggested the presence of a copurified 
diacetylated lipid (Figure S5A). Native mass spectrometry confirmed the presence of a lipid and identified it 
as PC with acyl chain lengths varying form from C12 to C20 (Figure S5B-H). Accordingly, we modeled PC in the 
binding pocket with its phosphoglycerol moiety positioned in the pocket opening and the choline headgroup 
located just outside, interacting with a chloride ion. The available electron density allowed modeling of C13 
and C12 acyl chains at the sn1 and sn2 hydroxyl groups, respectively. The size of the TLR2 pocket, however, 
does not exclude binding of longer acyl chains. Refinement of the complex after inclusion of PC had a negligible 
effect on Rwork and Rfree that have final values of 0.231 and 0.271, respectively. Statistics of data processing and 
the final model are listed in Table S1.

Mass Spectrometry
hTLR2 and Pam2CSK4–biotin were allowed to bind overnight at room temperature (RT), before addition 

of SSL3. The final complex with equimolar concentrations of 12 μM was incubated at RT for 1 h. mTLR2 
and the SSL3–hTLR2–Pam2CSK4–biotin complex were buffer-exchanged to 150 mM ammonium acetate, 
pH 7.0 (for native MS analysis) or 0.1% formic acid solution (for MS under denaturing conditions). Buffer 
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exchange was performed in eight steps at 13,000 × g and 4 °C using centrifugal filter units with a 30-kDa 
molecular weight cutoff (Millipore). Subsequently, samples were diluted to a protein concentration of 3–5 μM 
and introduced into the mass spectrometer with gold-coated borosilicate needles to facilitate electrospray 
ionization. Denatured samples were analyzed on a modified LCT time-of-flight mass spectrometer (Waters) 
with the instrument settings optimized as follows: capillary voltage 1,100–1,300 V, sample cone voltage 
40–100 V, extraction cone voltage 0–20 V, and source region pressure 4–6 mbar. Native MS was performed 
using a modified quadrupole time-of-flight instrument (Waters)41, which was operated with the following 
parameters: capillary voltage 1,300–1,400 V, sample cone voltage 20–30 V, extraction cone voltage 0–10 V, 
collision cell voltage 10 V, source region pressure 8 mbar, collision gas pressure 0.01 mbar. For native tandem 
MS experiments, in-source activation was optimized by increasing sample and extraction cone voltages to 
30–100 V and 10–20 V, respectively. The collision cell voltage, which is applied after mass selection of the 
precursor ion, was varied to monitor the respective dissociation of phospholipids, SSL3, or Pam2CSK4–biotin. 
All mass spectra were acquired in positive ion mode and calibrated using CsI clusters. Data analysis was 
performed with MassLynx v4.1 (Waters).

Construction of BAP-Tagged SSL3ΔN and in Vitro Biotinylation
A biotin acceptor peptide (BAP-tag; GLNDIFEAQKIEWHE) was incorporated by PCR in between the His-

tag and the coding sequence of SSL3ΔN. Expression and purification was performed as described in Materials 
and Methods.

SSL3-BAP was dialyzed to 50 mM Tris, 25 mM NaCl, pH 8.0. BAP-tagged SSL3 was biotinylated in vitro at 
37 °C for 4 h using a mixture with final concentrations of 22 µM protein, 10 mM ATP, 50 µM D-biotin (Sigma-
Aldrich), 10 mM MgCl2, and 0.44 µM BirA biotin–protein ligase (Avidity). Biotinylation was confirmed with 
Western Blot analysis using StrepTactin–HRP (1:10.000; IBA).

Binding Studies
AlphaScreen assay was performed for Kd determinations of the SSL3–TLR2 complex using a competitive 

binding format30. mTLR2–Fc (0.1 nM, final concentration) was simultaneously incubated with biotin-labeled 
BAP-SSL3 (1 nM) and different concentrations of unlabeled SSL3 (ranging from 0.01 nM to 100 nM) for 45 
min. Binding was determined by addition of 20 µg/mL streptavidin donor beads and 20 µg/mL Protein-G 
acceptor beads. To examine the effect of TLR2-ligand binding on the Kd, Pam2CSK4 (1 nM) was preincubated 
with TLR2 for 45 min before the competitive binding assay was performed.
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Figure S1 | TLR2 inhibition by SSL3 WT, SSL3ΔN, and SSL3ΔN point mutants. HEK TLR2/6 cells were 
stimulated with MALP-2, and IL-8 production was measured in the presence of increasing concentrations of 
SSL3 or SSL3∆N. IL-8 production is relative to cells not treated with SSL3. Data points represent at least three 
independent experiments, and error bars show mean ± SD. (A) SSL3 and SSL3∆N, which lacks amino-terminal 
residues 1–133, have equal TLR2 inhibitory capacities. (B–D) IL-8 production in the presence of SSL3ΔN 
mutants that did not have a significant effect on TLR2 inhibitory capacity.
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Figure S2 | Structure of SSL3ΔN shows structural variation in loops of the β-grasp domain. (A) 
Cartoon visualization of the SSL3ΔN asymmetric unit that contains two molecules SSL3, both comprising 
residues 134–326. Two SSL3 molecules contact via three loops (β1–β2, β2–β3, and α3–β4) in the OB domain 
(orange), an arrangement that is clearly different from the previously observed SSL dimers formed by 
antiparallel packing of two β-grasp domains (yellow)28. (B) Cartoon visualization of the SSL3ΔN structure 
showing the N-terminal OB domain (residues 134–227, orange) and the C-terminal β-grasp domain (residues 
228–326, yellow). The OB domain comprises a five-stranded β-barrel and two short α-helices, and two 
conformations observed for the β1–β2 and α3–β4 loops are indicated in red. The β-grasp domain contains a 
central α-helix packed against a mixed five-stranded β-sheet. Residues in strand β10 and helix α5 contribute 
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to a V-shaped binding site for sialyl LewisX containing glycans. (C) Two conformations of loop β1–β2 (panels 
1 and 2) and loop α3–β4 (panels 3 and 4) that are observed in the crystal structure of SSL3 shown in stick 
representation in their corresponding 2Fo–Fc maps contoured at 1.2 σ above the average density. Except for 
the Lys191 side chain, these loops are well defined in the electron density maps, and differences likely arise 
from their involvement in crystal packing. (D) Structural variation of the β1–β2, α3–β4, and β4–β5 loops in 
superimposed structures of “free” SSL3 (SSL3A and B, yellow), SSL4 (blue; PDB ID code 4DXF)38 and the SSL3–
TLR2 complex (orange). Whereas free SSL3 differs substantially from TLR2-bound SSL3, the structure of SSL4 
shows much smaller differences. (E) Structural variation of the TLR2 binding site as observed in the SSL3–
TLR2 complex (orange; lower left) and the corresponding region in free SSL3A (yellow, upper left), SSL3B 
(yellow, upper right), and SSL4 (blue, lower right), all shown in stick representation in their corresponding 
2Fo–Fc maps contoured at 1.2 σ above the average density. The orientation of the displayed regions is equal 
to Figure 2C.

◄

Figure S3 | Nanomolar binding of SSL3 to TLR2 does not involve sialyl LewisX interactions. (A) 
Stick representation of residues that are observed to bind sialyl LewisX in SSL4 (right) (PDB ID code 4DXG)38 

A C

B

D



| CHAPTER 3

| 94

and the corresponding region of SSL3 (left). Sialyl LewisX sugar moieties are labeled: sialic acid (S), galactose 
(G), N-acetyl glucosamine (N), and fucose (F). Hydrogen bonds between SSL4 residues and sialyl LewisX are 
indicated with dashed lines. (B) Sequence alignment of SSL3, SSL4, SSL5, and SSL11 shows the conserved 
sialyl LewisX binding pattern (TxExxKxxQx[N/H]RxxD; purple)27,28,38. Residues highlighted in gray only 
contribute to the hydrogen bonding network through backbone atoms, and therefore these interactions 
are sequence independent. (C) SSL3 and TLR2 have nanomolar affinity. In an AlphaScreen competitive 
binding assay, unlabeled SSL3 was titrated in and competes with biotin-labeled SSL3 for TLR2-Fc binding. 
The IC50 value corresponds to a Kd of 0.6 ± 0.4 nM. Data are expressed relative to binding of SSL3–biotin to 
TLR2 with no unlabeled SSL3 present. Data points represent the mean ± SD of at least three independent 
experiments. (D) Geometric analysis of the feasibility of sialyl LewisX interactions in the SSL3–TLR2 complex. 
(Left) Sialyl LewisX was positioned in the SSL3–TLR2 complex by superimposing the LewisX binding sites of 
SSL3 and the SSL4–sialyl LewisX complex (PDB ID code 4DXG)38. Indicated are the shortest distance between 
the LewisX glycan and the two nearest glycosylated asparagine residues in TLR2 (shown in blue sticks). (Right) 
Chemical structure of a N-linked glycan including a mannose-linked sialyl LewisX [GlcNac(-Fuc)-Gal-Sia]. The 
linker between the asparagine and LewisX consists of two N-acetylglucosamine and two mannose units that 
can span a distance of at most 21 Å in a fully extended conformation, as was estimated on the basis of crystal 
structures in the protein data bank that contain this glycan motif. This distance is twofold smaller than the 
distances to the nearest N-linked asparagines in TLR2, excluding the involvement of sialyl LewisX binding in 
the observed SSL3–TLR2 complex.

◄

Figure S4 | The SSL3–TLR2 complex. (A and B) Cα traces of TLR2 (A) and SSL3 (B) in the SSL3–TLR2 
complex colored according to their atomic B-factor on a scale between 20 Å2 (yellow) and 100 Å2 (red). (C and 
D) Superpositions of mouse TLR2 from the SSL3–TLR2 complex (green) on the TLR2–VLR6 fusion proteins 
used for crystallization of the TLR2–PE–DTPA complex (blue, C)16 and the TLR2–TLR6–Pam2CSK4 complex 
(blue, D)16. The structures are displayed as Cα traces in stereoview. Overall the structures are very similar. The 
native mTLR2 LRRCT domain, however, deviates significantly from the chimeric VLR6 LRRCT domain, which 
share 11% sequence identity. The TLR2 structures also show conformational variations in LRR10, and the 
extended loop of LRR11, two regions that determine the size and shape of the lipopeptide pocket entrance. The 
conformation of these loops in the SSL3–TLR2 complex is very similar to those observed for TLR2 in complex 
with nonactivating ligand PE–DTPA (C), and clearly different from the TLR2–TLR6–Pam2CSK4 complex (D). (E) 
Overlay of the LRRCT domains of mTLR2 (green and gray) and hTLR3 (blue), shown in stereoview with the 
conserved cysteine pattern highlighted in yellow. The TLR2 region that was modeled as polyalanine is shown 
in gray. The overall rmsd difference between the two LRRCT domains, which have 25% sequence identity, is 
1.1 Å. The largest observed difference comprises the 13 residue α-helix in TLR3 (residues 651–663), which 
is split in a shorter nine-residue α-helix (residues 539–547) and a five-residue 310 helix (residues 549–553) 
in TLR2. Residues 576–587 are absent in the TLR2 model, including the disulfide bridge between Cys539 
and Cys585, which suggest that this region suffered from radiation damage or is intrinsically flexible. (F) 
Sequence alignment of LRR19 and the LRRCT domain from mTLR2 and hTLR3. Also shown is the secondary 
structure as observed in the SSL3–TLR2 complex and hTLR3 (PDB ID code 2A0Z)40. Residues in the SSL3–
TLR2 complex that were modeled as polyalanine are indicated by a dashed line. Identical residues between 
TLR2 and TLR3 are highlighted in blue, and the conserved cysteines in yellow.

◄
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Figure S5 | Phosphatidylcholine lipids in the TLR2 lipopeptide binding pocket. (A) Stereoview 
of the 2Fo–Fc map calculated using phases derived from the SSL3–TLR2 structure without ligand, and 
contoured at 0.7σ. Also shown are stick representations of the PC lipid ligand with C12 and C13 acyl chains 
and a chloride ion that were modeled in the electron density. Carbon, oxygen, nitrogen, and phosphorus 
atoms are respectively colored gray, red, blue, and orange; the chloride ion is shown as a gray sphere. (B) 
Baseline-corrected mass spectrum of denatured TLR2 with native glycans. TLR2 forms a broad charge state 
envelope, based on which an average molecular weight of 75.2 ± 0.1 kDa was calculated. Charge states are 
indicated above the peaks. (C) Native MS analysis of TLR2. Broad-range mass spectrum of native TLR2 (red) 
with charge states indicated above the peaks. Due to the existence of different TLR2 glycoforms and/or 
binding of different phospholipid species, the m/z signals are relatively broad, allowing only an approximate 
molecular weight calculation (79.1 ± 0.1 kDa). Free phospholipids (cyan) are visible in the low m/z region. 
(D–F) Native tandem MS analysis of TLR2. The region around m/z 4,378 was mass selected in the quadrupole 
mass analyzer and subsequently fragmented by collision-induced dissociation in the collision cell. Shown 
are the resulting tandem mass spectra. (D) At low collisional activation, only phospholipid-bound TLR2 is 
detected. (E) Increasing the collision to 40 V leads to dissociation of phospholipids from TLR2. (F) Applying a 
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collision voltage of 100 V results in enhanced phospholipid dissociation and fragmentation. The fragment ion 
at m/z 184 (orange) is characteristic for fragmentation of the phosphatidylcholine head group. (Inset) Zoom-
in of the m/z region where phospholipids are detected. (G) List of the observed m/z peaks (660–830 m/z) 
measured in the tandem MS analysis showing a range of TLR2-bound PC lipid species with two acyl chains 
that have a total of 28–38 carbon atoms, 0, 1, or 2 unsaturations, and a [M+H]+ mass for the single charged 
ions as depicted in the last column. Lipid chain abbreviations used: La, lauroyl (12:0); M, myristoyl (14:0); P, 
palmitoyl (16:0); Po, palmitoleoyl (16:1); S, stearoyl (18:0); O, oleoyl (18:1); L, linoleoyl (18:2); A, arachidoyl 
(20:0); G, gadoleoyl (20:1). (H) Chemical structures of the phosphatidylcholine fragment ion (orange) and 
the TLR2-bound PC lipids with the consensus part (blue) and variable lipid tail length (gray). For ready 
comparison, all phosphatidylcholine structures and masses depicted here correspond to single charge (+1) 
ions.

◄

Figure S6 | Binding of pnLTA and PE–DTPA, but not TLR1, is compatible with binding to the SSL3–
TLR2 complex. (A) Surface representation of the SSL3–TLR2 complex (orange and gray) and a cartoon 
view of TLR1 (blue), as obtained by superposing the SSL3–TLR2 and TLR2–TLR1 (PDB ID code 2Z7X)15 
crystal structures. (Inset) TLR2 residues involved in binding to SSL3 (orange), TLR1 (blue), or both (red). 
Overlapping binding sites demonstrate that simultaneous binding of SSL3 and TLR1 to TLR2 is excluded. (B) 
Superposition of the TLR2–pnLTA (left) and TLR2–PE–DTPA (right) structures on the SSL3–TLR2 complex 
places the head groups of both lipids in the opening to the lipopeptide binding pocket. TLR2 and SSL3 are 
respectively shown in gray and orange surface representation, the lipids in blue stick representation. The 
TLR2–pnLTA (PDB ID code 3A7B) and TLR2–PE–DTPA (PDB ID code 3A7C) structures have been obtained 
from Kang et al.16. Superposition of the observed conformations of the pnLTA and PE–DTPA ligands in the 
SSL3–TLR2 structure is possible without severe clashes, indicating that both ligands can be accommodated in 
a SSL3–TLR2 complex. (C) Cross-section of the SSL3–TLR2 complex, including the TLR2-bound conformations 
of pnLTA (left) and PE–DTPA (right), showing that both lipids can be placed in the SSL3–TLR2 complex without 
severe clashes.
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Figure S7 | SSL3 binding to a TLR2–Pam2CSK4 complex. (A–D) Native MS analysis of the SSL3–TLR2–
Pam2CSK4–biotin complex: (A) Broad-range native mass spectrum showing the ternary complex (light green, 
103.1 ± 0.1 kDa) and a second species (dark green), which likely represents a dimer form of the complex 
(estimated molecular weight 200–209 kDa). (B–D) Tandem MS analysis of the SSL3–TLR2–Pam2CSK4–biotin 
complex. The region around m/z 4,900 was mass selected and the sequential disassembly of the complex was 
monitored by increasing the collision voltage to induce dissociation. Shown are the resulting tandem mass 
spectra. (B) The protein complex remains intact at 10-V collisional activation. (C) At a collision voltage of 
40 V, SSL3 (orange, 23.814 ± 0.001 kDa) is expelled from the complex and Pam2CSK4–biotin (cyan) starts to 
dissociate. Consequently, both free TLR2 (red, 77.27 ± 0.01 kDa) and TLR2–Pam2CSK4–biotin (purple, 79.03 ± 
0.05 kDa) are visible. (D) Increasing the collision voltage further to 60 V leads to almost complete dissociation 
of Pam2CSK4–biotin, the isotope pattern of which is depicted (Inset). The average molecular weight of the 
ligand was determined to 1724.7 Da (expected: 1724.4 Da). (E) Binding of Pam2CSK4 to TLR2 does not affect 
the binding of SSL3. Pam2CSK4 was allowed to bind mTLR2–Fc before a competitive AlphaScreen binding 
assay with biotinylated SSL3 and unlabeled SSL3 was performed. In the presence of Pam2CSK4 a Kd of 0.8 ± 
0.2 nM was obtained, compared with the reference of 0.6 ± 0.4 nM in absence of ligand (same reference as 
shown in Figure S3C). Data points represent the mean ± SD of at least three independent experiments. (F) 
Top view and cross-section of the SSL3–TLR2 surface near the lipopeptide pocket. Modeling of Pam2CSK4 in 
the SSL3–TLR2 complex in a similar conformation as was observed for PC shows that the peptide moiety 
of Pam2CSK4 can protrude into the solvent region through the observed pocket opening. Pam2CSK4 must 
adopt this conformation characteristic for nonactivating ligands (Figure 4A and B), because its conformation 
as observed in the Pam2CSK4–TLR2–TLR6 complex is not compatible with the formation of a SSL3–TLR2–
Pam2CSK4 triple complex.
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Figure S8 | Alignment of SSL3 and SSL4. Sequence alignment highlighting the residues (in green) found 
in the TLR2 binding interface of SSL3 from S. aureus strain NCTC 8325 and their conservation in SSL4 from 
the same strain and SSL3 and SSL4 from strain MRSA252. Nearly all of the SSL3 amino acids involved in TLR2 
interactions are present in SSL4 MRSA252, explaining its enhanced TLR2 inhibitory activity with respect 
to SSL4 from strain NCTC 83255. However, SSL3 from MRSA252 contains only one of the seven conserved 
amino acids, indicating that genetic recombination may have occurred in this strain that switched the activity 
between its SSL3 and SSL4. The length of the proteins, however, corresponds more closely to their original 
family members, with both SSL3s having the longer N-terminal domain. SSL3 and SSL4 have been assigned 
based on their gene order in the genomes of NCTC 8325 (SAOUHSC_00386 and SAOUHSC_00389) and 
MRSA252 (SAR_RS02110 and SAR_RS02115).
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Data Collection and Refinement SSL3 SSL3-TLR2

Data collection

Wavelength (Å) 0.9999 1.0000

Space group P212121 P61

Cell dimensions

a, b, c (Å)
α, β, γ (°)

Resolution range (Å)* 

58.00, 79.22, 96.38
90, 90, 90
61.2-1.94 (1.99-1.94)

104.20, 104.20, 153.63
90, 90, 120
52.1-3.2 (3.31-3.2)

Total no. reflections 223,907 (16,027) 36,297 (7,265)

No. unique reflections 33,556 (2,419) 14,687 (3,088)

Rmerge

I/σI
0.093 (0.73)
11.1 (2.7)

0.225 (1.08)
5.6 (2.0)

Redundancy
Completeness (%)
CC(1/2)

6.7 (6.6)
99.8 (99.9)
0.99 (0.63)

2.5 (2.4)
94.1 (96.7)
0.92 (0.41)

Refinement
Rwork/Rfree

No. atoms
Protein
Water/other ligands

Average B/Wilson B (Å2)
Rmsd

Bond lengths (Å)
Bond angles (°)

Ramachandran plot
Favored (%)
Allowed (%)
Outliers (%)

0.177/0.224
3,521
3,266
214/9
37.5/32.2

0.0079
1.21

97.0
3.0
0

0.231/0.271
5,976
5,890
0/86
57.4/44.6

0.0070
1.23

92.8
6.7
0.5

* Numbers between brackets refer to the outer resolution shell. 

Table S1 | Data collection and refinement statistics. 
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Mutants Mutations IC50 Values (M)

SSL3

SSL3 - 2.2 ± 0.7 x 10-9

SSL3ΔN Δ1-133 1.9 ± 0.8 x 10-9

SSL3ΔN N174A N174A 3.1 ± 1.1 x 10-9

SSL3ΔN R175A
SSL3ΔN NR174AA
SSL3ΔN INRF172AAAA
SSL3ΔN F156A
SSL3ΔN F158A
SSL3ΔN P194A
SSL3ΔN W163A
SSL3ΔN W163A L211A
SSL3ΔN FF156AA
SSL3ΔN FF156AA P194A
SSL3ΔN FF156AA P194A INRF172AAAA

R175A
N174A, R175A
I172A, N174A, R175A, F176A
F156A
F158A
P194A
W163A
W163A, L211A
F156A, F158A
F156A, F158A, P194A
F156A, F158A, P194A, I172A, 
N174A, R175A, F176A

1.5 ± 0.7 x 10-9

3.3 ± 2.1 x 10-9

1.2 ± 0.3 x 10-8

4.4 ± 2.2 x 10-9

2.6 ± 0.6 x 10-9

2.0 ± 0.5 x 10-9

2.4 ± 0.5 x 10-9

5.8 ± 3.4 x 10-9

1.3 ± 0.5 x 10-7

7.3 ± 10.7 x 10-6

Mutant does not 
reach IC50

SSL4

SSL4ΔN
SSL4ΔN II108FF
SSL4ΔN II108FF V146P
SSL4ΔN II108FF V146P VDY124INR

Δ1-78
I108F, I110F
I108F, I110F, V146P
I108F, I110F, V146P, V124I, D126N, 
Y127R

1.7 ± 1.3 x 10-7

2.3 ± 1.2 x 10-8

7.6 ± 5.9 x 10-9

3.6 ± 1.7 x 10-9

Table S2 | List of all SSL3 and SSL4 mutants and their IC50 values. 
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CHAPTER FOUR |
Molecular Basis for Species Specificity for TLR2 Inhibition 
of Staphylococcal Superantigen-Like Protein 3 (SSL3)
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ABSTRACT |

Staphylococcus aureus is a highly versatile commensal and pathogen, causing disease 
in human and many animal species. The pathogenicity of S. aureus is linked to its ability to 
secrete a wide variety of immunomodulatory molecules. These immune evasion molecules 
bind to host receptors or enzymes, resulting in potent inhibitory effects that are usually 
mediated by high affinity protein-protein interactions. The evasion molecules are further 
characterized by the fact that they are often species-specific or have a limited species range. 
This is because the protein-protein interactions are generally based on few crucial amino 
acids that can diverge between the target receptors from different species. We recently 
solved the crystal structure of murine TLR2 in complex with immunomodulatory molecule 
staphylococcal superantigen-like protein 3 (SSL3). This gave insight into the binding 
interface between the two proteins and allowed us to pinpoint the amino acids in SSL3 that 
are essential for TLR2 inhibition. To investigate the molecular basis of the interaction on the 
TLR2 side, the SSL3 binding interface region on murine TLR2 was compared with that of 
other species through sequence alignment and homology modeling, which identified clear 
interspecies differences. To examine whether these differences resulted in altered SSL3 
activity, bovine, equine, human, and murine TLR2 were stably expressed on HEK293T cells 
and the ability of SSL3 to inhibit TLR2 signaling was assessed. We found that SSL3 was unable 
to inhibit signaling by bovine TLR2. Subsequent loss and gain of function mutagenesis of 
human and bovine TLR2, respectively, showed that the observed lack of inhibition can be 
explained by the absence of two tyrosine residues in bovine TLR2 that play a prominent role 
in the SSL3-TLR2 interface. Thus, in the current paper we reveal molecular determinants 
of the interaction between TLR2 and SSL3, which explain the species specificity of this 
immune evasion molecule and adds to our understanding of staphylococcal host specificity. 
Furthermore, understanding the molecular basis of the interaction of a TLR2 antagonist can 
aid in the development of SSL3-based anti-inflammatory therapeutics.
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INTRODUCTION |

Staphylococcus aureus is a human and animal commensal and pathogen and 
characterized by its ability to secrete a wide amount of virulence factors, including immune 
evasion molecules1,2. These immune evasion proteins interfere with distinct parts of the 
immune system. Most inhibitory effects are mediated through protein-protein interactions, 
in which the secreted staphylococcal protein binds to a host molecule and thereby inhibits 
its function2. These protein-protein interactions often are highly specific, have very high 
affinities, in the nanomolar range, and generally involve only a limited number of amino acid 
residues. 

Structural data can assist in the elucidation of the binding interfaces between the two 
molecules. This data gives a highly accurate overview of the interaction sites and direct 
amino acid interactions can be thereby identified. This allows for the generation of mutants 
to confirm the interaction site and directly identify the most important amino acids involved, 
which can come down to one or two critical residues. Due to these highly specific interactions, 
many of the evasion molecules of S. aureus are species-specific or at least have a limited 
species range2. This can either be related to differential expression of host receptors that 
are targeted, or which is most often the case, by variations in the host receptors themselves. 

The staphylococcal superantigen-like proteins (SSLs) are a structurally related family 
of proteins consisting of a total of 14 members. They all contain an N-terminal oligomer-
binding fold (OB-fold) and a C-terminal β-grasp domain, which are both common folds 
seen in many staphylococcal evasion proteins2,3. Despite their structural similarities, these 
proteins have a diverse range of interaction partners. For instance, SSL1 and SSL5 bind to 
and inhibit matrix metalloproteinases4,5, SSL3 and SSL4 inhibit toll-like receptor 2 (TLR2) 
signaling6–8, and SSL5 and SSL11 are both able to bind and inhibit the functions of several 
glycoproteins, including PSGL-19,10. The fact that they can bind to a broad range of targets 
is related to the stable fold of the SSL proteins that permit for variations in amino acid 
sequences to allow distinct binding partners: indeed most SSLs only have approximately 
40% amino acid identity as compared to each other. The SSL family of proteins is located on 
the core variable genome of S. aureus, divided over two clusters: pathogenicity island vSaα 
encodes ssl1-ssl11 and immune evasion cluster 2 (IEC2) encodes for ssl12-ssl142. Generally 
speaking, these core genome encoded evasion molecules have a more broad specificity than 
the evasion molecules that are encoded on mobile genetic elements, that are often found in 
strains related to a specific target host2. Indeed the SSL proteins are generally not human 
specific and often also able to inhibit the murine counterparts, making in vivo studies 
feasible. This has already been investigated for SSL5, SSL7, and SSL1011–14.

TLR2 is an important immune receptor that recognizes pathogen-associated molecular 
patterns (PAMPs) present on bacterial pathogens and thereby assists in bacterial clearance15. 
TLR2 binds bacterial di- and triacylated lipopeptides through heterodimerization with TLR6 
and TLR1, respectively16,17. Both ligand binding and receptor dimerization are crucial for 
further signaling through MyD88 and NK-κB, which results in the initiation of immune 
responses, including cytokine productions15. TLR2 is important in the defense against S. 
aureus and recognizes lipoproteins present on the bacteria18. It is therefore not surprising 
that S. aureus secretes a potent TLR2 inhibitor to prevent recognition by the immune system. 
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We recently solved the crystal structure of the murine TLR2-SSL3 complex and elucidated 
the inhibitory mechanism of TLR2 inhibition by SSL38. We found that SSL3 inhibits TLR2 
in a dual mechanism, by interfering with both lipopeptide binding and heterodimerization 
of TLR2 with TLR1 and TLR6, both processes vital for TLR2 downstream signaling and 
immune function. SSL3 and TLR2 make contact in a highly hydrophobic interface and the 
crystal structure revealed the amino acids most likely involved in the binding8. Through the 
generation of loss of function mutants of SSL3 we revealed the exact amino acids in SSL3 
that are required for the interaction with TLR2. Seven residues in SSL3 were shown to be 
involved, with a key role for two clustered phenylalanine residues, Phe156 and Phe1588. On 
the TLR2 side, however, the significant residues remain to be determined. In this paper we 
have further investigated the molecular basis of the SSL3-TLR2 interaction by analyzing the 
interaction interface on the TLR2 side. First, we compared the TLR2s from several different 
species and found several interspecies differences in TLR2 in the SSL3-TLR2 binding region. 
We determined that these differences alter the SSL3 inhibitory potential in different species 
and show that bovine TLR2 signaling is not inhibited by SSL3 at all. Through the generation 
of loss and gain of function TLR2 mutants, we managed to pinpoint the most critical amino 
acids for the interaction, two tyrosine residues in TLR2, Y326 and Y376. Altogether, this 
study adds to our understanding of the molecular interaction between SSL3 and TLR2 and 
explains the species specificity of SSL3.

RESULTS |

Defining Differences in the SSL3-TLR2 Binding Interface Between Species
From the data gained of the crystal structure of the SSL3-TLR2 complex, a total of 16 

amino acids were identified in TLR2 that could be involved in formation of the specific 
inhibitory complex (Figure 1A). To investigate the species specificity of the interaction we 
determined whether there are differences in the TLR2-SSL3 binding interface between 
different species by sequence alignment and homology modeling. We aligned the TLR2 
sequence from nine different species, including many natural hosts of S. aureus (Figure 1B). 
The overall homology of the TLR2s varies from 71% to 82% as compared to human TLR2. In 
the SSL3-TLR2 binding interface (residue 323-379) the overall homology is higher, varying 
from 79% to 91%. The homology in this region is probably higher because this region in 
TLR2 is also involved in ligand binding and heterodimerization with TLR1 and TLR616,17. 

The amino acids in TLR2 most likely involved in the contact with SSL3, based on 
proximity, have been highlighted in the shown alignment. All amino acids that are conserved 
between the species are highlighted in light gray, whereas the amino acids that differ are 
highlighted in light green or yellow (Figure 1B, three tyrosines Tyr323, Tyr326, and Tyr376 
and one serine residue Ser354). From this image it becomes clear that human, murine, rat, 
and rabbit TLR2 share all amino acids in the binding interface, except for the serine residue 
at position 354. Equine and porcine TLR2 differ on one additional position (Tyr326 and 
Tyr323, respectively), sheep TLR2 on both Tyr323 and Tyr376, and goat and bovine TLR2 
differ the most, namely in all three tyrosine residues (Tyr323, Tyr326, and Tyr376). 

Homology modeling based on murine TLR2 of the interfaces of human, equine, and 
bovine TLR2 in complex with SSL3 visualized the differences (shown in blue) in the binding 
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site (Figure 1C). Human and murine TLR2 are highly similar with as only difference a serine 
residue that is located in the periphery of the binding interface. The modeling of equine TLR2 
shows a stronger alteration, an extended arginine residue instead of the tyrosine which may 
be in a critical site of the SSL3-TLR2 interface. Bovine TLR2 differs extensively, however it 
contains two hydrophobic residues (Phe instead of Tyr) on two of the positions (Tyr323 

Figure 1 | SSL3-TLR2 binding interface, amino acid sequence comparison and homology modeling 
reveals differences in the binding interface between different species. (A) The binding interface 
between SSL3 and murine TLR2 revealed 16 potential sites of interaction between SSL3 and TLR2. SSL3 
is shown in orange and TLR2 is shown in green. Image adapted from Koymans et al.8 (PDB ID code 5D3I). 
(B) Sequence alignment of nine different species. Conserved amino acids found in the binding interface are 
highlighted in gray, while the amino acids that differ are highlighted in light green (conserved as compared to 
human TLR2) or light yellow (different as compared to human TLR2). (C) Homology models of human, equine, 
and bovine TLR2 using the existing structure of the murine TLR2-SSL3 complex. TLR2 is shown in green and 
in blue the amino acids and regions that differ have been highlighted. 
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and Tyr326), which are very similar amino acids, in hydrophobic nature and structure. 
On position 376 bovine TLR2 contains a highly different amino acid (Thr instead of Tyr), 
probably resulting in an altered structure in an important part of the complex. 

SSL3 is Species-Specific and does not Function on Bovine TLR2
To identify whether the differences in the binding interface also result in altered SSL3 

function, we selected the four species of interest (bovine, equine, human, and murine TLR2) 
that were also used in the homology modelling. To make a direct comparisons between 
the species, we created stable HEK293T cell lines individually expressing bovine, equine, 
human, and murine full length TLR2 containing an N-terminal FLAG tag. All cell lines express 
comparable levels of TLR2 as determined by anti-FLAG staining (Figure 2A). All cell lines 
were stimulated with three potent TLR2 agonists: the two diacylated lipopeptides MALP-
2 (Figure 2B) and Pam2CSK4 (Figure 2C) and the triacylated lipopeptide Pam3CSK4 (Figure 
2D). Since the HEK cell lines only contain endogenous levels of human TLR1 and TLR619,20, 
all TLR2s from different species are apparently able to signal using the human counterparts. 
Interestingly, bovine TLR2 is less potently activated by MALP-2 and Pam3CSK4, whereas 
Pam2CSK4 is capable of activating all TLR2s in a similar fashion at the tested concentrations. 
All three ligands are equally good at stimulating equine, human, and murine TLR2.

Addition of SSL3 to the cells prior to agonist stimulation, inhibited the relative 
stimulatory capacities of human TLR2, murine TLR2, and equine TLR2 (Figure 3A-C). In the 

Figure 2 | Stimulation of HEK293T cells stably expressing TLR2 from different species. (A) All 
stable HEK293T cell lines express equal amounts of receptor, as detected by anti-FLAG staining using Flow 
Cytometry. (B, C, and D) All stable cell lines were stimulated with different concentrations of the TLR2 
agonists MALP-2 (A), Pam2CSK4 (B), and Pam3CSK4 (C), after which IL-8 production was determined in ELISA. 
One representative experiment is shown out of three independent experiments. 
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case of a high Pam2CSK4 stimulus, equine TLR2 was slightly less efficiently inhibited by SSL3 
than human and murine TLR2. Most striking however is bovine TLR2, of which signaling is 
not inhibited by SSL3 for all three stimuli. Thus, SSL3 does not inhibit bovine TLR2, which is 
probably related to the differences seen in the binding interface between human and bovine 
TLR2. SSL3 has a closely related family member, SSL4, that inhibits TLR2 in the same manner 
as SSL3 does, although it is a less efficient inhibitor, at least for human TLR26. Therefore, we 
tested the ability of SSL4 to inhibit bovine TLR2. However, as expected SSL4 is also not active 
on bovine TLR2 (Figure S1). Thus, SSL3 and SSL4 have a limited species range. 

Identification of Critical Residues in the Interface
When comparing the alignments, the differences between bovine and human TLR2 

revolve around the three earlier described tyrosine residues: Tyr323, Tyr326, and Tyr376. 
To further investigate the molecular interaction resulting in the differences in SSL3 potential 
and to determine whether these three amino acids are involved in the species specificity 
of SSL3 and its inability to inhibit bovine TLR2, we made mutants of both the human and 
bovine TLR2 to create ‘loss to SSL3 susceptibility’ and ‘gain to SSL3 susceptibility’ mutants, 
respectively. 

First, the human TLR2 receptor was bovinized by replacing the human tyrosine 
residues by their respective bovine counterparts. Single, double, and triple mutants of all 
three tyrosine residues were created and stable HEK293T cell lines were generated for all 
mutants. Using anti-FLAG staining, expression was confirmed to be in a similar range (Figure 
S2A). Because Pam2CSK4 was the only stimulus tested that gave equal responses for human 
and bovine TLR2 we chose to use this ligand in all further experiments. We confirmed that 
all mutant cell lines were efficiently stimulated by Pam2CSK4 (Figure S2B). To determine the 
effects of the bovinization of human TLR2 all cell lines were stimulated with Pam2CSK4 in 
presence or absence of SSL3 (Figure 4A and C). Single mutation of residue Tyr376 towards 
Thr376 results in a dramatic loss of function of SSL3. The other two tyrosine residues do not 
show any effect, not even when combined. The triple loss of function mutant does appear to 

Figure 3 | SSL3 has a limited species range. Stable HEK293T cell lines expressing human, murine, equine, 
and bovine TLR2 were stimulated with the three TLR2 agonists MALP-2 (A), Pam2CSK4 (B), and Pam3CSK4 (C), 
in the absence (black) or presence (red) of 10 μg/mL SSL3. Relative IL-8 production was determined by taking 
the maximum stimulus per species, which was normalized to 1.0, and all data points per species (with and 
without SSL3) were related to this point. Data points represent mean and standard deviation (SD) of at least 
two independent experiments. 
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Figure 4 | Loss and gain of function mutants of human and bovine TLR2. (A) Bovinized human TLR2 
mutants and (B) Humanized bovine TLR2 mutants. Stable HEK293T cell lines were created for all mutant 
TLR2s (wild-type in red, single mutants in blue, double mutants in green, and triple mutants in purple). Cell 

A C

B D



MOLECULAR BASIS FOR SPECIES SPECIFICITY FOR TLR2 INHIBITION OF SSL3 |

111 |

4

be even slightly less inhibited by SSL3, however this difference was not significant. Thus, it is 
clear that in these loss of function mutants residue Tyr376 is the determining factor for SSL3 
function. When these experiments are repeated for the gain of function mutants by creating 
a humanized bovine TLR2, a similar picture can be observed (Figure 4B and D). Again, out of 
the three single mutants the Thr376Tyr mutation shows the largest gain of function of SSL3 
activity. However, replacing residue His326Tyr also increases SSL3 inhibitory potential. 
Interestingly, only the combination of the two results full inhibition of bovine TLR2 by SSL3. 
Thus, Tyr326 and Tyr376 are important residues involved in the SSL3-TLR2 interaction, 
with a major role for Tyr376. 

DISCUSSION |

In the current paper we have investigated the molecular basis for the SSL3-TLR2 
interaction from the TLR2 perspective. We previously identified seven amino acids on SSL3 
involved in the targeting of TLR2, but on the TLR2 side the molecular basis remained to be 
elucidated. Our study revealed that two tyrosine residues in TLR2 play an important role in 
the SSL3-TLR2 interaction: Tyr326 and Tyr376, with Tyr376 showing the most pronounced 
effect. The fact that Tyr376 was identified as the most crucial residue determining SSL3 
activity is not that surprising: Tyr376 is in contact with two phenylalanine residues in SSL3 
that were found essential for SSL3 function (Phe156 and Phe158)8. The identification of TLR2 
residue Tyr376 as the critical residue confirms that this position is of crucial importance for 
the interaction of SSL3 and TLR2 and these results also explain the species specificity of the 
SSL3 molecule: we found that bovine TLR2, which lacks the above mentioned tyrosines, is 
not targeted by SSL3, whereas human, murine, and equine TLR2 are. 

Most S. aureus strains are host-specific: there are strains that specifically infect human 
or certain animal species. Immune evasion proteins have shown to play a major, if not 
determining role in host adaptation, especially the ones located on mobile genetic elements 
(MGEs)2. In general, the core genome encoded evasion proteins, such as the SSLs, have 
broader species specificity. It is therefore surprising that such a large range of natural hosts 
for S. aureus, the ruminants, are not affected by SSL3. It could be that circumvention of TLR2 
signaling in the udder, where most S. aureus infections occur (mastitis), is not important 
for bacterial survival. Another explanation is that S. aureus has developed an alternative 
method in the cow to prevent effective TLR2 signaling. Mastitis caused by S. aureus has 
shown to result in very moderate host responses through limited TLR signaling, as reviewed 
previously21, which is related to the well-known ability of S. aureus to cause chronic 
intramammary infections. This points towards staphylococci having alternative ways to 
circumvent TLR2-mediated immune responses in the bovine system.

lines were stimulated with a concentration range of Pam2CSK4 in presence or absence of SSL3. Relative IL-8 
production was determined by taking the maximum stimulus for each cell line (normalized to 1.0) and all data 
points per cell line (with and without SSL3) were related to this. (C, D) Percentage inhibition was calculated 
at a stimulus of 30 ng/mL Pam2CSK4 for human (C) and bovine (D) mutants. Data points represent mean and 
SD of at least three independent experiments. Statistical significance was determined by an one-way Anova.  * 
p ≤ 0.05, **** p ≤ 0.00005, ns (non-significant). 

◄
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More surprising is that even though SSL3 does not function on bovine TLR2, it is still 
highly conserved in staphylococcal strains of bovine origin. Out of 42 bovine isolates only 
one isolate lacked the ssl3 gene as demonstrated by Smyth et al.22 and another study found 
ssl3 present in 85% of the strains examined23. It is surprising that all these strains would 
carry a protein that is nonfunctional in its target host. This could point to a yet undiscovered 
function for SSL3 in cows. Many SSLs before have already shown to have multiple binding 
partners and functions2. Alternatively, it could be that SSL3 is still undergoing evolutionary 
adaptation. S. aureus has relatively recently (estimated 100-1,000 years ago) made a host 
jump from humans to become an effective bovine pathogen, undergoing specific host 
adaptation during this process, through gene loss, gene diversification, and acquisition of 
MGEs encoding virulence proteins with attenuated or enhanced function24. Out of all SSLs, 
ssl3 is the most versatile gene and has been described to have many allelic variants25. The 
SSL3 variant we have used in this study is from the NCTC 8325 strain, a laboratory strain. It 
could be that animal strains have undergone evolution for an SSL3 that is active on bovine 
TLR2 and contains variations of the ssl3 gene. However, when we compared the SSL3 
sequence of five available sequenced bovine S. aureus strains, we found no differences in 
the amino acids that are important for SSL3 function (Figure S3), thus showing no signs of 
possible host adaptation on SSL3. Although, to draw a firmer conclusion and see if there is 
any evidence for ongoing evolution of SSL3 the ssl3 gene of more bovine strains would have 
to be sequenced. 

Looking back at the sequence alignment we can now make predictions which TLR2s of 
other species will be affected by SSL3. Rat and rabbit TLR2 will most likely be inhibited in a 
similar fashion as human and murine TLR2. Porcine TLR2 only differs in Tyr323, for which 
no essential role was determined in our experiments, so will probably also be potently 
inhibited by SSL3. Sheep TLR2 is missing Tyr376 and therefore is probably not efficiently 
inhibited and goat TLR2 contains the exact same residues as bovine TLR2 and thus will most 
likely not be inhibited by SSL3. Thus, members of the ruminant family appear to be protected 
from SSL3-mediated immune evasion. The results also explain why equine TLR2 is mostly 
still efficiently inhibited by SSL3 (it contains residue Tyr376), but the lack of Tyr326 might 
result in the slight difference in SSL3 affinity as well as activity, observed after stimulation 
with Pam2CSK4. 

Overall, ruminants appear to have evolutionary divergence in the specific area 
in TLR2 that is also involved in SSL3 binding. Since this region of TLR2 is involved in 
heterodimerization and ligand binding it is possible that TLR2 dimerization and ligand 
recognition differs in ruminants as compared to other species. There have already been 
previous reports on species-specific recognition of lipopeptides19,26,27. In the HEK cell lines 
that we used only the TLR2 of each species were recombinantly expressed. The dimerization 
partners (TLR1 and TLR6) are present in low endogenous levels on the HEK cells and are 
all of human origin19. Interestingly, all the TLR2s could be activated by the tested ligands 
(MALP-2, Pam2CSK4, and Pam3CSK4). Thus, it appears that the TLR2s from all the species 
can form functionally active heterodimers with the human variants of TLR1 and TLR6 and 
that these endogenous receptor expression levels on HEKs are sufficiently high for efficient 
stimulation. An alternative explanation would be that there is formation of functional 
TLR2 homodimers. This has been proposed before, but reports on this have been varying 
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and the general consensus reached is that TLR2 homodimerization does not result in 
functional signaling15,16. It is remarkable that bovine TLR2 was less efficiently stimulated 
by both MALP-2 and Pam3CSK4, but equally well stimulated by Pam2CSK4. These species-
specific differences in signaling could be explained by TLR2 itself or the interaction with 
its dimerization partners, TLR1 and TLR6. One of the three investigated tyrosine residues 
in this study, Tyr326 in TLR2, is involved in ligand binding16. The substitution found in the 
cow (a histidine, His326) is a positively charged residue, which might result in changes in 
lipopeptide binding. This same position is however described to be polymorphic in cattle 
and is in some cases replaced by a glutamine residue28. It remains to be determined how 
and if these amino acids in TLR2 affect lipopeptide recognition. The observed differences 
may also be due to the combination of bovine TLR2 with human TLR1 or TLR6. It has been 
previously described that triacylated lipopeptides (Pam3CSK4) do not stimulate bovine TLR2 
well without the presence of the bovine TLR1 counterpart19. Since we only expressed bovine 
TLR2 this could explain why less efficient stimulation with Pam3CSK4 was observed. It is 
interesting however that there is a difference between MALP-2 and Pam2CSK4, which are 
both diacylated lipopeptides. Altogether, amino acid differences in either TLR1, TLR2, or 
TLR6 could affect ligand positioning which can result in species-specific ligand recognition.

Structural and mutagenesis studies are valuable in revealing the molecular basis of 
an interaction as they can predict and identify amino acids involved in protein-protein 
interactions. This can be useful in the development of novel therapeutics, where knowing 
the exact foundation of the molecular interaction is essential. Revealing the residues in 
TLR2 that are targeted by SSL3 is critical for developing a strategy to interfere with the 
interaction, for example through SSL3-based derivatives such as peptides. Furthermore, this 
study contributes to the elucidation of the species specificity of immune evasive strategies 
of bacteria. The species specificity of virulence molecules is directly related to the host range 
of staphylococcal infections. Moreover, when developing therapeutics based on virulence 
molecules the species range of these molecules needs to be evaluated for translational 
purposes. It also underscores the importance of a proper choice of animal model when 
studying virulence factors. A therapeutic approach directed against SSL3 might be useful in 
the human system, but would likely not aid to prevent staphylococcal infections in cows (e.g. 
vaccination against bovine mastitis) or, most likely, in any other members of the ruminants 
family. Taken together, the current study reveals the molecular basis for the targeting of 
TLR2 by SSL3 and explains the species specificity of the interaction, thereby providing 
insights into staphylococcal host specificity. 
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MATERIALS AND METHODS |

Proteins and Reagents
SSL3 (from strain NCTC 8325, residues 134-326) and SSL4 (from strain NCTC 8325, residues 79-278) 

were cloned, expressed, and isolated as previously described8,9. In short, SSL3 and SSL4 were expressed with 
an N-terminal His6-tag in Escherichia coli Rosetta-gami(DE3)pLysS, after which proteins were stored in PBS 
and protein purity was determined to be >95% by SDS-PAGE. The TLR2 agonist MALP-2 was purchased from 
Santa Cruz, and Pam2CSK4 and Pam3CSK4 were purchased from EMC microcollections. The IL-8 ELISA kit was 
purchased from Sanquin. 

Cloning and Expression of TLR2
We cloned human (NM_003264.3), bovine (AF368419.1), mouse (NM_011905.3), and equine 

(NC_009145.2) TLR2 and replaced each signal peptide (human aa1-20, bovine aa1-20, mouse aa1-24, and 
equine 1-20)  by the PreProTrypsin signal peptide (MSALLILALVGAAVA), adapted from the pFLAG-CMV-1 
vector (Sigma). To create loss of function mutants within human TLR2, we mutated the following tyrosines 
towards the corresponding amino acids present in bovine TLR2: Y323F, Y326H, and Y376T. For bovine TLR2 
gain of function mutants we mutated F323Y, H326Y, and T376Y. Mutations were constructed via overlap PCR. 
All combinations of single, double, and triple mutants were constructed within both human and bovine TLR2. 
To enable proper detection of all species and mutant TLR2, we attached an N-terminal FLAG tag (DYKDDDDK) 
followed by a flexible linker (GGS) to the N-terminus of each TLR2. For stable expression of species and mutant 
TLR2 in HEK293T cells, we used a lentiviral expression system. Therefore, we cloned the TLR2 constructs 
(PreProTrypsin signal peptide-FLAG-GGS-TLR2), preceded by a KOZAK sequence, in a dual promoter 
lentiviral vector, derived from no. 2025.pCCLsin.PPT.pA.CTE.4x-scrT.eGFP.mCMV.hPGK.NGFR.pre, kindly 
provided by Dr. Luigi Naldini (San Raffaele Scientific Institute, Milan, Italy), as described previously29. This 
altered lentiviral vector (BIC-PGK-Zeo-T2a-mAmetrine; EF1A) uses the human EF1A promoter to facilitate 
potent expression in immune cells and expresses the fluorescent protein mAmetrine and selection marker 
ZeoR. Virus was produced in 24-well plates using standard lentiviral production protocols and the third-
generation packaging vectors pMD2G-VSVg, pRSV-REV, and pMDL/RRE. Briefly, 0.25 µg lentiviral vector 
and 0.25 µg packaging vectors were cotransfected in HEK293T cells by using 1.5 µL Mirus LT1 tranfection 
reagent (Sopachem, Ochten, The Netherlands). After 72 h, 100 µl unconcentrated viral supernatant adjusted 
to 8 µg/mL polybrene was used to infect ~50,000 HEK293T cells by spin infection at 1,000g for 2 h at 33°C. 
HEK293T cells were selected with 500 µg/mL zeocin for TLR2 expression. HEK293T cells were obtained 
from ATCC (American Type Culture Collection) and grown in DMEM medium supplemented with penicillin/
streptomycin and 10% FCS. For FLAG-tag detection, HEK-TLR2 cells were detached using PBS/3 mM EDTA 
and washed in RPMI, containing 0.05% human serum albumin (RPMI/HSA). HEK-TLR2 cells (5x106/mL) 
were stained with 10 µg/mL anti-FLAG M2 mAb (Sigma), washed with RPMI/HSA and subsequently stained 
with phycoerythrin-labeled goat-anti-mouse Ig before FLAG-tag detection on a flow cytometer (FACSVerse, 
BD Biosciences).

HEK-TLR2 Stimulation Experiments
HEK-TLR2 cells were seeded in 96-well plate in 100 µL at concentration of 2.5x105/mL. The day after, 

HEK-TLR2 cells were preincubated with 10 µL of HIS-SSL3 (final concentration 10 µg/mL) for 30 minutes at 
37 °C, before addition of one of the different TLR2 agonists: MALP-2 and Pam2CSK4 (final concentrations: 3, 30, 
300 ng/mL) or Pam3CSK4 (final concentrations: 0.3, 3, and 30 µg/mL). After 6 h of TLR2 stimulation, cell free 
supernatants were collected for detection of IL-8 production by ELISA (Sanquin), following manufacturer’s 
protocol. All HEK-TLR2 stimulation experiments were performed at least three times.
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Alignments
Alignment of the different TLR2s and SSL3s were performed using Clustal Omega analysis. For numbering 

of amino acid residues the human/murine TLR2 has been used as a reference point. Residue numbers in other 
species might differ, depending on their relative position (e.g. for bovine TLR2 all mentioned residues are +1).  

Homology Modelling  
Homology models of human (Uniprot-ID O60603), equine (Q6T752), and bovine TLR2 (Q95LA9) were 

created using the ProtMod modeling package from the Fold and Function Assignment System (FFAS) server30 
and the structure of mouse TLR2 from the SSL3-TLR2 complex (PDB-ID: 5D3I)8 as a template. Models were 
built using the SCWRL-algorithm31 supplemented with a file containing the coordinates of the mTLR2-
structure, and with a sequence alignment between the target species and the corresponding region of mTLR2 
(res. 25-589; Q9QUN7).

Statistical Analysis
Statistical analysis was performed with GraphPad Prism using a one-way ANOVA followed by Turkey’s 

multiple comparisons test. The mean of the control group (either hTLR2 for Figure 4A or bTLR2 for Figure 
4B) was compared to all columns and the TLR2 single mutants that showed altered SSL3 inhibitory activity 
were compared to all subsequent double and triple mutants.  
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SUPPLEMENTAL INFORMATION |

Figure S1 | SSL4 is not active on bovine TLR2. HEK cells stably expressing bovine TLR2 were treated 
with different concentrations of SSL4 (ranging from 1 μg/mL to 30 μg/mL) before addition different 
concentration of Pam2CSK4. Supernatant was harvested and IL-8 production was measured through ELISA. 
One representative experiment is shown. 
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Figure S2 | Expression of the different mutant TLR2 receptor cell lines. (A) Expression levels of all 
mutant TLR2s were confirmed with anti-FLAG staining using Flow Cytometry and were confirmed to be highly 
similar. (B) HEK293T cell lines expressing all mutant TLR2s were stimulated with a concentration range of 
Pam2CSK4 for 6 h before harvesting of supernatants and subsequent IL-8 ELISA. Data points represent mean 
plus SD of at least three experiments.

A

B
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Figure S3 | Sequence alignment of SSL3 from different staphylococcal strains. The sequence of the 
SSL3 protein from NCTC 8325 that is used in this study was compared with that of two well-known bovine 
staphylococcal strains, Newbould and RF122, and three bovine strains sequenced by our laboratory, S1444, 
S1446, and S1449. The area previously determined to be involved in TLR2 targeting in SSL3 is highlighted in 
green. Multiple sequence alignment was performed using Clustal Omega.
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ABSTRACT |

Toll-like receptor (TLR) signaling is important in the initiation of immune responses 
and subsequent instigation of adaptive immunity. TLR2 recognizes bacterial lipoproteins 
and plays a central role in the host defense against many bacterial infections, including 
those caused by Staphylococcus aureus. Many studies have demonstrated the importance 
of TLR2 signaling in murine S. aureus infection models and although results are highly 
variable, depending on dose and route of infection, the general consensus is that TLR2 plays 
an important role in limiting staphylococcal infection. S. aureus on the other hand interferes 
with TLR2 signaling by secreting two staphylococcal superantigen-like proteins, SSL3 and 
SSL4, with SSL3 being the more potent one. In this study we demonstrate that antibodies 
against SSL3 and SSL4 can be measured in sera from healthy individuals, indicating that 
humans are exposed to these proteins at some point during S. aureus colonization or 
infection. To investigate the TLR2 antagonistic properties of SSL3 and SSL4 and the 
importance of these properties during infection in vivo, we used an intravenous murine 
infection model with wild-type and SSL3/4 knock-out S. aureus strains. A direct evaluation 
of the contribution of SSL3/4 to infection pathogenesis was hindered by the fact that the 
SSLs were not expressed, or expressed to undetectable levels by S. aureus in the murine 
system. To circumvent this limitation, a super-producing SSL3 S. aureus strain (pLukM-SSL3) 
was generated, by incorporating the promoter of the leukocidin LukM before the ssl3 gene, 
resulting in constitutive expression of high levels of SSL3. pLukM-SSL3 exhibited increased 
virulence as compared to the parental S. aureus strain in a murine model, that was found 
to be dependent on TLR2 expression. This data indicates that SSL3 contributes to S. aureus 
virulence. Furthermore, this study underscores the importance of TLR2 signaling during S. 
aureus infections.
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INTRODUCTION |

Toll-like receptor 2 (TLR2) is an important pattern recognition receptor in the defense 
against bacterial infections1. TLR2 recognizes bacterial lipopeptides and lipoproteins 
together with its dimerization partners, TLR1 and TLR6. Both ligand binding and subsequent 
dimerization with TLR1 or TLR6 are required for receptor functioning and downstream 
signaling through NK-κB, which leads to the production of pro-inflammatory cytokines2. 
TLR2 signaling is thought to be especially important in the initiation of innate immune 
responses, but also plays a large role in the consequent development of adaptive immunity 
to pathogens1. 

Staphylococcus aureus is a commensal bacterium, colonizing approximately 30% of 
the population, but also a highly successful human and animal pathogen, causing diseases 
ranging from mild skin infections to life-threatening invasive conditions such as sepsis3. 
It has emerged as a pathogen of global importance mainly through increases in antibiotic 
resistance4. Furthermore, the wide amount of virulence factors, also called immune 
evasion molecules, secreted by S. aureus play an important role in the pathogenicity of 
this bacterium5. S. aureus expresses approximately 50 different lipoproteins on its surface, 
representing approximately 2% of the staphylococcal proteome6,7. These lipoproteins are 
important for bacterial fitness and are for example involved in nutrient and iron uptake. 
S. aureus lipoproteins have also been shown to confer protection after phagocytosis, to 
ensure better survival and possible phagocytic escape7. On the other hand, the lipoproteins 
induce inflammation by triggering TLR2 signaling pathways, thereby alerting the immune 
system on the presence of S. aureus. In fact, appropriate host responses against S. aureus are 
described to be dependent on the recognition of bacterial lipoproteins8. 

Although TLR2 is not a phagocytic receptor itself, it does play a role by linking 
phagocytosis and inflammatory responses. TLR2 has also been described to contribute 
to neutrophil stimulation and in several infection models facilitated the recruitment of 
neutrophils9,10. The relevance of TLR2-mediated immune responses during staphylococcal 
infections has been studied extensively in vivo in different murine models utilizing TLR2 
knock-out (TLR2 KO) mice, however the outcomes vary vastly, and seem to be related to the 
infection model. For intravenous infection, two separate studies have shown that TLR2 KO 
mice are more susceptible to lethal S. aureus infections11,12. In cutaneous S. aureus infection, 
TLR2 KO mice exhibited larger lesions and a slight increase in bacterial load as compared 
to wild-type (WT) mice, however no defects in neutrophil recruitment were measured13. In 
S. aureus brain abscess murine models the data varies: in one study TLR2 was required for 
survival14, whereas another study measured no differences in survival between mice strains, 
however expressions of several immune-related factors, including pro-inflammatory 
cytokines, was attenuated in the TLR2 KO mice as compared to the WT15. In a recent study 
by Blanchet et al., TLR2 KO mice were in fact more resistant to peritoneal S. aureus infection 
than WT mice. However, in the same study these mice were more susceptible to pulmonary 
infection after intranasal inoculation16. Another study using a peritonitis model found no 
differences in bacterial clearance between WT and KO mice in spleen and peritoneum9. Thus, 
although most studies indicate protective roles for TLR2 signaling during staphylococcal 
infections, there is no full consensus reached on the exact importance. It is likely that the 
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effects are highly dependent on bacterial dose and route of infection. 
S. aureus has developed strategies to circumvent recognition by TLR2. It secretes two 

small proteins that potently interfere with TLR2 signaling: staphylococcal superantigen-like 
protein 3 and 4 (SSL3 and SSL4)17. SSL3 and SSL4 are part of a larger, structurally related, 
family of staphylococcal proteins that have diverse functions, but are all involved in immune 
modulation5. SSL3 is the more potent inhibitor of the two and the crystal structure of the 
complex of SSL3 and TLR2 revealed that SSL3 inhibits TLR2 through interfering with both 
lipopeptide binding and dimerization18. The secretion of two TLR2 inhibitors by S. aureus 
indicates that TLR2 inhibition is important for staphylococcal pathogenesis. However, little 
information is available regarding the regulation and expression of the SSLs. Although most 
ssl genes are found adjacent to each other on a single pathogenicity island, it is known that 
they all contain their own promoter region and are transcribed as monocistronic mRNAs, 
implying that they are regulated independently of each other19. Generally, S. aureus produces 
extremely low levels of SSLs under in vitro growth conditions. Earlier, it was found that SSL 
expression is positively regulated by the Sae two-component system20, a regulatory system 
involved in the regulation and expression of many staphylococcal virulence factors21 and 
of high relevance for S. aureus virulence22,23. The promoters of the SSLs, including SSL3 and 
SSL4, contain an (imperfect) consensus sequence for the response regulator SaeR (GTTAAN(6)

GTTAA)19,24. In contrast, the two-component system Agr is described as a negative regulator of 
the SSLs19,20. These observations are not surprising since the Agr and Sae systems have been 
reported to repress each other20. Furthermore, the transcription factor repressor of toxins 
(Rot) has been shown to directly interact with the SSL promoter regions and to synergize 
with SaeR to induce ssl promoter activation19,25. The synergy is in accordance with a study 
showing that activation of Agr induces the expression of the regulatory RNA RNAIII, which 
in turn prevents translation of Rot through its antisense function26. Thus, Sae-mediated 
inhibition of Agr results in enhanced Rot expression, where after Rot induces ssl expression in 
cooperation with Sae. However, differences in ssl expressions have been described between 
bacterial strains and thus the regulatory mechanisms might also vary between strains20,27. 
Up-regulation of SSL transcripts have been described under several conditions: in whole 
blood, upon contact with neutrophils, and under pore-mediated membrane stress25,28,29. 
Overproduction of SSLs has been associated with increased virulence19,25,28,30. 

The in vivo importance of the different SSLs still remains to be determined and no 
research has been conducted to examine the role of SSL3 in particular. SSL3 is present 
in almost all sequenced S. aureus strains31,32, which indicates that it plays a role at some 
point during infection or colonization. In the current paper we aim to investigate the in vivo 
relevance of SSL3 in the pathogenicity of S. aureus. SSL3 is able to bind both murine and human 
TLR2 and, therefore, its role in infection can be investigated in mouse models. However, the 
low expression of SSL3 by S. aureus in the murine system has posed an obstacle for these 
investigations. To circumvent the problem of the low SSL3 expression levels in the murine 
system, we generated a genetically modified S. aureus that constitutively produces very high 
levels of SSL3 by incorporating the highly active promoter of the leukocidin LukM before 
the gene encoding SSL3. The resulting super-producing strain produced approximately 100 
µg/mL SSL3 in vitro and exhibited a hyper virulent phenotype in mice after intravenous 
infection. This study adds to our understanding of the action of an immune evasion molecule 
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in vivo and illustrates the relevance of TLR2 signaling during staphylococcal infections. 

RESULTS |

Antibodies against SSL3 and SSL4 are Detectable in Human Serum 
Humans are often exposed to S. aureus, either during colonization or infection3. 

Furthermore, the ssl3 and ssl4 genes are present in almost all staphylococcal strains and 
clinical isolates (76-100% for SSL331–34 and 88-96% for SSL431,33,34). To determine whether 
SSL3 is expressed by S. aureus at some point during infection or colonization of the human 
host, we screened serum from 36 healthy donors for the presence of anti-SSL3 antibodies 
by ELISA (Figure 1A). Measurable antibody levels against SSL3 were detected in all 36 
donors, with an average log titer of 3.2 as determined by frequency distribution (Figure 1B). 
Similar results were also obtained for SSL4 antibody titers (data not shown). Taken together, 
these data suggest that SSL3 and SSL4 are indeed expressed, produced, and secreted by the 
majority of S. aureus strains in the human host at considerable levels and indicate a role for 
SSL3 and SSL4 in staphylococcal pathogenesis in vivo. 

S. aureus SSL3 Expression is Low during Both in Vitro Growth and in Vivo Infection 
of Mice

The expression of SSLs is highly complex and probably under the control of several 
regulatory systems. Little is known about the regulation or expression of SSL3 specifically. 
Through the use of promoter reporter systems, we found that SSL3 is not expressed by 
S. aureus SH1000 during in vitro growth conditions (data not shown). This suggests that 
induction of SSL3 production by S. aureus might require very specific conditions, which 

Figure 1 | Levels of anti-SSL3 antibodies in human sera. (A) Concentration ranges of 36 human sera 
samples were added to 10 μg/ml SSL3 coated on an ELISA plate, after which amounts of bound IgG were 
detected by using goat anti-human IgG-PO. (B) Frequency distribution of anti-SSL3 IgG titers defined as the 
log dilution reaching 50 percent of the OD value (from A) after subtraction of the background. The mean log 
titer is 3.2, meaning the serum could be diluted 1585x to reach 50 percent of the OD value.
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are difficult to mimic in in vitro culture systems. As murine TLR2 is also recognized by 
SSL317, the murine system provides a suitable model to study SSL3 during in vivo infection. 
However, we found that S. aureus deficient in the expression of SSL3/4 (SSL3/4 KO, created 
by allelic replacement) exhibited comparable levels of virulence as the WT strain did during 
infection of C57BL/6 mice in pilot experiments (data not shown). This could either indicate 
that SSL3 and SSL4 are expressed but not required for staphylococcal virulence in the mouse 
model or that they are not expressed at all in this system. Data from a large RNAseq screen 
performed by Thänert et al. (personal communication) revealed that in the kidney of mice 
infected with S. aureus SH1000 no SSL3 or SSL4 expression could be detected, making the 
latter hypothesis likely. Thus, the environmental conditions required for efficient expression 
of SSL3 by S. aureus might not be met in the murine system. This could explain our previous 
results and complicates further in vivo studies in mice with WT and SSL3/4 KO S. aureus 
strains. 

Generation of a S. aureus Strain Super-Producing SSL3
To induce SSL3 expression by S. aureus in the murine system and circumvent the 

discussed limitations, an S. aureus strain capable to constitutively produce high levels of SSL3 
was generated. To develop this strain, the highly active promoter of a secreted staphylococcal 
toxin, the leukocidin LukMF’, was used. This promoter has been reported to be constitutively 
active under different culture conditions35 and is in fact the most active staphylococcal 
promoter that has ever been discovered in our laboratory (unpublished observations). The 
LukM promoter was cloned upstream of the ssl3 gene and this plasmid was electroporated 
into S. aureus SH1000 (Figure 2A). It was confirmed that WT, SSL3/4 KO, and pLukM-SSL3 
bacterial strains grow equally well when cultured overnight (data not shown). To check 
expression of SSL3, the supernatant of all three bacterial strains after overnight culture 
was loaded on an SDS-PAGE gel. A clear band matching the recombinant SSL3 produced 
in Escherichia coli was visible in the supernatant of the pLukM-SSL3 strain, but no band 
corresponding to SSL3 appeared in the supernatant of the WT or SSL3/4 KO strains (Figure 
2B). To determine whether the SSL3 produced by pLukM-SSL3 was functionally active, an 
antibody competition screen was performed. A fluorescent anti-TLR2 antibody was added 
to HEK293T cells stably expressing  TLR2, in absence or presence of different dilutions 
of bacterial supernatant. Only the supernatant of the pLukM-SSL3 strain was capable of 
interfering with anti-TLR2 antibody binding (Figure 2C). From this experiment it can be 
estimated that pLukM-SSL3 produces approximately 100 µg/mL of functionally active SSL3 
after overnight culture. 

The SSL3 Super-Producing S. aureus Strain is More Virulent than the Parental 
Strain in an Intravenous Challenge Model

To investigate the effect of SSL3 in vivo, C57BL/6 mice were intravenously challenged 
with S. aureus WT, SSL3/4 KO, or pLukM-SSL3 SH1000 strains and the bacterial loads were 
determined in liver, kidney, and heart homogenates after 24 h of infection. This revealed that 
the super-producing pLukM-SSL3 strain was significantly more virulent than WT or SSL3/4 
KO strains as shown by the significant higher bacterial loads in all measured organs, with 
the largest differences found in the heart (Figure 3A). No significant difference was found for 
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WT versus SSL3/4 KO. This data indicates that expression of SSL3 conferred an advantage to 
S. aureus in vivo and is an important virulence factor when expressed. 

When the experiments were repeated with C57BL/6 TLR2 KO mice, no significant 
difference between the WT and pLukM-SSL3 strain was found, indicating that the enhanced 
virulence of the pLukM-SSL3 strain observed in the WT mice is TLR2 dependent (Figure 3B). 

Detection of SSL3 Amounts Produced in Vivo with Mass Spectrometry 
To examine whether actual SSL3 protein could be measured in organ samples of mice 

infected with WT or pLukM-SSL3 strains, we developed selected reaction monitoring mass 
spectrometry (SRM-MS) assays for targeted peptide quantification. By analyzing SSL3 
tryptic peptides alone with shotgun spectrometry we obtained the mass coordinates for all 
detectible precursor and fragment ions (not shown). Next, the recombinant SSL3 peptides 
were serially diluted into human plasma tryptic digests and analyzed with SRM targeting the 
SSL3 peptides previously detected (Figure S1). From this data set, three peptide sequences 
(AYYTKPSFEFEK, FMNVIPNR, and YSVGGITK) were selected of which stable isotope-

Figure 2 | Generation of the super-producing SSL3 strain. (A) The pLukM-SSL3 DNA construct. The LukM 
promoter was cloned upstream of the ssl3 gene. This plasmid was subsequently electroporated into S. aureus 
SH1000. (B) Supernatant of WT, SSL3/4 KO, and pLukM-SSL3 SH1000 strains (overnight growth) was loaded 
on a 10% SDS-PAGE gel. Bands were visualized with Instant Blue. (C) An anti-TLR2 antibody competition 
assay was performed to determine functional SSL3 levels in pLukM-SSL3. Different concentrations of SSL3 or 
different dilutions of supernatant were added to HEK-TLR2/6 cells and cells were incubated with anti-TLR2-
PE. Mean plus standard deviation (SD) of three independent experiments is shown.
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Figure 3 | Bacterial loads in systemic organs of mice infected either with S. aureus WT, SSL3/4 
KO, or pLukM-SSL3 strains. (A) C57BL/6 female mice were intravenously injected with 4x107 CFU of S. 
aureus WT (green), SSL3/4 KO (red), or pLukM-SSL3 (blue). CFU (shown on a log2 scale) were determined in 
liver (upper), kidney (middle), and heart (bottom) at 24 h of infection. A total of 12-13 animals were included 
per group in three independent experiments. Each data point represents one animal and mean plus standard 
error (SE) is shown. Statistical significance was determined using ANOVA multiple comparisons.  ** p  ≤ 0.01,  
*** p  ≤ 0.001,  **** p  ≤ 0.0001. (B) C57BL/6 male TLR2 KO mice were intravenously injected with 4x107 WT 
(circles) or pLukM-SSL3 (squares) SH1000 bacteria. Organs were harvested and CFU were determined as in 
(A). Data points represent one animal each and mean plus SE is shown. A total of six animals were included 
from two independent experiments. Significance was determined by an unpaired t test. ns, non-significant. 
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labeled variants were synthesized. These heavy peptides were added to the mouse organ 
homogenates, after which the samples were trypsin digested and analyzed for the presence 
of the specific SSL3 peptides, using the labeled peptides as a reference. We were able to 
measure SSL3 protein expression in the heart of mice that were infected with the pLukM-
SSL3 strain, where two out of the three peptides could be detected (Figure 4), however the 
peptides levels were well below the limit of quantification, based on a calibration curve 
generated by serially diluting recombinant SSL3 protein into uninfected mouse liver or 
kidney homogenates before trypsin digestion (Figure S2). In summary, the levels of detected 
SSL3 in mouse heart tissue of the pLukM-SSL3 infected strain was below 20 pg per µg of total 
heart protein. 

Interestingly, the fact that SSL3 protein can only be detected in the heart correlates with 
the virulence data, since the largest difference in virulence between the WT and pLukM-
SSL3 strains was measured in the heart (Figure 3A). In liver and kidney the SSL3 levels were 
below the detection limit. However, with further optimization of the protocol we might be 
able to lower the background noise in the other organ samples, thereby further increasing 
the sensitivity in these complex protein samples.

DISCUSSION |

In the current report we investigated the relevance of S. aureus TLR2 inhibitor SSL3 
during in vivo infection. The lack of expression of SSL3 by S. aureus in the murine system 
has posed an obstacle for addressing the role of SSL3 during experimental infection in 
vivo. To overcome this limitation, we have generated a super-producing SSL3 strain that 
can constitutively produce high levels of SSL3 both in vitro and in vivo. Mice intravenously 
infected with this super-producing strain had significantly higher bacterial loads in systemic 
organs, with the most prominent differences observed in the heart. These findings indicated 
that SSL3 contributes to bacterial virulence in a murine infection model, when expression 
is induced. This is, therefore, the first report showing the relevance of SSL3 during S. aureus 
in vivo infection.

The fact that SSL3 acts on murine TLR2 makes in vivo studies with mice possible using 
the super-producing SSL3 strain generated in this study. We should keep in mind, however, 
that inducing over-expression of a virulence trait is artificial and does not resemble the 
natural situation. Human S. aureus strains are highly adapted to the human system and are 

Figure 4 | Detection of SSL3 peptides in infected mouse tissues. The indicated SSL3 peptides 
(YSVGGITK, FMNVIPNR, and AYYTKPSFEFEK) were targeted with SRM-MS in tryptic digests of heart, kidney, 
and liver homogenates from C57BL/6 mice infected with WT, KO, or pLukM-SSL3 S. aureus strains. In samples 
with detected SSL3 peptides (blue), the concentration was below the limit of stable isotope-labeled peptide 
quantification (see Figure S2).
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not capable to easily establish infection in mice, which can be in part explained by the species 
specificity of many virulence factors5, but might also be related to differential expression of 
virulence determinants in humans and mice. With the current lack of more suitable in vivo 
models, the development of this super-producing S. aureus strain provided a valuable tool 
to study the effect of SSL3 in a mouse model in vivo so that we may determine its relative 
contribution to bacterial virulence. 

The common presence of anti-SSL3 antibodies in human sera indicates that S. aureus 
produces SSL3 during human colonization and/or infection, but when and where it is 
expressed remains to be determined. In this regard, it has been reported that the amount 
of anti-SSL3 IgG antibodies increased in over 95% of the patients after the onset of 
bacteremia, indicating that ssl3 is expressed by S. aureus during bloodstream infection32. 
Further research should be conducted to determine whether SSL3 is important during 
commensalism, pathogenesis, or if it could have a role in preventing the elicitation of an 
appropriate adaptive immune response against staphylococci. The combined activation of 
innate and adaptive immunity is essential for effective pathogen clearage and SSL3 could 
play a role herein. 

Our experiments have been performed with staphylococcal strain SH1000, an 
extensively studied laboratory strain. It is important to bear in mind that the choice of 
bacterial strain might have a strong impact on the experimental outcome. Differential, 
strain-specific expressions of ssls have previously been described20,27 and other strains 
besides SH1000 might have higher basal SSL3 production in mice. In this case, differences 
in bacterial virulence could possibly be detected for WT versus SSL3/4 KO strains. For 
example, S. aureus strain Newman, which is characterized by a point mutation in the Sae 
two-component regulatory system that results in constitutive Sae activity36, has been shown 
to produce enhanced levels of several virulence factors, including ssls20. Thus, it might be 
useful to examine ssl3 expression in multiple staphylococcal strains in more detail. 

It has previously been described that TLR2 is important for murine survival during 
intravenous S. aureus challenge models11,12. Our data supports these findings as super-
expression of SSL3, which might directly inhibit TLR2 signaling, resulted in higher bacterial 
loads in the organs of infected mice when compared with WT S. aureus strain. Moreover, it 
is tempting to speculate that the increased levels of bacterial loads observed in the TLR2 
KO mice in respect to WT mice (Figure 3B), which are in fact similar to the CFU seen in the 
pLukM-SSL3 strain, might be related to the absence of TLR2 signaling. Future experiments 
will address this issue.  

Our method of employing a strong constitutively active promoter to induce bacterial 
gene expression is a valuable tool that can be used to study the effect of proteins in in vivo 
systems when their level of expression are low. Furthermore, by the addition of a HIS-tag 
to the protein, protein purification could be performed directly from S. aureus. This could 
circumvent problems, such as LPS contamination, that can arise when protein expression is 
performed in bacterial hosts such as Escherichia coli. LPS contamination can be especially 
problematic when studying TLR signaling or when examining the effects of purified proteins 
in vivo, where LPS can be toxic or skew the experimental results. 

A targeted mass spectrometry approach was applied to investigate whether SSL3 
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protein production could be measured in vivo in the organs of mice infected with the three 
different staphylococcal strains (WT, SSL3/4 KO, and pLukM-SSL3). SSL3 protein was only 
detectable in the hearts of mice infected with pLukM-SSL3, however the levels measured 
were too low to allow a quantification of actual protein amounts produced. No SSL3 protein 
could be measured in the mice infected with WT staphylococci, which could prove the lack of 
expression in the murine system. However, since the SSL3 levels measured were so low even 
in the super-producing strain and detectable in only one out of three organs, it is likely that 
the current method does not have enough sensitivity and will have to be further optimized 
before firm conclusions can be drawn. Nonetheless, it was interesting that SSL3 protein could 
be detected in the hearts of pLukM-SSL3 infected mice, where also the largest differences in 
bacterial loads were observed, indicating that SSL3 production correlates with virulence. 

In summary, the current report demonstrated the practicality of using a constitutive 
active promoter to induce the expression of a virulence factor that is expressed to a very low 
level by the bacterium in vivo. Using this system, we demonstrated that SSL3 can act as a TRL2 
antagonist in vivo and confirmed the importance of TLR2 signaling during staphylococcal 
infections. This contributes to our knowledge on the host-pathogen interaction, which 
is relevant for understanding infection biology and can aid in the development of novel 
therapeutics. 
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MATERIALS AND METHODS |

Cloning, Expression, and Purification of Recombinant SSL3
SSL3 (1-326, from S. aureus strain NCTC 8325, SAOUHSC_00386) was cloned, expressed, and purified 

as described previously17. In short, SSL3 was expressed in Escherichia coli Rosetta-gami(DE3)pLysS, with 
an N-terminal His6-tag and isolated from a HiTrap chelating HP column under non-denaturing conditions. 
Proteins were stored in PBS and purity was determined by SDS-PAGE (purity > 95%). 

Collection of Human Sera 
Venous blood was drawn from 36 different healthy adult volunteers and collected in 9 ml vacutainer 

blood tubes (BD) containing a clot activator. Clotting was allowed for 15 min at room temperature and serum 
was collected by centrifugation at 2080g for 20 min at 4°C and subsequently stored at -80°C.  Informed 
consent was attained from all subjects, in accordance with the Declaration of Helsinki. Approval from the 
medical ethics committee of the University Medical Center Utrecht was obtained (METC-protocol 07-125/C 
approved on 1 March 2010).

ELISA for Antibody Titer Determinations in Human Serum
SSL3 was coated overnight in PBS in 10 µg/mL on a NUNC MaxiSorp 96- well ELISA plate (Sigma-Aldrich). 
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Plate was blocked with 4% skimmed milk for 1 h at 37°C before addition of a concentration range (0.001-10% 
serum) of human serum of 36 different donors diluted in 1% skimmed milk in PBS containing 0.05% Tween 
20 (PBS-T). Serum was incubated for 1 h at 37°C and anti-SSL3 antibodies were detected using goat anti-
human IgG-PO (1:6,000, Southern Biotech). ELISA was developed with freshly prepared tetramethylbenzidine 
(TMB) and reaction was stopped with 4 N sulfuric acid. Anti-SSL3 IgG titers were determined by frequency 
distributions of the log serum dilution reaching 50% of the OD value after subtraction of the background.

Bacterial Strains 
For all experiments S. aureus strain SH1000 was used. The SSL3/4 double knock-out (SSL3/4 KO) was 

created by designing primers recognizing 1,000 base pairs upstream and 1,000 base pairs downstream of the 
ssl3 and ssl4 genes and these fragments were amplified from genomic DNA of S. aureus strain SH1000. The 
following primers were used for amplification: SSL3-UP FWD: 5’-CCGGGATTCTCTAATTATAATAGATTGGAG-3’, 
SSL3 UP REV: 5’-CAGCTTCTATTTAGAGAATGTCATGAAATTGTATGCTCCAATCTATATTATATTC-3’, SSL4-
DOWN FWD: 5’-ATGACATTCTCTAAATAGAAGCTGTCATGACATTCTCTAAATAGAAGCTG-3’, SSL4-DOWN REV: 
5’-ATATGCGGCCGCTCAATGACGTCACTCATGCGATTTG-3’. The overlapping regions are shown in bold and the 
restriction sites are underlined. The fragments were merged with overlap extension PCR using Phusion HF 
polymerase (Bioke) and the final PCR product was ligated (T4 ligase) into a modified pKOR vector (pKOR-
mcs, previously described by Stapels et al.37 using EcoRI and NotI restriction sites. This product was cloned 
into Escherichia coli DC10B, after which plasmid was isolated and analyzed for correct sequence. The vector 
was electroporated into S. aureus SH1000 and allelic replacement was induced38. Mutants were confirmed for 
deletion of ssl3 and ssl4 by PCR and sequencing of the flanking regions. 

For creation of the super-producing SSL3 strain, the promoter region of the leukocidin LukMF’ was 
amplified by PCR from genomic DNA from bovine S. aureus strain S1444, as described previously35. The 
ssl3 gene was amplified from genomic DNA from the S. aureus strain SH1000. Both PCR products were 
annealed through overlapping regions that were introduced in the primers, into a pCM29 vector39 using 
Gibson Assembly (New England Biolabs). The following primers were used: LukM FWD: 5’-GCTTGCA 
TGCCTGCAGGTCGACTCTAGAAAACGCACAGTTAATAAAAAG-3’, LukM REV: 5’-GCAATTGTTCTCATTT 
TCATAGTTTCACTTTCTTTCTCTTTA-3’, SSL3 FWD: 5’-TAAAGAGAAAGAAAGTGAAACTATGAAAAT 
GAGAACAATTGC-3’, SSL3 REV: 5’-GAAACAGCTATGACATGATTACGAATTCTTATTTTATATTCACTT CAATG-3’. 
The overlapping regions with the pCM29 vector sequence have been underlined. The overlapping regions 
for LukM and SSL3 are shown in bold or italic, respectively. This plasmid (pLukM-SSL3) was transformed 
into heat shock competent E. coli (DC10B), after which it was purified and the sequence was confirmed to 
be correct. pLukM-SSL3 was introduced into S. aureus SH1000 through electroporation and presence of the 
plasmid was confirmed through PCR. The pLukM-SSL3 strain was always grown in presence of 10 µg/mL 
chloramphenicol to ensure plasmid retention. 

SDS-Page Gel for SSL3 Detection
Supernatant from WT, SSL3/4 KO, and pLukM-SSL3 strains was harvested after overnight culture in 

Todd Hewitt Broth (THB). 2x sample buffer (+DTT) was added to the samples before boiling. Samples were 
loaded on 10% SDS-PAGE gels and run for 1 h at 200V. 10 µL of purified SSL3 (200 µg/mL) was loaded as a 
control. 

Anti-TLR2 Antibody Competition Assay
HEK cells stably expressing TLR2/6 (HEK-TLR2/6, obtained from Invivogen) were maintained in 

DMEM, containing 10% fetal calf serum (FCS), 10 µg/mL blasticidin, 100 units/mL penicillin, and 100 µg/mL 
streptomycin. Competition with anti-TLR2 antibody (anti-CD282-PE, clone T2.5, Ebioscience) was assessed 
with either different concentrations of full length SSL3 (as a control) or different dilutions of S. aureus 
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supernatant, that were harvested after overnight culture in THB from the WT, SSL3/4 KO, and pLukM-SSL3 
strains. Anti-TLR2 antibody binding was determined by flow cytometry (FACSVerse, BD Biosciences). 

Mice and Infections
Specific pathogen free, eight to twelve weeks old C57BL/6 mice were purchased from Harlan Winkelmann 

(Borchen, Germany). The TLR2-knockout mice (C57BL/6 background) were kindly provided by C. Guzmán 
(HZI, Braunschweig, Germany). The mice were inoculated with 4x107 CFU of S. aureus strain SH1000 in 0.2 
mL of PBS via a lateral tail vein. Infected mice were killed by CO2 asphyxiation at 24 h post infection and the 
amount of bacteria determined by preparing organ homogenates in 5 ml of PBS and plating 10-fold serial 
dilutions on blood agar (Invitrogen, Karlsruhe, Germany).

Mouse organ samples were spun down after homogenization and supernatant was harvested, after 
which the protein concentration in all samples was determined using the Pierce BCA protein kit (Thermo 
Fisher Scientific) before mass spectrometry was performed. 

Mass Spectrometry Analysis of SSL3 Production in Vivo
Recombinant purified SSL3, protein extracts from mouse organs, and pooled normal human plasma 

(Innovative Research) were denatured with 10 M Urea, 100 mM ammoniumbicarbonate (Sigma-Aldrich). 
Subsequently, the samples were submitted to in solution digestion. First, the protein samples were 
reduced with 5 mM Tris(2-carboxyethyl) phosphine (TCEP, Sigma-Aldrich), at 37°C for 60 min. 10 mM of 
2-Iodoacetamide (IAA) was then added to the samples and they were incubated in the dark for 30 min. 
Samples were diluted 5x in 0.1 M ammonium bicarbonate before trypsin digestion (2.5 ng/µL) was performed 
over night at 37°C. The next morning, 10% formic acid (FA) was added to terminate the reaction until pH 
reached 2-3. For all dilutions HPLC grade water was used (Sigma-Aldrich). C18 peptide clean-up protocol 
was performed afterwards using Harvard Apparatus Macro SpinColumns Silica C18 (#744101), according to 
manufacturer’s protocol. Samples were reconstituted in 2% acetonitrile (ACN), 0.1 % FA in water.

Peptides derived from purified SSL3 were analyzed with data-dependent mass spectrometry to generate 
a spectral library as previously described40 using a search database containing the SSL3 amino acid sequence 
(UniProtKB - Q2G0X7). From the spectral library, selected reaction monitoring mass spectrometry (SRM-MS) 
assays for all detected SSL3 peptides were generated with Skyline41. SSL3 peptides were spiked in human 
plasma digests in a concentration range from ~100 fmol to ~5 amol on column. The three SSL3 peptides 
(AYYTKPSFEFEK, YSVGGITK, FMNVIPNR) with the lowest limit of detection and most linear range were 
synthesized as stable-isotope labeled peptides (AQUA peptides, Thermo Fisher Scientific). These AQUA 
peptides were subsequently spiked into mouse organs protein extracts before digestion at a concentration of 
0.5 fmol per 1 µg mouse protein. Mouse and human peptide SRM assays were obtained from Malmström et 
al.40 and Rosenberger et al.42, respectively. Peptide retention time normalization was performed as previously 
described43.

The SRM measurements were performed on a TSQ Vantage triple quadrupole mass spectrometer (QqQ) 
or on a TSQ Quantiva QqQ (both from Thermo Scientific). Chromatographic separations of peptides were 
performed with Easy-nLC II systems (Thermo Scientific). Peptides were loaded with a constant pressure 
rate of 280 bar onto the analytical columns, either PicoChip (PCH7515-105H354-FS25, New Objective)) or 
EasySpray (ES802, Thermo Scientific) with 10 µl 97% solvent A (0.1% FA in water) and 3% solvent B (0.1% FA 
in ACN). The peptides were eluted with a linear gradient from 92% solvent A and 8% solvent B to 35% solvent 
B over 10 min or 34 min with a constant flow of 300 nl/min. The raw data was acquired using the Xcalibur 
software (Thermo Scientific). The raw data was processed and analyzed with SRM analysis software Skyline41 
with manual validation and inspection of the results. This included retention times, similarity between library 
spectra and acquire data (dotp) and similarity of relative fragment ion intensities ratios between heavy and 
light peptide signals (rdotp). 
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Statistical Analysis
Statistical analysis was performed in Prism GraphPad. The data for figure 3A was analyzed with a 

one-way ANOVA followed by Tukey’s multiple comparisons test to compare between groups. To determine 
statistical significance in figure 3B, an unpaired t test was performed.
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SUPPLEMENTAL INFORMATION |

Figure S1 | SSL3 peptide response curves. Dilution curve of SSL3 peptides spiked in human plasma 
backgrounds (1 µg on column) at concentrations ranging from ~100 fmol to ~5 amol SSL3 on column and 
analyzed with SRM-MS targeting peptides detected with shotgun MS previously. The peptide total area is the 
area-under-the curve of all transitions per precursor ion. The plus signs (+) indicates peptide charge state and 
numbers within brackets ([]) indicates mass change (modification) of previous amino acid residue. The three 
selected peptide sequences are shown in bold. 
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Peptide Transition.id LOD (fmol/µL) LLOQ (fmol/µL)

AYYTKPSFEFEK 3.y7.1.0 0.195 0.585

FMNVIPNR 2.y6.1.0 0.237 0.712

YSVGGITK 2.y6.1.0 0.181 0.542

Figure S2 | Detection and quantification limits of chosen peptides. (A) Calibration curves of SSL3 in 
mouse liver (circles) and kidney (triangles) backgrounds. SSL3 protein (serial dilution ranging from ~100 
fmol to ~1.5 amol per µg mouse tissue) and stable isotope-labeled peptides (0.5 fmol peptide per µg mouse 
tissue) were added to the samples before trypsin digestion and desalting. The peptide heavy and light peptides 
intensities were measured with SRM-MS. (B) The lower limit of quantitation (LLOQ) and limit of detection 
(LOD) of respective peptide was determined by the QuaSAR software44. 
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ABSTRACT |

Toll-like receptor 2 (TLR2) is an important pattern recognition receptor involved in 
the defense against bacterial infections. However, over-activation of TLR2 is linked to many 
inflammatory disorders and autoimmune diseases. Thus, TLR2 is an attractive target for 
therapeutic anti-inflammatory molecules. Many pathogens secrete immunomodulatory 
proteins, which provide a foundation for therapeutic design. Staphylococcus aureus secretes 
a potent TLR2 inhibitor: staphylococcal superantigen-like protein 3 (SSL3). SSL3 inhibits 
TLR2 in a dual mechanism by interfering with both ligand binding and subsequent receptor 
dimerization through steric hindrance, resulting in potent inhibitory activity. The aim of 
this study was to generate low molecular weight SSL3-based non-immunogenic derivatives, 
based on the crystal structure of the SSL3-TLR2 complex, in the form of structured bicyclic 
‘2-CLIPS’ peptides. These ‘2-CLIPS’ peptides have shown to be able to bind with very high 
affinity and selectivity to a structured protein surface and are interesting compounds in 
the emerging therapeutic space between small molecules and biologicals. As a start, we 
developed a competitive binding assay (AlphaScreen) to screen whether these bicyclic 
peptides could inhibit SSL3 binding to TLR2. We discovered two initial lead peptides that 
are capable of interfering with the SSL3-TLR2 interaction. However, no functional TLR2 
inhibitory activity has been observed so far for these peptides. This work provides the 
foundation for the development of SSL3 derivatives that can be further developed as TLR2 
inhibitory compounds with therapeutic potential.                                  
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INTRODUCTION | 

Pattern recognition receptors, including toll-like receptors (TLRs), are crucial in the 
defense against invading pathogens. They identify invading microorganisms through the 
recognition of pathogen associated molecular patterns (PAMPs). Upon recognition of these 
PAMPs, signaling is induced which leads to NF-κB activation and the production of pro-
inflammatory signals including cytokines1. TLR signaling is highly important in the initiation 
of innate immune responses, but has also shown to be important in linking innate and 
adaptive responses and development of successful immune memory2. Besides recognizing 
conserved pathogen-derived molecules, TLRs can also recognize so called danger-associated 
molecular patterns (DAMPs) that are host derived and created upon damage to host tissue3. 
These DAMP molecules have been linked to autoimmunity and chronic inflammation. 

TLR2 is one out of ten functional TLRs described in humans and forms heterodimers with 
TLR1 or TLR6, recognizing bacterial triacylated and diacylated lipopeptides, respectively4,5. 
Lipoproteins are a major class of conserved membrane proteins found in bacteria and are 
important for bacterial fitness, however they are also PAMPs for recognition by the immune 
system and induce inflammation by signaling through TLR26. This makes TLR2 an important 
receptor in the defense against bacterial infections2. On the other hand, over-activation of 
TLR2 can result in severe inflammatory diseases and immunopathologies7,8. Furthermore, 
endogenous ligands that can function as DAMPs have been reported to activate TLR2, 
although the exact mechanisms remain to be determined. It is debatable whether they 
directly stimulate TLR2 signaling or rather enhance the sensitivity of cells to PAMPs3,9. In 
summary, maintaining a balance and tight control of TLR signaling is crucial for the host to 
efficiently fight off infections but at the same time prevent host damage induced by excessive 
inflammation.

Over-activation of TLRs, including TLR2, has been associated with severe disorders, 
including sepsis and several autoimmune conditions7,10. Elevated levels of TLR2 expression 
have been described in Guillain-Barré syndrome11, multiple sclerosis12, psoriasis13,14, 
rheumatoid arthritis15,16, Sjogren’s syndrome17,18, systemic lupus erythematosus19, systemic 
sclerosis20, and type 1 diabetes21,22. Furthermore, studies with TLR2 KO mice revealed 
that these mice are less susceptible to develop autoimmune diabetes, systemic lupus 
erythematosus, and autoimmune encephalomyelitis7,10. TLR2 signaling has also been 
correlated with the development of several inflammatory skin disorders such as acne and 
atopic dermatitis8 and it may also be involved in exacerbation of respiratory conditions 
such as asthma and chronic obstructive pulmonary disease10. Altogether, there is cumulative 
evidence that excessive TLR2 activation contributes to the pathogenesis of many acute and 
chronic inflammatory diseases and that inhibiting TLR2 after infection or during sterile 
inflammation could be beneficial23.

These insights led to the ongoing search for potent antagonistic TLR2 compounds. 
Most studies performed thus far have utilized neutralizing antibodies. Addition of the 
anti-TLR2 murine monoclonal T2.5 prevented lipopeptide-induced toxic shock and also 
conferred protection after microbial challenge, preventing lethal shock-like syndrome in 
mice24. T2.5, in combination with an anti-TLR4 antibody, protected mice from bacterial 
sepsis in another study25. Two humanized TLR2 blocking antibodies, OPN-301 and OPN-305, 
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showed promising results in vitro in a rheumatic model and in vivo in a porcine reperfusion 
injury model, respectively26,27. Besides antibodies, research has been directed towards 
the development of small molecule inhibitors, which can have several advantages over 
therapeutic antibodies, including more tunable pharmacokinetics, higher tissue penetration 
and lower costs28. Through a large screen Cheng et al identified a small molecule compound 
that inhibits TLR1/2 signaling, but not TLR2/629. Another study applied a virtual screening 
workflow which led to the discovery of several small molecule TLR2 inhibitors that inhibited 
both TLR1/2 and TLR2/6 signaling30. However, although advances have been made, none 
of these small molecule compounds are currently being evaluated in clinical trials. An 
alternative approach is the generation of therapeutic peptides, of which the characteristics 
fall in between those of biologicals (antibodies) and small molecules. However, linear 
peptides generally do not result in high affinity interactions. However, the development of 
structured multicyclic peptides, like the bicyclic ‘2-CLIPS peptides’, gave an enormous boost 
to the possibilities of peptide therapeutics31. These small structured compounds are better 
at mimicking protein-protein interactions than small molecules and often exhibit higher 
target specificities with fewer off-target effects. Conversely, peptide therapeutics are less 
expensive to produce than larger biologicals. Thereby the peptides can combine benefits 
from both antibodies and small molecule inhibitors and are a promising new class of drugs. 

In order to construct these peptides we can reversely engineer from what nature has 
already created: pathogens that have evolved elaborate mechanisms to evade immune 
responses. Staphylococcus aureus, a Gram-positive commensal but also a highly successful 
human and animal pathogen, is specifically skilled at immune evasion and secretes a wide 
variety of virulence factors that directly interfere with immune receptor function. All of these 
molecules are ideal anti-inflammatory compounds, but the big disadvantage is that they are 
also highly immunogenic proteins with high levels of pre-existing antibodies in most, if not 
all, people. Amongst these molecules, the protein staphylococcal superantigen-like protein 
3 (SSL3) was previously described to bind to the extracellular domain of TLR2 and inhibit 
further signaling32. This staphylococcal protein is the first described bacterial antagonist 
specific for TLR2 that can inhibit TLR2 signaling in vivo (described in Chapter 5), and could be 
an interesting therapeutic tool in the treatment of TLR2-mediated inflammatory disorders. 
However, SSL3 is also highly immunogenic and can therefore not be administered to humans, 
requiring the need for development of non-immunogenic derivatives. We recently solved 
the crystal structure of the SSL3-TLR2 complex, which revealed the inhibitory mechanism: 
SSL3 interferes with TLR2 in a dual mechanisms, inhibiting both lipopeptide binding to and 
dimerization of TLR2 with TLR1 and TLR633. We further elucidated the molecular basis of 
the interaction by creating SSL3 and TLR2 mutants, which revealed the exact amino acids in 
both proteins involved in the interaction. Based on this information, derivatives of SSL3 can 
be constructed based on the molecular basis of the original interaction. 

In this study we set out to identify possible molecular mimics of SSL3 by using structured 
bicyclic peptides. The structured nature of these peptides gives the advantage of more closely 
mimicking the complex nature of protein-protein interactions. The peptides were developed 
based on the region in SSL3 involved in the binding interaction with TLR2 as identified in 
the crystal structure of the complex. We set up a semi-high throughput screening method for 
these peptides in a bead-based SSL3-TLR2 binding interference assay. We identified several 
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peptides that interfere with SSL3-TLR2 binding. This work serves as an initial step in the 
development of SSL3-based therapeutics that could be applied in the treatment of TLR2-
mediated immunopathologies. 

RESULTS |

Bicyclic Peptide Development Based on the Crystal Structure of SSL3-TLR2
We previously showed that SSL3 binds to TLR2 with high affinity (Kd ~ 1 nM)33, and 

potently inhibits both human and murine TLR232. Since the interaction between SSL3 and 
TLR2 is highly specific and of high affinity, we used this as the basis for the development 
TLR2 antagonistic compounds. SSL3 binds to the extracellular domain of TLR2, in between 
the TLR leucine rich repeats 11 and 13. Several loops of the SSL3 protein are involved in 
the contact with TLR2, as highlighted in Figure 1A. Since we have previously elucidated 
the exact amino acids in SSL3 that are involved in the interaction, as shown in Figure 1B, 
this information could be applied by mimicking the SSL3 binding area in small bicyclic 
peptides (also called ‘2-CLIPS’ peptides, which stands for Chemical LInkage of Peptides onto 
Scaffolds). Besides the sequence of interest, these peptides consist of three key cysteine 

Figure 1 | SSL3-TLR2 binding interface upon which the bicyclic peptides are based. (A) Crystal 
structure of the SSL3-TLR2 complex (PDB 5D3I), figure adapted from33. The loops in SSL3 important for 
contact with TLR2 are shown in orange. TLR2 is shown in green and leucine rich repeat numbers are indicated. 
(B) The binding interface of the SSL3 (orange) and TLR2 (green) complex, indicating the residues in SSL3 
involved in the interaction with TLR2. Image adapted from33. (C) (Left) Example of a bicyclic 2-CLIPS peptide 
(lead 17). Hydrophobic residues are indicated in green, positively charged residues in dark blue, uncharged 
residues in light blue, special cases in white, and cysteine residues plus scaffold in yellow. (Right) Example of 
the molecular structure of a 2-CLIPS peptide (lead 17). 
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residues that are involved in the CLIPS cyclization of the peptides through reaction with a 
small rigid entity, the scaffold 1,3,5-tris(bromomethyl)benzene (TBMB). Thus, the sequence 
of interest is coerced into a structure comprised of two peptide loops, as shown in Figure 
1C. This structured form is capable of mirroring protein-protein interactions and thereby 
is more likely to bind its target with high affinity compared to an unstructured peptide. 
Initial peptides were designed by CMD Biosciences through computational modelling. All 
information on the developed peptides in this study and their properties is summarized in 
Supplemental Table 1.

Development of a Semi-High Throughput AlphaScreen Assay to Screen for 
Competition of SSL3-TLR2 Binding

Real high throughput screening assays are solely based on binding and can therefore 
handle 10,000 to 100,000 compounds or more in robotized systems. We however found 
it preferable to incorporate function in an early stage of discovery. In that perspective, an 
ideal screening assay for the development of antagonistic peptides is an in vitro semi-high 
throughput assay that mimics the in vivo function as much as possible. However, due to 
possible toxicity of peptides, cell-based assays are not desirable during the initial screening 
stage. Instead, we designed a protein-protein based assay that is suitable to screen for 
possible TLR2 antagonistic properties of the peptides. Since the peptides were directly 
based on SSL3, our initial goal was to screen for peptides that bind to TLR2 in a similar 
fashion as SSL3 and thereby possibly mimic its dual inhibitory function. An AlphaScreen 
was developed that measures SSL3 to TLR2 binding (Figure 2A). TLR2-Fc binds to Protein-G 
coated acceptor beads (through the Fc tag) and biotin-labeled SSL3 binds to streptavidin 
coated donor beads (through biotin). When the two proteins are in contact, the beads come 
in sufficient proximity to transfer an excited oxygen form from donor to acceptor, which 
results in an acceptor bead induced luminescent signal. This assay can be applied in a 
competitive format; titrating unlabeled SSL3 interferes with the interaction of TLR2-Fc and 
SSL3-biotin, while titration of the SSL3 dead mutant (SSL3-, described previously33) does 
not (Figure 2B). This format was used to determine whether the peptides could interfere 
with the TLR2-SSL3 interaction and thus interact with TLR2 in a similar way as SSL3. A high 
concentration (100 μM) of several of the peptides can interfere with the TLR2-SSL3 binding, 
as shown in Figure 2C. From this screen it became clear that peptide 17 is the most potent of 
the first set of 22 peptides that were tested (generation 1). Thus, peptide 17 was identified 
as a potential lead inhibitor for further development of peptides with increased affinity. 

Second Generation Peptides: Serine Scan and Peptide Lead Optimization 
In order to investigate the specificity of binding of peptide 17, a serine replacement 

scan was performed. Each amino acid found in peptide 17 was replaced for a serine residue 
(see Supplemental Table 1). The Ser-mutant peptides were all screened in a similar fashion 
as before, but now using concentrations of 30 μM per peptide, to avoid artifacts due to high 
peptide concentration. From this screen, comprising peptide 23-37, it became clear that the 
first loop of the lead peptide is of high importance, as mutation of almost every residue 
herein to serine resulted in strongly decreased inhibition of the SSL3-TLR2 interaction by 
the peptides (Figure 3A). The two most destructive mutations were: 1) the phenylalanine/
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serine mutation at position three (peptide 24) and 2) the glycine/serine mutation at 
position five (peptide 26). Loss of function after replacement of hydrophobic residues (such 
as phenylalanine) could indicate a non-specific binding purely based on hydrophobicity. 
However, the huge effect of the glycine/serine mutation is likely indicative for a specific 
interaction as it hardly changes the hydrophobic nature of the peptide. 

In contrast to replacement of amino acids in the first loop of the peptide, changing amino 
acids in the second loop did not show any major effects on peptide activity. As a control, 
the key cysteine residues were replaced and indeed these peptides (35-37) show reduced 
activity, indicating the bicyclic structure is quite important for binding. All together, these 
findings implicate that the observed inhibition is most likely due to a specific interaction of 
the active bicycles with the TLR2 receptor.   

Figure 2 | AlphaScreen competitive binding assay. (A) Principle of the AlphaScreen. Steptavidin donor 
beads bind to biotin-SSL3 and Protein-G acceptor beads bind to TLR2-Fc. In case of an interaction between the 
two proteins, the beads get in sufficiently close proximity for singlet oxygen (generated through excitation of 
the donor bead) to be transferred to the acceptor bead, which subsequently emits a luminescent signal.  (B) 
Concentration ranges of unlabeled SSL3 or SSL3- (dead mutant) were incubated with murine TLR2-Fc (0.3 
nM) before addition of SSL3-biotin (1 nM). Unlabeled SSL3 competes with biotin-labeled SSL3 for TLR2-Fc 
binding. Data are expressed relative to the binding with no unlabeled SSL3 present. Data points represent 
the mean plus standard deviation (SD) of two independent experiments. (C) AlphaScreen competition assay 
with generation 1 peptides. Different peptides (100 μM final concentration) were added to TLR2-Fc before 
addition of SSL3-biotin and data are expressed relative to the binding with no peptide present. Red line 
indicates the relative level of fluorescence without peptide present. One representative experiment is shown. 
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Based on lead peptide 17, 24 new peptides were developed that were expected to show 
enhanced SSL3-TLR2 inhibition relative to peptide 17, of which peptides 38 to 56 had only 
one to two amino acid replacements, while peptide 57 to 62 had more variable sequences, 
including various randomized or inversed sequences of lead 17 (see Supplemental Table 
1). As can be seen in Figure 3A, there are several second generation peptides that interfere 
more potently with SSL3-TLR2 binding, as indicated by the green line that shows the 
activity of lead 17. A duplicate of peptide 17 (17-2) was also produced and this peptide 
showed the same effects as lead 17. From 57-62 (the more variable group) only peptide 58 
showed enhanced activity as compared to number 17. This is a potential new lead since the 
amino acid sequence differs significantly from that of lead 17. From this additional screen, 
concentration-dependent inhibition of selected peptides was examined. Peptides 5 and 24 
were included as negative controls and 17 and 17-2 as reference points. All tested peptides 
exhibited concentration-dependent inhibition, and several showed improved inhibition 
compared to lead 17. Thus, by applying the current screening method, we can produce 
further optimized peptides based on an initial lead. However, the current most active peptide 
has an EC50 of approximately 3 μM, which is almost 3000 times less efficient than SSL3 
itself, meaning that probably several more rounds of optimization are required to improve 
peptide affinity and reach levels more closely resembling that of SSL3. 

To examine the possible active footprint that is shared between the active peptides , the 
sequence of several first and second generation peptides were aligned (Figure 3C, activity 
profiles of the peptides can be seen in Figure 2C and Figure 3A). A common residue found 
in all active peptides is a hydrophobic residue at position three (either a phenylalanine or 
tyrosine, which are both aromatic residues). Thus, it appears that a hydrophobic residue, 
next to a cysteine residue, is crucial. This is in line with the binding mechanism of SSL3, 
which is also highly dependent on two phenylalanine residues and the interaction between 
SSL3 and TLR2 is of hydrophobic origin33. The INRF region (highlighted in light gray in 
Figure 3C) that is also directly taken from the SSL3 sequence found in the crystal structure, 
appears not to be much involved in inhibition, as both active an inactive peptides contain 
these residues and the sequence is also not present in active peptide 58. Peptide 58 has a 
completely different active footprint, however also here the activity is possibly related to 
one or two of the hydrophobic phenylalanine residues that are positioned around a cysteine 
residue, as highlighted in Figure 3C. However, these are preliminary observations and will 
need to be examined further.

Of high interest are also peptide 51 and 52. The only difference between these peptides 
is the replacement of a 1-naphthalene (1Nal) side chain (peptide 51) by a 2-naphthalene 
(2Nal) side chain (peptide 52) at position three. 1Nal gives an increase in activity as 
compared to lead 17, however the peptide with the 2Nal replacement no longer exhibits any 
activity (Figure 3A). The 1Nal and 2Nal residues are similar in hydrophobicity, however the 
2Nal has quite a different orientation with respect to the peptide backbone. Similar to what 
the serine replacement scan suggested, this also indicates that the peptides confer a specific 
interaction in a binding pocket. Thus, it appears that the interaction, however probably 
dependent on hydrophobic residues (as is the case for SSL3), is specific and not caused by 
non-specific hydrophobic interactions alone. 
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Toxicity Determinations of Peptides
When developing therapeutics, besides biological activity, potential harmful side 

effects such as toxicity are one of the main things to take into account. Furthermore, in 
order to evaluate potential lead molecules in biological relevant cellular assays for TLR2 

Figure 3 | AlphaScreen competitive binding assay to measure second generation peptides. (A) 
AlphaScreen competition assay. One concentration of different peptides (30 μM, final concentration) were 
added. Several first generation peptides were taken along as controls. Red line indicates as compared to no 
peptide present and green line indicates level of lead peptide 17. Data points represent the mean and SD from 
two independent experiments. (B) Concentration ranges of a selection of peptides in the AlphaScreen assay. 
Peptides were tested in concentrations ranging from 30 μM to 0.1 μM. Red lines indicate lead peptides 17 
and 17-2 and gray lines indicate control peptides with no activity. One representative experiment is shown. 
(C) Peptide sequence comparison of several active (green) and non-active (red) peptides from both the first 
generation (see Figure 2C for activity) and second generation peptides (see (A) for activity). Cysteine residues 
are highlighted in yellow and hydrophobic residues (either Phe or Tyr) that could be of functional importance 
are highlighted in light green. The INRF region found in the original crystal structure is highlighted in light 
gray. * are non-natural amino acids. Uppercase indicates L-amino acids, whereas lowercase indicates D-amino 
acids.
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inhibitory activity, possible toxicity of the peptides needs to be assessed. HEK cells were 
incubated with DAPI, to stain for dead cells, in the presence of different concentrations (100, 
30, and 10 μM) of selected peptides or a DMSO control. As can be seen in Figure 4, at a 
concentration of 100 μM (Figure 4A), almost all peptides exhibit clear cellular toxicity. At 
30 μM concentration (Figure 4B) some peptides still show considerable toxicity (mainly 
peptide 30, 34, and 38) and at 10 μM (Figure 4C) residual toxicity was not observed for 
any of the peptides. Interestingly, only the peptides that did not show activity (peptides 5 
and 24) were not toxic whatsoever. It is worrisome that activity thus seems to be linked to 
toxicity. The only exception to this is peptide 58, which also does not exhibit any toxicity, 
but shows comparable to slightly enhanced levels of activity as compared to lead peptide 
17 in the AlphaScreen. Peptide 58 contains the exact same amino acids as lead peptide 17, 
however in a fully randomized order. Thus, apparently the exact order of the amino acids 
determines its toxicity. The information that this peptide is not toxic, and has very similar 
activity to the original lead, makes peptide 58 a much more interesting lead candidate for 
further studies. 

Figure 4 | Cellular toxicity assay. Peptide toxicity was determined in a cellular assay. HEK293T-TLR2/6 
cells were incubated with 100 μM (A), 30 μM (B), and 10 μM (C) of a selection of peptides or a DMSO control. 
Toxicity was assessed by the addition of 2.5 ng/mL DAPI to stain for damaged and death cells. Fluorescence 
was measured for up to 3 h in a 96-well plate in a CLARIOstar plate reader. Legend is shared between (A), 
(B), and (C). 
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Peptides in Functional TLR2 Inhibitory Assays
Cellular assays were performed to determine whether the peptides could inhibit 

functional TLR2 signaling. Since most peptides no longer exhibit toxicity at 30 μM experiments 
were started using this concentration. We tested a subset of the earlier discussed peptides: 
peptide 5 and 24 as controls, lead peptide 17 and 17-2, and peptide 51, 55, and 58. First, 
we performed a TLR2 antibody competition test to determine whether the peptides can 
interfere with anti-TLR2 antibody binding. The antibody clone (T2.5) is a neutralizing 
antibody and SSL3 has previously shown to potently interfere with its binding32. However, 
none of the tested peptides were able to interfere with antibody binding (Figure 5A). To test 
whether the peptides could inhibit functional TLR2 signaling, HEK cells expressing TLR2/6 
were stimulated with the TLR2 agonist MALP-2, in presence of various concentrations of 
peptides, after which IL-8 production was determined. As can be seen in Figure 5B, none 
of the peptides affected IL-8 production after MALP-2 stimulation, whereas SSL3 did. Thus, 
even though the peptides interfere with SSL3 to TLR2 binding, no functional inhibition of 
TLR2 signaling can be determined as of yet. 

DISCUSSION |

In the current chapter we have described the development of structured bicyclic 
‘2-CLIPS’ peptides based on the staphylococcal TLR2 inhibitor SSL3. These peptides have 
shown to interfere with SSL3 to TLR2 binding and thus are likely to mimic the interaction 
mode of SSL3 and TLR2. This is an initial step towards the development of molecular SSL3 
mimics that could interfere with TLR2 signaling and could possibly be further developed as 
anti-inflammatory therapeutic compounds. Although the current generation of peptides does 
interfere with the SSL3-TLR2 binding, we did not observe any functional TLR2 inhibition, 

Figure 5 | Inhibition of peptides in functional TLR2 cellular assays. (A) HEK293T cells stably expressing 
TLR2/6 were treated with SSL3 (green) or SSL3- (red) (1x10-8 M), or a selection of peptides (30 μM), before 
the addition of a PE-labeled anti-TLR2 antibody. Mean PE fluorescence was determined on a flow cytometer. 
(B) HEK293T TLR2/6 cells were stimulated for 6 h with 5 ng/mL MALP-2, in presence of DMSO and various 
concentrations of peptides. One concentration (3x10-7 M) of the SSL3 (green) and SSL3- (red) is shown. After 
6 h, supernatants were collected and IL-8 production was measured by ELISA. 
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which can have multiple explanations. First, the affinity of the current generation of peptides 
might not be sufficiently optimized yet: the EC50 of the best peptides are approximately 3 
μM, which is roughly 3000 times less efficient than SSL3, which has a Kd of around 1 nM33. 
Thus, additional rounds of selection and lead optimization would have to be performed. 
Furthermore, the current peptides might not be sufficiently large to inhibit TLR2 activation. 
SSL3 is a relatively large molecule, as compared to the peptides, and its inhibition of both 
lipopeptide binding and TLR dimerization results from shielding of the ligand binding 
pocket and steric hindering with dimerization partners, respectively. Generation of slightly 
larger peptides (for example, tricyclic peptides that consist of three loops as opposed to 
two loops in the current peptides) might be a solution and this possibility should be further 
explored. Extending the loop size of the peptides might also be an option to increase loop 
flexibility. The constrained nature of the loops might prevent the residues for adopting 
correct conformations in the current peptides. 

A putative model of initial lead peptide 17 in complex with TLR2 is shown in Figure 6. In 
this model, the conformation of the two cysteine-bridged loops is similar to the homologous 
loops of SSL3 in the structure of the SSL3-TLR2 complex. A third loop covering part of the 
lipopeptide pocket opening in TLR2 is present in SSL3 but not in peptide 17, suggesting that 
this peptide does not interfere with lipopeptide binding. Furthermore, little overlap exists 
between the TLR2 areas that are involved in binding to TLR6 (shown in blue) and to peptide 
17, which may explain the inability of this peptide to inhibit functional TLR2 signaling 
through dimerization with TLR6. Structure-based peptide development may therefore 
start from peptides that exhibit substantial capacity to compete with SSL3, including lead 
peptide 17, which can be further optimized by the incorporation of novel functional groups 

Figure 6 | Putative position of bicyclic peptide 17 near the lipopeptide pocket of TLR2. Model of 
peptide 17 (yellow) on the TLR2 surface (light gray), based on the interactions between equivalent SSL3 
residues and TLR2 as observed in the crystal structure of the SSL3-TLR2 complex (PDB-ID: 5D3I33). Also 
shown are a cartoon representation of SSL3 (light orange), a model of Pam2CSK4 in the lipopeptide pocket of 
TLR2 (magenta), and the surface area of TLR2 that is involved in interaction with TLR6 (blue).
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to improve inhibition of TLR2 activation.
Several laboratories are able to develop peptide libraries of up to 20,000 CLIPS peptides. 

However, a limitation of libraries in this size is that the peptides come anchored to surfaces, 
which limits the type of  screening that can be performed. Instead, we chose a semi-high 
throughput method in which the peptides were provided unanchored, as soluble compounds, 
and therefore could be tested in different functional assays, including cellular assays. This 
method of production however limits the amount of peptides that can be generated at one 
time. The observed toxicity of the peptides complicated direct cellular studies with high 
concentrations of peptides. Furthermore, a remarkable and worrisome observation was 
that the activity of the peptides appeared linked to the toxicity. However, this is also what 
makes the new, non-toxic lead peptide 58 interesting. Further optimization studies should 
be directed towards this second lead. Understanding the molecular basis for this toxicity 
could also be helpful in the future development of therapeutic peptides for other purposes. A 
cellular functional screening assay that mimics the in vivo situation directly is ideal, however 
the fully protein-protein based AlphaScreen made for a semi-functional alternative: only 
peptides that mimic SSL3 binding will be able to interfere with the SSL3-TLR2 interaction, 
thereby selecting for peptides that are more likely also functional mimics of SSL3. 

Although the AlphaScreen can be performed in a semi-high throughput format, the 
assay requires soluble peptides, limiting the amount that can be produced and screened. An 
alternative, more high-throughput approach is the development of phage-encoded peptide 
libraries, as described by Heinis et al.34, in which the ‘2-CLIPS’ peptides are displayed 
on bacteriophages. In this method libraries of up to 109 peptides can be generated and 
subsequently screened. It would be interesting to apply this method for SSL3-based peptides 
and examine whether these bacteriophages can compete with SSL3 for TLR2 binding, for 
example by screening which phages would be eluted after addition of SSL3 to TLR2. 

The ‘2-CLIPS’ approach has high potential and peptide inhibitors based on the ‘2-CLIPS’ 
technique have resulted in identification of inhibitory peptides with high affinities against 
several enzymes34–36, indicating that this is a suitable strategy for generating and developing 
drug leads. Furthermore, as briefly mentioned in the introduction, these structured peptides 
form a new drug class in the therapeutic space between small molecules and biologicals. 
The small structured compounds can reach affinities comparable to that of antibodies, 
while tissue penetration is higher, the pharmacokinetics are more tunable, and there is also 
the possibility of oral administration. The tunable pharmacokinetics are interesting when 
considering TLR2 specifically: extended TLR2 inhibition might render the subject more 
susceptible to bacterial infections and thus caution needs to be taken with TLR2 inhibitory 
drugs. The half-life of the peptides can be tuned and is shorter than that of antibodies that 
can stay in the body for weeks. Therefore the peptides could be used for relatively short term 
administration during, for example, autoimmune disease exacerbations. 

In summary, we have developed small bicyclic peptides that can mimic SSL3 binding 
to TLR2. However, as these peptides are not currently able to inhibit functional TLR2 
signaling, this is merely an initial step and much more research will be needed to develop 
these peptides into functional inhibitors of TLR2 and to address the found toxicity issues. 
However, if biologically active compounds can be generated, SSL3-based structured peptides 
could be promising therapeutic anti-inflammatory compounds.  
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MATERIALS AND METHODS |

Synthesis of Bicyclic SSL3-Based Peptides
Bicyclic peptides were designed and developed by CMD Biosciences (New Haven, USA) in collaboration 

with Pepscan Therapeutics B.V. (Lelystad, NL). Peptides were chemically synthesized using standard Fmoc-
based solid-phase peptide synthesis and subsequently cyclized using 1,3,5-tris(bromomethyl)benzene 
following published procedures37 at Pepscan Therapeutics. Purified peptides were freeze-dried and stored 
at -20°C until reconstitution.

Reconstitution and Dilution of Lyophilized Peptides
To prevent aggregation, peptides were reconstituted from lyophilized powder to a concentration of 20 

mM in dimethyl sulfoxide (DMSO). For all subsequent steps, peptides were first diluted to 1 mM in sterile 
water, before further dilutions were performed in PBS supplemented with 0.05% human serum albumin 
(HSA). Using this protocol, no visible aggregation of peptides could be observed. 

Recombinant SSL3 Proteins
SSL3 (134-326), SSL3- (INRF FFP dead mutant), and BAP-tagged SSL3 were expressed and purified as 

previously described33. In vitro biotinylation of BAP-SSL3 was performed using BirA biotin-protein ligase 
(Avidity). 

AlphaScreen for SSL3-TLR2 Binding Competition
To assess SSL3 to TLR2 binding the AlphaScreen assay (Perkin-Elmer Life Sciences) was used. 0.3 

nM murine TLR2-Fc (R&D Systems), pretreated for 45 min at room temperature with unlabeled SSL3 or 
different concentration of peptides, was incubated with 1 nM of biotin-labeled BAP-SSL3 for 45 min at room 
temperature. Binding of TLR2-Fc and biotin-labeled BAP-SSL3 was determined by addition of 20 μg/mL 
streptavidin donor beads and 20 μg/mL Protein-G acceptor beads. Samples were measured in a CLARIOstar 
microplate reader (BMG Labtech) at 680 nm. 

Cell Lines
For all cellular assays, HEK293T cells stably expressing TLR2/6 were used (obtained from Invivogen). 

Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FCS, 10 μg/mL 
blasticidin, 100 units/mL penicillin, and 100 μg/mL streptomycin.

Toxicity Determinations
HEK293T cells were diluted to 2.7x106 cells per mL in Iscove's Modified Dulbecco's Medium (IMDM, no 

phenol red, Thermo Fisher Scientific) supplemented with 0.05% HSA. 4',6-diamidino-2-phenylindole (DAPI) 
was added in a final concentration of 2.5 ng/mL to stain for dead cells. 90 μl of cells were added to a 96-well 
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flat bottom plate containing 10 μl of different concentrations of peptides (final concentrations ranging from 
100 μM to 1 μM). Fluorescence was measured at excitation and emission wavelengths of 360 nm and 460 nm, 
respectively, in time for up to 3 h in a CLARIOstar microplate plate reader.

Anti-TLR2 Antibody Competition 
Peptides (final concentration of 30 μM) and SSL3 or SSL3- (1x10-8M) were added to a 96-well round 

bottom plate in 10 μL. HEK cells were diluted to a concentration of 5x106 cells/mL and added to the peptides 
or SSL3 in 35 μL. This was allowed to bind on ice for 30 min, after which 5 μL PE-labeled anti-TLR2 antibody 
(clone T2.5, final concentration of 0.5 μg/mL Ebioscience) was added. This was incubated for 30 min on ice 
in the dark before antibody binding was assessed through a flow cytometer (FACSVerse, BD Biosciences). 

TLR2 Ligand-Induced IL-8 Production
HEK cells were plated out in 96-well flat bottom plates in 200 μL DMEM of a concentration of 2.5x105/

mL, resulting in a confluent layer of cells the following day. The next day, 140 μL of medium was removed from 
the cells after which 25 μL of peptides (final concentrations ranging from 30 μM to 1 μM) or SSL3 (3x10-7M) 
were added. This was incubated for 30 min at 37°C before MALP-2 stimulus was added in 25 μL in a final 
concentration of 5 ng/mL. Cells were stimulated for 6 h at 37°C and afterwards cells were spun down before 
supernatant was harvested. To determine IL-8 production, an anti-IL-8 ELISA was performed following 
manufacturer’s protocol (Sanquin).
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SUPPLEMENTAL INFORMATION |

Peptide # Sequence Special Remarks

First generation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Second generation
17-2
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

H-LCT3FVGrTCT3IPNRFCT3-NH2
H-RCT3FVGrTCT3IPNRFCT3-NH2
H-LCT3YDGrNCT3IPNRFCT3-NH2
H-LCT3YNGRDCT3IPNRFCT3-NH2
H-LCT3KNGRNCT3IPNRFCT3-NH2
H-LCT3YDGRNCT3IPNRFCT3-NH2
H-LCT3YRGNDCT3IPNRFCT3-NH2
H-LCT3KNGRfCT3IPNRFCT3-NH2
H-LCT3KDGfNCT3IPNRFCT3-NH2
H-LCT3KDARfCT3IPNRFCT3-NH2
H-LCT3NRGYDCT3IPNRFCT3-NH2
H-LCT3YNGRNCT3IPNRFCT3-NH2
H-LCT3FVGrTCT3IPNRYCT3-NH2
H-LCT3YNGDrCT3IPNRFCT3-NH2
H-LCT3FVGrTCT3IPNRFCT3K-OH
H-LCT3YNGRDCT3IPNRFCT3K-OH
H-LCT3FVGrTCT3IPNRFCT3G-NH2
H-LCT3YNGrDCT3IPNRFCT3G-NH2
H-LCT3YNGrDCT3IGNRFCT3-NH2
H-LCT3NRGDNCT3IPNRFCT3-NH2
H-LCT3NRGfNCT3IPNRYCT3-NH2
H-LCT3YNGRDCT3IPNRFCT3-NH2

H-LCT3FVGrTCT3IPNRFCT3G-NH2
H-SCT3FVGrTCT3IPNRFCT3G-NH2
H-LCT3SVGrTCT3IPNRFCT3G-NH2
H-LCT3FSGrTCT3IPNRFCT3G-NH2
H-LCT3FVSrTCT3IPNRFCT3G-NH2
H-LCT3FVGSTCT3IPNRFCT3G-NH2
H-LCT3FVGrSCT3IPNRFCT3G-NH2
H-LCT3FVGrTCT3SPNRFCT3G-NH2
H-LCT3FVGrTCT3ISNRFCT3G-NH2
H-LCT3FVGrTCT3IPSRFCT3G-NH2
H-LCT3FVGrTCT3IPNSFCT3G-NH2
H-LCT3FVGrTCT3IPNRSCT3G-NH2
H-LCT3FVGrTCT3IPNRFCT3S-NH2
H-LSFVGrTCT3IPNRFCT3G-NH2
H-LCT3FVGrTSIPNRFCT3G-NH2
H-LCT3FVGrTCT3IPNRFSG-NH2
H-LCT3FVGrTCT3IGNRFCT3-NH2
Ac-LCT3FVGrTCT3IPNRFCT3G-NH2
H-LCT3FVGRTCT3IPNRFCT3G-NH2

Computational model 
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model
Computational model

Duplicate of peptide 17
Serine scan
Serine scan
Serine scan
Serine scan
Serine scan
Serine scan
Serine scan
Serine scan
Serine scan
Serine scan
Serine scan 
Serine scan 
Serine scan (cysteine replacement)
Serine scan (cysteine replacement)
Serine scan (cysteine replacement)
Lead optimization
Lead optimization
Lead optimization
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Peptide # Sequence Special Remarks

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

H-LCT3FVGrTCT3IPNRFCT3G-OH
H-LCT3YNGRDCT3IGNRFCT3-NH2
H-LCT3FNGrDCT3IGNRFCT3-NH2
H-LCT3FNGrTCT3IPNRFCT3-NH2
H-LCT3FVGrDCT3IPNRFCT3-NH2
H-[NorL]CT3FVGrTCT3IPNRFCT3-NH2
H-S(Bzl)CT3FVGrTCT3IPNRFCT3-NH2
H-LCT3FVGrTCT3I[NMeGly]NRFCT3-NH2
H-LCT3FVGrACT3IPNRFCT3-NH2
H-LCT3FVGrqCT3IPNRFCT3-NH2
H-LCT3 [1Nal]VGrTCT3IPNRFCT3-NH2
H-LCT3 [2Nal]VGrTCT3IPNRFCT3-NH2
H-LCT3FVGrTCT3IPNR[1Nal]CT3-NH2
H-LCT3FVGrTCT3IPNR[2Nal]CT3-NH2
H-LCT3FVGrTCT3[NorL]PNRFCT3-NH2
H-LCT3F[Nva]GrTCT3IPNRFCT3-NH2
H-GCT3TFNPVCT3rIRGLCT3F-NH2
H-NCT3GTVLFCT3FIGRPCT3r-NH2
H-LCT3IPNRFCT3FVGrTCT3G-NH2
H-GCT3FRNPICT3TrGVFCT3L-NH2
H-lcT3fvGRtcT3ipnrfcT3G-NH2
H-GcT3frnpicT3tRGvfcT3l-NH2

Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Lead optimization
Random peptide 17
Random peptide 17
Reversed loops peptide 17
Retro peptide 17
Retro-inverso peptide 17
Inverso peptide 17

Table S1 | Characteristics and sequences of the used peptides. Full list of peptides included in 
this study. Uppercase letters indicate L-amino acids, whereas lowercase indicates D-amino acids. The 
lettercode “CT3” represents a cysteine residue that is connected via the central T3-scaffold (derived from 
1,3,5-tris(bromomethyl)benzene) to the other two cysteine CT3 residues in the molecule. Residues replaced by 
a serine in the serine screen are indicated in red. Peptide number, sequence, and special remarks are shown. 
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SSLs IN STAPHYLOCOCCAL IMMUNE EVASION |

Bacterial Immune Evasion: Staphylococci as an Example
Immune evasion is defined as a strategy employed by pathogenic microorganisms 

to evade or antagonize a host’s immune response, thereby maximizing survival and 
transmission to a new host. To fully understand immune evasion, both the pathogen and 
the host, and especially the interaction between the two, must be examined. Both host and 
pathogen have developed a myriad of mechanisms directed towards each other, probably 
steered by many million years of ongoing mutual evolution. 

Most bacterial pathogens infect hosts with increased susceptibility, such as those 
which do not have proper functioning immune systems (the immunocompromised, e.g. HIV 
infected individuals or the young or the elderly). Other bacteria have taken matters into 
their own hands and produce factors that directly affect the host’s immune system and are 
thereby much more successful in causing disease in otherwise healthy, immunocompetent 
individuals1,2. Staphylococcus aureus is a successful bacterial pathogen and a known 
manipulator of host immune responses, of which its immune modulating properties have 
been widely explored, as described in Chapter 1. 

Research towards these immune evasion molecules is of high importance as their 
secretion is closely related to bacterial virulence and pathogenesis. S. aureus is becoming 
increasingly resistant to antibiotics, first with the appearance of hospital-associated (HA)-
MRSA strains, but now also with the rise of highly virulent and rapidly spreading antibiotic 
resistance strains in the community, the so called community-acquired (CA)-MRSA strains3. 
With S. aureus becoming more difficult to treat with antibiotics, along with the lack of a 
functional vaccine, and combined with its ability to paralyze the host immune system, S. 
aureus has become a growing health risk of global importance.

Understanding the host-pathogen interaction and the role of immune evasion proteins 
therein can define new targets for the possible treatment of disease. Research on the immune 
evasion proteins is multi-factorial and can focus on the identification of novel immune 
evasion factors, unraveling their mechanism of action, revealing the molecular basis for the 
interaction, examining their role in pathogenesis in in vivo models, and finally exploring 
possible therapeutic applications. In this thesis we have examined these different aspects 
by investigating a family of 14 small secreted proteins, the staphylococcal superantigen-like 
proteins, also called the SSLs. In this final chapter the mentioned research aspects will be 
illustrated by using several of the SSLs as examples. However, before delving into this, I will 
first briefly recap the most important parts of the immune system involved in the defense 
against staphylococcal infections. 

Host Defenses against Staphylococci 
In the defense against S. aureus the innate immune system and specifically neutrophils 

are of high importance4. For neutrophils to function properly there are many important steps 
that need to occur: initial bacterial recognition; activation; extravasation from the circulation; 
migration through extracellular matrix; and attraction to the site of infection. After all these 
steps have occurred in the right sequence, the actual phagocytosis and killing of the bacteria 
can start so that the infection can be resolved. Several host proteins and receptors are of 
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high importance during the early processes. This includes pattern recognition receptors, 
specifically toll-like receptors (TLRs), which are important for the initial sensing of bacterial 
structures and the subsequent induction of cytokine secretion5. TLR2 (recognizing bacterial 
lipoproteins) and TLR9 (recognizing bacterial CpG-rich DNA) are particularly important for 
the recognition of S. aureus. Chemokine receptors, involved in sensing chemotactic signals, 
are required for efficient cell migration and activation and thus they also play a crucial role. 
Besides the above mentioned host receptors, many host enzymes are involved in anti-bacterial 
defenses. Neutrophils store many enzymes in their granules that, upon secretion, can have 
direct bactericidal activities or have a role in neutrophil activation. Amongst these enzymes 
are the matrix metalloproteinases (MMPs), involved in promoting neutrophil activation and 
migration by degrading extracellular matrix components and enhancing chemotaxis through 
cleavage and potentiation of chemokines6. On the bacterial cell wall, host components are 
deposited thereby resulting in opsonization, caused mainly by antibodies and complement, 
which is highly important for efficient phagocytosis and subsequent killing of bacteria by 
phagocytes through oxidative burst. S. aureus has developed ways to interfere in all these 
different stages to ensure bacterial survival, mostly through the secretion of small soluble 
proteins: the immune evasion molecules, amongst which the SSLs are very important. 

Identification of Novel Immune Evasion Proteins and their Function
As reviewed in Chapter 1, there are currently up to 35 secreted staphylococcal immune 

evasion proteins known that interfere with immune functioning. However, the total number 
of secreted proteins by S. aureus is estimated to be ~200 to 6007. Thus, the identification of 
yet-to-be discovered molecules and evasion strategies is still an important research subject. 
Both targeted and non-targeted approaches can be applied to discover potential new 
evasion molecules. An example of a relatively recent, non-targeted high throughput method 
is the secretome phage display, in which a phage library is created solely expressing secreted 
staphylococcal proteins. These phages can then be screened for immune evasive properties 
(e.g. binding to immune cells or proteins) during either several selection rounds or by deep 
sequencing. Several immune evasion molecules have already been identified through this 
method and it is a highly promising strategy. The target of SSL6, the membrane receptor 
CD47, has been identified utilizing this method8. 

An alternative, targeted, approach is to purify (hypothetical) secreted proteins and 
screen directly for binding or function based on a hypothesis. Once it was realized that several 
SSLs had direct functions in immune evasion, it was a small stretch to hypothesize that more 
of them could have a possible role therein, which led to the recombinant production of all 
of the proteins to study their functions. In Chapter 2 we have used a targeted approach to 
identify SSL1 and SSL5 as potent inhibitors of the MMP family. It has long been known that 
a wide range of MMPs play a role in protection from bacterial infections6, also for S. aureus. 
Due to their importance in containing staphylococcal infections, we hypothesized that S. 
aureus could secrete inhibitors against the MMP family. We systematically screened over 
76 secreted staphylococcal proteins, including SSL1-SSL11, which revealed that SSL1 and 
SSL5 are broad-range human MMPs inhibitors, thereby limiting neutrophil migration and 
chemotaxis. This screen revealed the first function of a new evasion protein (for SSL1) and 
added to our understanding of SSL5, for which many other interaction partners have already 



| CHAPTER 7

| 162

been described. Similar targeted approaches have also previously identified the function of 
several of the other SSLs, including those of SSL3 and SSL49, SSL510,11, and SSL1012. 

Unraveling the Molecular Mechanisms of Inhibition 
Most immune evasion molecules act through high-affinity protein-protein interactions, 

in a 1:1 ratio with their host target. Thus, to investigate the molecular mechanism of action 
both the host target and bacterial protein need to be examined. One of the most direct ways 
to unravel such an interaction is by crystallization of the complex of interest. Crystallization 
studies with SSLs are generally feasible because of the stable fold adopted by these proteins: 
they consist of a two-domain fold, an N-terminal oligosaccharide/oligonucleotide-binding 
(OB)-fold and a C-terminal β-grasp domain. These common folds in staphylococcal evasion 
proteins render the proteins with a highly stable structure13. Indeed, co-crystal structures 
have been solved for several of the SSLs in complex with their targets: SSL4, SSL5, and 
SSL11 in complex with sialyl Lewis X (sLex)14–16 and SSL7 in complex with IgA and C517,18. 
In Chapter 3 we describe the co-crystal structure of SSL3 and TLR2, which revealed the 
inhibitory mechanism of action for both SSL3 and SSL4. Both ligand binding and subsequent 
dimerization are crucial for downstream signaling through TLR2 and the crystal structure 
of the SSL3-TLR2 complex revealed that SSL3 and SSL4 inhibit TLR2 in a dual mechanism, 
interfering with both processes. Co-crystallization of SSL1 and SSL5 with members of the 
MMP family would be of high interest. MMPs have been crystallized by themselves, and also 
in complex with endogenous MMP inhibitors (the TIMPs), making it likely that crystallization 
with the SSLs would also be possible. 

Even without actual structural data, the experimental results found in Chapter 2 
already give an initial view of the mechanism of MMP inhibition by SSL1 and SSL5. It was 
found that SSL1 and SSL5 most likely bind to the minimal catalytic domain of the MMPs 
and thereby inhibit their function. Furthermore, we found that SSL5, for which multiple 
targets have already been described including PSGL-110, can bind to PSGL-1 and the MMPs 
simultaneously. For the PSGL-1 interaction the sLex binding site (found in the β-grasp 
domain of the SSLs) is of high importance, probably leaving the OB-fold free to interact with 
the MMPs. The TIMPs also contain an OB-fold and thus it is tempting to speculate that they 
might inhibit the MMPs using a similar mechanism, however this will have to be confirmed 
by crystallization studies. 

Crystallization studies are not only helpful in unraveling the mechanism of inhibition, but 
can also clarify the molecular basis of an interaction at an atomic resolution. If a structure is 
solved with sufficient resolution, specific amino acids that are in contact with each other can 
be identified, as shown for SSL3 and TLR2 in Chapter 3. Based on this information mutants 
can be created that can confirm the binding interface. We have done this and confirmed the 
involved amino acid residues for SSL3 in Chapter 3 and for TLR2 in Chapter 4, together 
revealing the full molecular basis of the interaction. 

Species Specificity
The molecular analysis on the TLR2 side of the SSL3-TLR2 interaction in Chapter 4 

also revealed that SSL3 does not target the TLR2 of all species and thus has a limited host 
range. This species specificity of evasion molecules is an interesting concept that is largely 
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related to host adaptation of S. aureus. Overall, S. aureus has the ability to cause disease in a 
wide range of hosts, from humans to other large mammals to avian species, however specific 
staphylococcal clones infect distinct species. This host adaptation is likely caused by gene 
loss, allelic diversification, and the acquisition of mobile genetic elements (MGEs)19. It has 
been recognized that different strains also encode for species-specific evasion molecules, 
as reviewed in Chapter 1. Generally, the species-specific evasion molecules are present on 
MGEs and their distribution is related to the origin of the strain. The ssl family however 
is found in the core genome of S. aureus, distributed over two separate genomic locations 
that are no longer mobile (Figure 1). νSaα encodes ssl1-11 and immune evasion cluster 2 
(IEC2) encodes ssl12-14. These genomic locations are broadly distributed amongst human 
and animal strains and the evasion proteins encoded are often not species-specific. However, 
there is some variability in the presence of the ssls and there is also a high degree of allelic 
variation20. Generally, ssl1-5, and 12-14 are present in most staphylococcal genomes, whereas 
the presence of ssl6-11 is more flexible20–22. ssl3 is amongst the most variable of the SSLs, 
with up to 13 distinct alleles designated and ssl1 and ssl5 have 12 and 5 variants described, 
respectively20. This allelic variation could also be related to host adaptation of the SSLs. 

The main observation in Chapter 4 that bovine TLR2 is not affected by SSL3 was 
surprising to us since ruminants are natural hosts of S. aureus and most isolates from 
ruminant origin also contain the ssl3 gene23,24. Since we used purified SSL3 from a laboratory 
strain of human origin it could be that allelic diversification of ssl3 has occurred in bovine 
strains that result in an SSL3 with altered activity on bovine TLR2. However, in the bovine 
strains that we have examined we found no evidence of allelic diversification in the region 
of SSL3 involved in the interaction with TLR2. Alternatively, evolution could still be ongoing 
in these strains of bovine origin. The lack of available sequence data makes it impossible to 
draw firm conclusions at this point and additional studies examining the ssl3 gene of a large 
set of strains of bovine origin should be performed. For ssl1 and ssl5 the species specificity 
of their interaction with the MMPs also remains to be determined. The ssl5 gene is present 
in strains isolated from cow, goats, sheep, rabbits, and chickens23. Previously identified 
functions of SSL5 have shown to at least function in mice25,26. For ssl1, so far, no studies have 
been published that examine its presence in animal strains. 

Studying Evasion Proteins in in Vivo Models 
In general mice are not susceptible to staphylococcal infections; most infection models 

require up to 107-109 bacteria in order to cause infection, whereas in a natural host as little as 
100 bacteria can be sufficient to cause disease. Coincidentally, a lot of evasion molecules do 
not function in mice, which might partly explain the insensitivity of mice for staphylococcal 
infections27. This limits the option and the interpretation of in vivo studies with evasion 
molecules in mice. Fortunately, most SSLs do affect the murine counterparts of the human 
receptors, making studying their role in pathogenesis in vivo feasible. 

The crystal structure of the SSL3-TLR2 complex described in Chapter 3 was resolved 
with murine TLR2 and thus the role of SSL3 could readily be investigated in mice, as 
explored in Chapter 5. However, our initial studies were complicated by the lack of ssl3 
expression in the murine system. We circumvented this drawback by the generation of a 
super-producing staphylococcal strain that has constitutive ssl3 expression. This strain 
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caused a hyper-virulent phenotype after intravenous infection in mice, thereby revealing 
that SSL3 is a virulence factor in mice when expression is induced. Thus, even though mice 
are not an ideal model in this case, these experiments still allowed us to gain a preliminary 
idea of the action of this molecule in vivo. Moreover, it confirmed the importance of TLR2 
signaling in staphylococcal infections, which had already been demonstrated in previous 
studies utilizing TLR2 knock-out mice.

For the MMP-inhibitory activity of SSL1 and SSL5 it remains to be determined whether 
they inhibit the murine MMPs. Several murine MMPs are readily available for purchase and 
this can thus easily be examined in an activity assay. In vivo studies in mice would be highly 
interesting if SSL1 and SSL5 function on murine MMPs. Studies using MMP knock-out mice 
have already shown that these mice suffer from worse outcomes in staphylococcal infections 
as compared to wild-type mice28. SSL1 also appears to be one of the SSLs that might actually 
be expressed in the murine system (Thänert et al., personal communication). 

Although most in vivo studies are performed in mice for obvious practical reasons, 
moving towards better-suited animal models is also a possibility. For instance, cattle, poultry, 
and rabbits are generally more susceptible to S. aureus and thus might show a more natural 
course of infection and can be further explored as alternative in vivo models. Regardless, 
when choosing a model organism, advantages and disadvantages need to be weighted 
carefully. First and foremost the proper in vitro studies must be performed to make sure 
the protein of interest works and is expressed in the chosen animal model. This to prevent 
unnecessary animal usage, but also to avoid misconceptions on potential virulence and 
possibly underestimate effects of certain factors. Structural data, as presented in Chapter 
3, can predict the probability of interactions of evasion factors with sequenced (if available) 
host targets from different species. These predictions can directly contribute to the selection 
of proper animal models without the requirement of experimental data.  

Evasion Proteins as Therapeutic Targets
As briefly explored in Chapter 1, evasion proteins have a multitude of therapeutic 

applications. Since evasion molecules form the underlying basis of species specificity, they 
must perform an essential role in natural infections and thus could be useful in the prevention 
or treatment of staphylococcal disease itself. Immune evasion proteins make promising 
vaccine targets, since neutralization of evasion factors could aid the host by preventing the 
inhibition of immune function. Furthermore, direct treatment with a neutralizing antibody 
(passive immunization) could be a strategy as well, however due to high costs this is only an 
option in humans and not in other animal species, in contrast to vaccination. An additional 
benefit of passive immunization is that it allows for strategic selection of the antibody. As 
reviewed in Chapter 1, most immune evasion proteins belong to large structurally related 
families and therefore multiple proteins could possibly be targeted at once. A proof of 
principle has been demonstrated for members of the leukocidin family, where a single cross-
reactive antibody is able to neutralize up to five different toxins29. Possibly, a similar strategy 
could be applied to neutralize multiple SSLs at once by targeting a common epitope. It would 
be interesting to further investigate this, although the presence of the many allelic variants 
of the ssls might complicate these studies. Cross-reactivity of natural SSL antibodies has not 
been examined closely as of yet. Natural occurring antibodies against SSL7 and SSL9 did not 
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show any cross-reactivity with each other30. A study by den Reijer et al. observed increases 
in antibody titers against several SSLs although the respective strains lacked the specific 
ssl genes, which could indicate possible cross-reactivity of antibodies between the SSLs21. 
However, we still have no data for many specific SSLs and this should be examined further. 

For proper vaccine and therapeutic research, the choice of an appropriate animal model 
is of high importance. Most vaccine studies are initially performed in mice, which often led 
to the unsuccessful translation of vaccines within the actual host. Thus, while investigating 
therapeutic anti-staphylococcal potential, the animal models need to be carefully chosen 
and species specificity needs to be taken into account. To illustrate this, we were involved in 
the development of a vaccine to target S. aureus bovine mastitis based on immune evasion 
proteins. The original vaccine contained up to seven antigens involved in immune evasion, 
including SSL3. Even though antibody responses against SSL3 were strong and titer increases 
could be measured in both the serum and the milk of vaccinated cows (unpublished data), 
SSL3 makes a poor antigen choice, as realized later based on the research found in Chapter 
4, that clearly shows SSL3 does not function in cows. This underscores the importance of 
investigating species specificity closely. 

On the other hand, the immunomodulatory properties of the evasion molecules make 
them great anti-inflammatory agents able to inhibit aberrant inflammation that underlies 
many disorders. Since most immune evasion proteins are highly immunogenic and even 
antibodies are already present in most humans, it requires the development of molecular 
mimics. We have made initial steps in the development of anti-inflammatory derivatives of 
SSL3 as described in Chapter 6 through generation of bicyclic peptides based on the SSL3-
TLR2 crystal structure revealed in Chapter 3. Therapeutic peptides form an interesting 
class of therapeutics as their properties combine advantages from both small molecules 
and antibodies. Resolving the molecular mechanisms through crystallization studies largely 
supports the development of these targeted therapeutics. 

Besides applications in anti-inflammatory strategies, several SSL-derived therapeutics 
might be useful in the treatment of cancer. For instance, it has long been realized that 
(aberrant) MMP activity can promote cancer progression, by affecting processes including 
migration, invasion, metastasis, apoptosis, and growth signals, as reviewed extensively31. 
Therefore, SSL1 and SSL5 derived compounds might be promising therapeutic targets. 
Furthermore, SSL5 has shown to limit activation of cancer cells in vitro through its interaction 
with PSGL-132. SSL6 and SSL10 also have targets (CD47 and CXCR4, respectively) that have 
been described to be involved in cancer and blockage of these receptors has been shown to 
have beneficial anti-oncogenic effects12,33. 

Although there is a wide range of possibilities for therapeutic targeting, it needs to be 
realized that these immune targets ensure normal immune cell functioning and are highly 
important in anti-microbial defense. Thus, caution needs to be taken and the effects would 
have to be examined carefully in a suitable (animal) model in which possible adverse 
reactions are monitored closely. 
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SSLs: Diversity and Specificity
The 14 different SSL proteins share several characteristics, including their structure and 

sometimes even interaction partners. The family most likely arose from gene duplication 
and their stable structural fold allowed for sequence divergence, which finally resulted in 
the wide variety of functions and targets, and also probably in the large amount of allelic 
variants of the different ssl genes. Up until ten years ago, no functions had been assigned 
to any of the family members, but in recent years host targets have been found for most 
SSLs, as indicated in Figure 1A. SSL1/5, SSL3/4, and SSL5/11 have all shown to share target 
molecules and SSL5 has the largest number of interaction partners described so far. From 
the SSLs located on νSaα, only for SSL2 and SSL9 functions remain to be determined. The 
SSLs found on IEC2 (12-14) have not been investigated as thoroughly yet as those on νSaα, 
however our laboratory has started the purification of these proteins and hopefully functions 
will be assigned in the near future.

Due to the wide variety of targets of SSLs, it is not surprising that they engage their 
binding partners in very distinct ways, and binding sites are found all over the SSL molecule, 
as can be seen in Figure 1B. Both the OB-fold and the β-grasp domain have shown to be 
involved in the interactions and the two domain structure also enables the SSLs to bind to 
multiple targets simultaneously, as has been demonstrated previously for SSL7 (IgA and C5) 
and now also for SSL5 (PSGL-1 and MMPs). This strategy of binding multiple targets at once 
can result in synergy; for example, both C5 and IgA binding are required for full complement 
inhibition by SSL718,34. For SSL5 a similar mechanism could be possible, where its binding to 
PSGL-1, which is highly expressed on neutrophils, could increase local SSL5 concentrations, 
which in turn can more effectively inhibit MMPs upon secretion from neutrophils. 

To date four co-crystal structures of SSLs with their targets have been revealed, as 
shown in Figure 1B: that of SSL3 and TLR2, SSL7 and IgA, SSL7 and C5, and SSL4, 5, and 11 
in complex with sLex. The N-terminal OB-fold of the SSLs has been shown to be important 
for TLR2 binding as well as immunoglobulin binding (IgA-SSL7 and IgG1-SSL10), and is 
also probably involved in the interaction with the MMPs. The C-terminal β-grasp domain is 
involved in binding to complement factors, including C5 (which has been crystallized)18 and 
has also been demonstrated to be involved in the interaction with C435. An alternate binding 
site found in the β-grasp domain is the sLex binding domain, which is shared between many 
SSLs (Figure 1). This provides the SSLs with the possibility to bind to various glycoproteins. 
Most interactions of SSL5 and SSL11 appear to be fully dependent on this glycan-binding 
motif since removal of sLex residues abrogates binding to most of their targets. Even though 
the glycan-binding motif is shared, the SSLs do not necessarily bind to the same glycoproteins; 
this indicates some degree of specificity. This points to either subtle differences in glycan 
recognition or the involvement of other regions of the SSL that confer further specificity. 
Thus, SSL mediated interactions with their respective targets can be fully protein-protein, 
protein-glycan mediated, or a combination thereof. For several targets, that do contain a 
glycan-binding motif, this area has shown not to be involved in the formation of the specific 
complex, but might still have important functional consequences. The sugar-binding motif 
might serve an additional, less-specific, role, in which local concentrations at the cell surface 
of immune cells, which are highly glycosylated, could be ensured.

Thus, although the SSLs are all involved in immune evasion, they show a remarkable 
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B

Figure 1 | Immune evasion by SSLs. (A) The SSLs are located on two separate genomic locations: νSaα 
(upper) and IEC2 (bottom). The SSLs of which targets have been identified are shown in green and the SSLs 
with unknown targets are shown in black. The sLex binding site is shown in pink and the respective targets of 
each SSL are shown in the light gray boxes. (B) Co-crystal structure of a general SSL molecule in complex with 
either IgA Fc (light blue, PDB 2QEJ17), C5 (light purple, PDB 3KLS18), TLR2 (light green, PDB 5D3I44), and sLex 
(ball and stick, PDB 2RDG16). The OB-fold of the SSL molecule (red) and the β-grasp domain (light orange) are 
indicated. The targets that most likely bind to the indicated domains are shown in a light gray box connected 
to the respective domain. 
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variety in target binding, have diverse interaction partners, and interfere with the immune 
system at many different stages. This means that the SSLs probably have an important and 
diverse role in bacterial virulence. 

SSLs in Staphylococcal Virulence
It has become clear that staphylococci secrete a wide arsenal of immune evasion 

proteins with highly varying host targets and functions. The amount of factors is astounding 
but it also directly reflects the versatility of the bacterium. Indeed, S. aureus can cause a 
multitude of different infections, ranging from mild skin infections to serious systemic 
infections36. Besides being a pathogen it is also a commonly found commensal on the skin 
or in the nose: approximately 30% of the population carries S. aureus without developing 
concurrent disease37. To successfully thrive as both a commensal and a pathogen as well 
as to adapt to highly different lifestyles, in different hosts; staphylococci require the ability 
to adjust quickly to changing environmental conditions. The multitude of virulence factors 
and evasion molecules produced by S. aureus allow it to survive the extreme conditions 
encountered within hosts. 

Although most evasion proteins have been studied in relation to pathogenesis, they could 
also play a role in colonization and preventing immune memory responses. To illustrate, 
using SSL3 and TLR2 as examples, avoiding TLR signaling can be important to prevent 
initial bacterial recognition. This might allow the bacteria to replicate for extended periods 
of time without alerting the immune system, causing a delay in immune activation, which 
can result in enhanced pathogenicity. However, the dampening of TLR responses might also 
be useful for commensals to prevent immune clearance and ensure successful colonization. 
Additionally, TLR signaling is described to be involved in the successful generation of 
memory responses by linking innate and adaptive immunity38. Therefore, interference with 
TLR signaling might prevent the generation of a proper immune memory. These are just 
examples for TLR2, but similar situations could hold true for other SSL targets and it would 
be interesting to investigate this further.  

Thus, when and where throughout staphylococcal pathogenesis (or colonization) the 
SSLs are important is still not fully understood. Up-regulation has been described under 
multiple conditions, including exposure to whole blood, during bacteremia, during pore-
mediated stress, and upon contact with neutrophils39–41 and overproduction of SSLs has 
been associated with increased virulence39,40,42,43. Nonetheless the amount of studies 
looking into this are limited. Although most SSLs are found adjacent to each other on the 
staphylococcal genome, they each contain their own promoter region, indicating they are 
regulated separately, which gives the possibility for differential expression. Thus they might 
play roles in different stages of infection. Moreover, differential expression could also explain 
the redundancy of multiple SSLs having the same targets. The majority of the functions of 
SSLs discovered thus far revolve around inhibiting neutrophil function, which is the most 
important effector cell in staphylococcal infections. Now that most functions have been 
revealed, the expression of the SSLs and their exact role in staphylococcal virulence should 
be further explored in the coming years. 
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CONCLUDING REMARKS |

The research described in this thesis illustrates immune evasion strategies of 
staphylococci, using the structurally related but functionally diverse family of SSLs as an 
example. The most striking characteristic of the family is that they can bind to a wide variety 
of targets within the immune system. In this thesis, we have identified new functions for the 
SSLs, unraveled their molecular mechanisms of action, looked into the species specificity of 
the molecules, and studied their virulence in vivo. Finally, we have examined the potential of 
the SSL family as therapeutic targets, to control S. aureus disease and target inflammatory 
disorders. New intervention strategies for bacterial diseases will be of great value in this era 
of rising antibiotic resistance.  
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IN HET KORT 

Het immuunsysteem is een verdedigingsmechanisme dat ons lichaam beschermt tegen 
indringers van buitenaf om te voorkomen dat we ziek worden. Aan de andere kant proberen 
ziekteverwekkers, zoals bacteriën of virussen, door deze verdediging heen te dringen. 
Staphylococcus aureus (S. aureus) is een bacterie die ernstige infecties kan veroorzaken en 
erg goed is in het omzeilen van het immuunsysteem, doordat het ontzettend veel stoffen 
(immuun evasie eiwitten) produceert die het afweermechanisme uitschakelen. Deze stoffen 
zijn vaak vooral gericht om het aangeboren immuunsysteem, de snelste tak van de menselijke 
afweer, te omzeilen. De familie van de staphylococcal superantigen-like proteins (ofwel de 
SSLs) is een voorbeeld van deze immuun evasie eiwitten. S. aureus maakt 14 verschillende 
SSLs, met allemaal andere functies. In dit proefschrift hebben we nieuwe functies van enkele 
SSLs bepaald en uitgezocht hoe ze precies werken. Ook hebben we gekeken naar SSLs in een 
diermodel om te bestuderen wat voor een effect ze hebben in een levend wezen. Al deze 
kennis is noodzakelijk om de relatie tussen bacterie en immuunsysteem beter te begrijpen 
en kan bijdragen aan het ontwikkelen van behandelingen tegen S. aureus infecties, iets 
wat hard nodig is nu de bacterie steeds resistenter wordt tegen antibiotica. Daarnaast kan 
kennis over de SSLs ons helpen bij het bestrijden van ziekten waarbij het immuunsysteem 
overactief is, zoals bijvoorbeeld het geval is bij auto-immuun aandoeningen. Hierbij kunnen 
we gebruik maken van het immuun remmende principe van de evasie eiwitten. 

INTRODUCTIE 

Op en in ons lichaam leven miljarden bacteriën. Meestal zijn deze bacteriën ongevaarlijk 
en veroorzaken ze dan ook geen infecties. Vaak is het zelfs gunstig om deze bacteriën bij 
je te hebben, aangezien ze kunnen bijdragen aan belangrijke functies in ons lichaam, zoals 
bijvoorbeeld de spijsvertering, of ervoor kunnen zorgen dat gevaarlijke ziekteverwekkers 
(zoals andere bacteriën of virussen) geen kans krijgen. Staphylococcus aureus (S. aureus) 
is een bacterie die veel voorkomt bij mensen op de huid en/of in de neus. Echter, deze 
bacterie is niet compleet ongevaarlijk en kan ook ernstige infecties veroorzaken, deels 
omdat hij ontzettend goed is in het ontwijken van het immuunsysteem (ook wel immuun 
evasie genoemd). Hierdoor kan het immuunsysteem niet op tijd ingrijpen op het moment 
dat de bacterie ergens terechtkomt waar deze niet hoort, bijvoorbeeld in een wondje of 
in het bloed. Daarnaast wordt S. aureus steeds resistenter tegen verschillende antibiotica, 
wat het behandelen van infecties steeds moeilijker maakt. Relatief simpele infecties 
kunnen daardoor uitlopen in levensgevaarlijke aandoeningen. Deze antibiotica resistente 
variant is ook wel bekend in de media als MRSA (methicilline-resistente S. aureus) of de 
‘ziekenhuisbacterie’, aangezien deze in eerste instantie opdook in ziekenhuizen. Door deze 
antibiotica resistentie en het feit dat er tegen S. aureus geen werkend vaccin beschikbaar is, 
is het noodzakelijk is om nieuwe medicijnen te ontwikkelen en veel onderzoek te doen naar 
de interactie tussen S. aureus en het immuunsysteem. 

Voor een goedwerkend immuunsysteem en het opruimen van S. aureus zijn witte 
bloedcellen, en dan met name de zogenaamde neutrofielen, van groot belang. Deze cellen 
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kunnen bacteriën opnemen (ook wel fagocyteren genoemd) en onschadelijk maken waardoor 
de infectie opgelost wordt. Om hun werk goed te kunnen doen moeten de neutrofielen, die 
zich verspreid over het bloed bevinden, geactiveerd worden en aangetrokken naar de plaats 
van infectie (waar de bacterie zit). Hiervoor moet er op de eerste plaats herkenning zijn 
van de bacterie. Het immuunsysteem herkent bacteriën door globale patronen (bacteriële 
onderdelen), die niet op onze eigen cellen voorkomen. Het immuunsysteem gebruikt voor 
deze herkenning een aantal sensoren, de zogeheten ‘patroonherkenningsreceptoren’, 
waaronder de ‘toll-like receptoren’ (TLRs) vallen. Wanneer deze receptoren een bacterie 
herkennen, wordt een immuun reactie actief die begint met het uitscheiden van lokstoffen 
(ook wel cytokines of chemokines genoemd). Deze stoffen activeren immuun cellen, zoals 
neutrofielen, en lokken ze naar de plaats van de infectie. Omdat een infectie zich vaak buiten 
het bloed bevindt, moeten de neutrofielen uit de bloedbaan treden en door weefsel heen 
verplaatsen om op de plek van infectie terecht te komen. Om een weg vrij te maken zodat 
ze door het weefsel kunnen bewegen scheiden neutrofielen enzymen uit, de zongenaamde 
‘matrix metalloproteinases’ (MMPs). Deze enzymen knippen onderdelen van weefsel (de 
extracellulaire matrix) wat een opening geeft voor immuun cellen om doorheen te bewegen. 
Daarnaast kunnen deze MMPs ook de lokstoffen extra actief maken om zo de neutrofielen 
nog beter naar de plaats van infectie te sturen. Zodra de neutrofielen op de plek van infectie 
zijn aangekomen, kunnen ze de bacteriën fagocyteren (opnemen). Om fagocytose efficiënt 
te laten verlopen is het nodig dat de bacteriën gemarkeerd worden als indringer, zodat ze 
opgeruimd worden. Belangrijke onderdelen van het immuunsysteem hierbij betrokken zijn 
antilichamen en complement die op het oppervlakte van bacteriën binden. Immuun cellen 
herkennen deze antilichamen en complement onderdelen en gaan dan over tot fagocytose 
van de bacterie. Dit proces van het markeren van de bacterie wordt ook wel opsonisatie 
genoemd. 

Er zijn dus ontzettend veel processen betrokken bij een goede functie van het 
immuunsysteem. S. aureus speelt hier slim op in en produceert een heel arsenaal aan 
stoffen (ook wel de immuun evasie eiwitten genoemd) die zorgen voor remming van het 
immuunsysteem. Deze evasie stoffen belemmeren bijna alle eerder beschreven processen. 
Zo zorgt de bacterie ervoor dat hij niet wordt gevonden door het immuunsysteem en maakt 
daarbij zijn overlevings- en verspreidingskansen zo groot mogelijk. Helaas kan de bacterie 
daardoor ook tegelijkertijd voor vervelende en soms levensbedreigende infecties zorgen. 
Momenteel zijn er al meer dan 35 verschillende immuun evasie eiwitten beschreven van S. 
aureus, met hele diverse functies, maar allemaal gericht op het belemmeren van een goede 
immuunreactie. 

IN DIT PROEFSCHRIFT 

In Hoofdstuk 1 van dit proefschrift hebben we al deze eiwitten en hun functies 
besproken. Onder de immuun evasie eiwitten bevindt zich de familie van de staphylococcal 
superantigen-like (SSL) eiwitten. Deze familie bestaat uit 14  leden (SSL1-SSL14) die op het 
eerste gezicht erg op elkaar lijken en waarvan ook de genen vlak bij elkaar liggen in het DNA 
van S. aureus. Ze hebben echter hele uiteenlopende functies. Van veel van deze eiwitten is de 
functie al bekend: SSL3 en SSL4 remmen de patroonherkenningsreceptor TLR2 en voorkomen 
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zo herkenning van bacteriële lipoproteïnes (een combinatie van vetten en eiwitten, specifiek 
voor bacteriën). Zo zorgt de bacterie dat hij niet herkend wordt door het immuunsysteem. 
Voor SSL5 zijn verschillende functies beschreven: het belemmert onder andere het uittreden 
van witte bloedcellen uit de bloedbaan. Dit zorgt ervoor dat de neutrofielen niet meer aan de 
wand van het bloedvat kunnen binden en zo niet goed op de plaats van infectie kunnen komen. 
Ook zorgt SSL5 ervoor dat de lokstoffen van het immuunsysteem niet meer herkend kunnen 
worden door immuun cellen. SSL7 en SSL10 voorkomen de herkenning van antilichamen 
en remmen het complement systeem, beiden processen belangrijk voor opsonisatie en dus 
fagocytose van bacteriën. SSL11 hindert net als SSL5 de neutrofiel verplaatsing uit het bloed 
en het bindt daarnaast aan belangrijke moleculen van het immuunsysteem betrokken bij de 
herkenning van antilichamen. Zo zorgen de SSLs op heel veel verschillende manieren ervoor 
dat immuunreacties geremd worden. Van nog niet alle SSLs is de functie bekend en het is 
dan ook nog steeds belangrijk hier onderzoek naar te doen, om nog beter te begrijpen op 
wat voor een manieren S. aureus ons immuunsysteem weet te omzeilen. Daarnaast weten 
we van veel SSLs niet hoe ze precies remmen en kennis hierover is heel belangrijk, omdat 
het remmen van SSLs mogelijk als therapie voor S. aureus infecties kan worden gebruikt. Het 
bestuderen van de SSLs in diermodellen kan ook nuttig zijn om in een levend wezen (ook 
wel in vivo genoemd) te kijken naar S. aureus infecties en naar de rol van de SSLs daarin, wat 
ons dichterbij een natuurlijke situatie brengt dan alleen proeven in een laboratorium (ook 
wel in vitro proeven genoemd). In dit proefschrift hebben we onderzoek gedaan naar de 
familie van de SSLs door de verschillende bovengenoemde aspecten te bestuderen.

Voor nog niet alle SSLs zijn functies beschreven en de eerste tak van onderzoek is 
dan ook het achterhalen van de functies van deze SSLs. In Hoofdstuk 2 beschrijven we de 
ontdekking van nieuwe doelwitten van SSLs in het immuunsysteem. Daarmee hebben we 
een nieuwe manier ontdekt waarop S. aureus het immuunsysteem te slim af weet te zijn. 
doordat de bacterie ervoor zorgt dat de neutrofielen niet meer goed hun werk kunnen doen. 
We laten zien dat SSL1 en SSL5 de familie van de MMPs remmen, waardoor migratie van 
neutrofielen door weefsels wordt bemoeilijkt en ook de activatie van de lokstoffen beperkt. 
Hierdoor kunnen neutrofielen niet meer goed hun werk doen. Voor SSL1 is hiermee voor het 
eerst een functie ontdekt. Voor SSL5 waren al meerdere functies bekend en blijkt dit dus nog 
een extra functie te zijn. 

Als de functie van een evasie eiwit eenmaal bekend is, rijst al snel de volgende vraag, 
namelijk hoe de remming dan precies plaats vindt. Meestal bindt een evasie eiwit van S. 
aureus direct aan een component van het immuunsysteem. Daardoor voorkomt het dat 
deze component van het immuunsysteem zijn normale functie kan uitoefenen, bijvoorbeeld 
doordat het in de weg zit. Hoe deze eiwitten aan elkaar binden (een bacterieel eiwit en een 
immuun component) kan door middel van zogenaamde kristallografische studies worden 
bepaald. In deze studies wordt de structuur opgehelderd van een complex van bacterieel en 
immuun eiwit. Zo kan er exact gezien worden hoe deze eiwitten aan elkaar binden en ook 
waarom precies de immuun functie wordt belemmerd door het evasie eiwit. In Hoofdstuk 
3 hebben we dit gedaan voor SSL3 en zijn bindingspartner TLR2 door de kristalstructuur 
van het complex op te lossen. Dit liet zien dat SSL3 precies bindt op de plaats van TLR2 
waar normaal de bacteriële patronen binden die de receptor zouden activeren. Daarnaast 
moeten TLRs om actief te worden en om daarmee het immuunsysteem aan te zetten 
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een koppel vormen met een andere TLR (dit wordt ook wel dimerisatie genoemd). SSL3 
voorkomt niet alleen de binding van bacteriële patronen, maar zit ook precies op de plek 
waar de tweede TLR zou komen bij het vormen van een koppel. Zo voorkomt SSL3 ook de 
dimerisatie en remt het op twee manieren de activatie van TLR2. Ditzelfde geldt voor SSL4. 
Naast het begrijpen van het remmingsmechanisme kunnen kristallografische studies ook 
precies vertellen welke delen van de eiwitten (welke aminozuren) precies aan elkaar binden 
en zo kan de moleculaire basis van de remming worden opgelost. Dit kan van belang zijn 
bij het ontwikkelen van therapeutica, waarbij dan heel precies de binding van SSLs aan 
patroonherkenningsreceptoren kan worden verstoord, waardoor deze TLRs hun rol weer 
kunnen vervullen en de functie van het immuunsysteem hersteld.  

In Hoofdstuk 4 hebben we verder ingezoomd op het moleculaire mechanisme achter de 
binding van SSL3 aan TLR2, door te kijken naar verschillen tussen diersoorten. S. aureus kan 
naast mensen ook allerlei andere diersoorten infecteren. Er zijn echter wel veel verschillen 
tussen een S. aureus bacterie die mensen infecteert en bijvoorbeeld een S. aureus die koeien 
infecteert. Er zijn dus sub-soorten van S. aureus, met elk een voorkeur voor een bepaalde 
diersoort. Deze verschillende sub-soorten van S. aureus hebben vaak ook verschillen 
in de immuun evasie eiwitten die ze maken. Dit komt omdat het immuunsysteem tussen 
diersoorten ook verschillend is, waardoor S. aureus zich aangepast heeft aan zijn specifieke 
gastheer. We hebben onderzocht of SSL3 in meerdere diersoorten actief is. Hieruit bleek dat 
verschillen in TLR2 receptoren tussen dieren ook zorgen voor verschillen in de capaciteit 
van SSL3 om TLR2 van verschillende soorten te remmen. Zowel menselijk TLR2 als dat van 
muizen wordt bijvoorbeeld goed geremd door SSL3, maar koeien TLR2 wordt helemaal niet 
geremd. Omdat de precieze aminozuren van TLR2 per diersoort bekend zijn, gaven deze 
verschillen meer inzicht in welke aminozuren betrokken zijn bij de interactie tussen SSL3 
en TLR2 aan de TLR2 kant. 

Nu het precieze mechanisme achter de interactie tussen SSL3 en TLR2 achterhaald is, 
blijft de vraag wat het daadwerkelijke effect van SSL3 is in het lichaam (dus in vivo). Hiervoor 
kunnen proeven in diermodellen gedaan worden. De keuze van een geschikt diermodel is 
erg belangrijk omdat in Hoofdstuk 4 bleek dat SSL3 niet in elke diersoort even goed werkt. 
Als het immuun evasie eiwit wat je wilt onderzoeken niet goed functioneert in het gekozen 
diermodel, zal het experiment geen betrouwbare resultaten opleveren. Daarnaast is het ook 
ontzettend zonde om een diermodel te gebruiken wat niet geschikt is omdat dit zorgt voor 
onnodig proefdierenleed en gebruik. In Hoofdstuk 5 beschrijven we het gebruik van de 
muis om het effect van SSL3 in vivo te bepalen. Omdat SSL3 ook werkt op muizen TLR2, 
zoals aangetoond in Hoofdstuk 4, kan de muis gebruikt worden als een modeldiersoort. Dit 
model liet zien dat productie van SSL3 de bacterie een stuk gevaarlijker (pathogener) maakt 
en dus dat SSL3 bijdraagt aan het ziekmakend vermogen van S. aureus in het lichaam. 

In dit proefschrift hebben we ook de mogelijkheden bekeken om immuun evasie 
eiwitten in therapieën te gebruiken. Dit kan zijn tegen S. aureus zelf, door bijvoorbeeld de 
SSLs in een vaccin te stoppen. Na vaccinatie worden antilichamen geproduceerd tegen de 
SSLs waardoor het immuunsysteem de SSLs sneller kan herkennen en direct kan opruimen, 
waardoor ze hun remmende functie niet meer kunnen uitoefenen. Verder bestuderen 
we in dit proefschrift de mogelijkheden om de SSLs te gebruiken voor het bestrijden van 
immuun aandoeningen, waarbij er sprake is van een over-activatie van het immuunsysteem 
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(denk bijvoorbeeld aan auto-immuunziektes). Aangezien de immuun evasie moleculen 
van S. aureus van nature ontworpen zijn om immuun activatie te remmen, kunnen we dit 
principe gebruiken om eventuele over-activatie te remmen, wanneer dit lijdt tot ziekte. 
Het nadeel is dat je de evasie eiwitten niet direct therapeutisch kan gebruiken aangezien 
ze uiteindelijk herkend worden door het immuunsysteem en uitgeschakeld. Dus moeten ze 
worden nagemaakt door stoffen die niet herkend kunnen worden door het immuunsysteem. 
In Hoofdstuk 6 hebben we fragmenten van SSL3 nagemaakt in het laboratorium, op basis 
van de kristalstructuur die we in Hoofdstuk 3 hebben opgehelderd. We hebben aangetoond 
dat deze synthetische SSL3-fragmenten (ook wel gestructureerde peptiden genoemd) 
de binding van bacterieel SSL3 met TLR2 kunnen verstoren. We hebben echter nog geen 
remming van TLR2 activiteit gemeten na het toevoegen van deze fragmenten en ze kunnen 
dan ook nog niet de SSL3 activiteit nabootsen. Hier is dus meer onderzoek naar nodig maar 
het zijn beginstappen in het ontwikkelen van potentiele therapeutica. 

Kortom, in dit proefschrift hebben we gekeken naar diverse aspecten van immuun 
evasie door S. aureus, zoals ook in Hoofdstuk 7 bediscussieerd. De verkregen kennis draagt 
bij aan het begrijpen van de interactie tussen gastheer en bacterie, wat mogelijkheden geeft 
voor de ontwikkeling van nieuwe therapieën. De evasie eiwitten kunnen bijvoorbeeld in 
vaccins gebruikt worden om S. aureus infecties te voorkomen, door het immuunsysteem te 
versterken, of aan de andere kant gebruikt worden in het behandelen van immuunziekten 
waarbij er sprake is van over-activatie van het immuunsysteem.
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Fin. Het is af! Na vier en een half jaar knokken, maar gelukkig ook veel genieten, kan ik 
dan nu het eindresultaat bewonderen. Dat dit boekje af is gekomen én dat ik zo’n fijne tijd 
heb gehad tijdens het maken ervan, heb ik aan heel veel fantastische mensen te danken – dus 
hierbij het belangrijkste (en meest gelezen) onderdeel van mijn proefschrift, het dankwoord!  

Jos, waar moet ik beginnen? Zonder jou was er nooit een boekje geweest, aangezien jij 
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toch echt niet promoveren”. Ik was al gewaarschuwd dat jij goed was in mensen overtuigen 
en inderdaad, ondanks mijn gesputter hield jij voet bij stuk dat deze positie toch wel wat 
voor mij was. Ik ben je zo ontzettend dankbaar dat je dit hebt gedaan en dat je potentie in mij 
zag, toen ik dat zelf nog moest leren inzien. Je hebt een fantastische groep opgebouwd met 
mensen die ontzettend goed bij elkaar passen, waardoor de sfeer in onze groep geweldig is. 
Dankjewel ook voor de vrijheid die je mij gaf om dingen op mijn eigen manier aan te pakken. 
En voor het besef dat aan het einde van de dag het vooral leuk moet zijn om onderzoek te 
doen en te promoveren. Lol in je werk is het allerbelangrijkste zeg jij altijd en toen ik dat 
ook doorhad (dit duurde even) werd mijn promotieonderzoek ontzettend veel leuker. De 
laatste anderhalf jaar kan ik dan ook echt zeggen dat ik ervan heb genoten (meestal dan). 
Bedankt voor je altijd motiverende en inspirerende woorden, super om jou als promotor 
en mentor te hebben. Ook hartelijk dank voor Lisette, voor alle heerlijke etentjes en het 
gastvrije welkom in jullie huis.  

Carla, ik ben super blij met jou als copromotor! Bedankt voor alle fijne besprekingen, 
de inspiratie voor de projecten, en alle hulp door de jaren heen, ook op het einde met onder 
andere jou mega snelle cellijnproducties (wauw!). Maar zeker ook voor de gezelligheid en 
het even binnenlopen wat zo kon uitdraaien op een half uur kletsen (over werk of soms 
ook niet). Wij snappen elkaar altijd heel snel en hebben veel gemeenschappelijke interesses, 
inclusief een poging doen om de hele wereld te zien. Het was echt geweldig leuk om met jou 
samen te werken de afgelopen jaren en ik hoop dat we dat komend jaar ook nog blijven doen. 

Kok, jij bent echt de held van het lab (ook al zie je dat zelf niet zo). Eigenlijk ben je 
onofficieel ook een beetje mijn tweede copromotor geweest afgelopen jaren. Ik ben je onwijs 
dankbaar voor al je nuttige advies, het meedenken aan experimenten, af en toe een goede 
reality check, en dat ik altijd bij jou kon binnenlopen, voor een gezellig praatje, of half in 
paniek als er een apparaat opeens stuk was. Dankjewel voor alles, zonder jou was dit boekje 
heel anders geweest!

Ik wil graag Prof. dr. Dominique de Kleijn,  Prof. dr. Marca Wauben, Prof. dr. Jos van 
Putten, Prof. dr. Peter Timmerman, en Dr. Eric Huizinga ontzettend bedanken voor het 
lezen en beoordelen van dit proefschrift. Ik kijk uit naar de discussies op de 22e!

Lieve paranimfen, super dat jullie op de grote dag naast mij staan! Nienke, we kennen 
elkaar nu al bijna 10 jaar. Samen de bachelor biomedische wetenschappen, samen de master 
I&I (met ook nog samen een stage) en daarna moesten we dan ook wel onze PhD samen in 
dezelfde groep doen. Bedankt voor je vriendschap en steun al die tijd. En met jouw PhD en 
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je mooie SPINnetje gaat het ook goedkomen, dat weet ik zeker! Shanti, wat ontzettend leuk 
om jou naast me te hebben op deze dag! De interesse die jij altijd in mijn onderzoek toont 
vind ik super bijzonder. Daarnaast ben ik mega trots op jou, hoe jij hebt doorgezet, je droom 
hebt waargemaakt, en nu gewoon huisarts in opleiding bent. Inspirerend! Bedankt voor je 
vriendschap de afgelopen 15 jaar. Straks mag jij lekker alle moeilijke vragen beantwoorden 
die ik niet weet (haha)! Manouk jij hoort hier toch ook bij, samen begonnen en nu ook samen 
naar de finish “lime”. Niet helemaal zoals gepland, maar dat maakt niet uit, je bent een topper. 
We begonnen samen met de koeien in de stal (met die vervelende rooie..) en hebben samen 
supermooie publicaties gemaakt afgelopen jaren! Je bent in die jaren veel meer geworden 
dan een collega en nu een van mijn beste vrienden. Ik ga je ontzettend missen als je eenmaal 
aan je avontuur in Edinburgh bent begonnen, maar weet zeker dat jij daar een fantastische 
tijd gaat hebben samen met Lindert. 

Dan onze fijne groep, zoals ik hierboven al beschreef, wat een heerlijke omgeving om 
in te werken. Allereerst, Karlijn, bedankt voor al je hulp met alle praktische zaken, zo fijn 
dat we altijd op jou kunnen rekenen. Adinda, ontzettend bedankt voor al je inzet tijdens het 
MMP hoofdstuk! Ik ben oneindig blij met je hulp de laatste maanden. Ik vind het echt heel 
leuk dat we in de toekomst nog meer samen gaan werken. Lieve Annemarie, we hebben het 
toch maar even gedaan!! Hadden we beiden even niet gedacht halverwege, ik ben daarom 
ook super trots op ons. Ik vond het fantastisch om paranimf bij jouw promotie te zijn (zo 
trots!), behalve dan dat je nu weg bent op het lab en dat ik je aanwezigheid ontzettend mis. 
Anneroos, stuiterbal met energie, heel gezellig dat je bij ons bent gebleven na je stage! Ik 
heb heel veel zin om straks samen te gaan werken. Bart, leuk om het SSL3 stokje van jou 
over te hebben genomen, bedankt voor al je nuttige input voor mijn boekje en daarnaast 
voor alle gezellige drankjes en dansjes. Dani, Bami, wat ben je leuk, jouw enthousiasme voor 
alles is fantastisch om te zien en ik word altijd vrolijk van jouw aanw ezigheid. Ik kijk al uit 
naar nog meer gezellige (salsa) dansjes samen. Daphne, ik mis je aanwezigheid ontzettend, 
maar gelukkig zien we je af en toe even verschijnen en is Londen niet zo heel ver weg. Heel 
veel succes nog met het tweede jaar van je post-doc, gaaf hoor! Evelien, ik heb onwijs veel 
aan jouw steun en motiverende woorden gehad de eerste drie jaar van mijn PhD. Ik vind 
het super stoer dat je een post-doc bent gaan doen in New York, maar wel heel jammer jou 
hier te moeten missen. Kaila, I feel like we have a lot in common (including our love for 
PLL and cats), it has been great to get to know you. Lindert, bedankt voor alle hulp met 
statistiek, dat kon ik hard gebruiken, succes in Edinburgh! Lisette, dank voor je hulp met de 
fagen, helaas (nog) geen hits, maar that’s science! Maartje, jij bent echt een duizendpoot en 
iedereen kan altijd bij jou terecht voor vragen, ontzettend bedankt voor al je hulp en geduld! 
Michiel, bedankt voor je enthousiasme en het altijd organiseren van leuke dingen, heel leuk 
dat je even bij onze groep kwam, je wordt gemist op de afdeling! Piet, bedankt voor alle 
gezellige eiwit isolaties die we samen hebben gedaan en al je hulp door mijn hele PhD heen. 
We hebben toch maar even mooi die 13 (!) SSL3 mutanten gemaakt in een weekje! Reindert, 
super leuk dat je nu je eigen groep hebt in Wageningen en gelukkig komen we elkaar soms 
nog tegen op congressen. Ron, thank you for the beautiful images in this thesis and your 
work on the review, it’s been great working and hanging out with you. Besides really fun 
people, you and Kaila are both great scientists and I hope you will both find the position 
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you are looking for back in the states, but I am happy you will still be with us for a while 
longer. Seline, C-lion, Saline, Sealion, je bent een super leuke aanvulling op onze groep en 
naast de science ook altijd in voor leuke dingen (en tja, dan is naar huis gaan soms moeilijk). 
Suzan, leuk om na jou op de ISSSI te mogen spreken. Volgens mij vergeet jij mijn gebibber 
nooit meer, maar ik vond het fijn te zien dat zelfs jij het ook wel even spannend vond in die 
intimiderende zaal. Bedankt voor je input tijdens werkbesprekingen.

Mijn studenten: ontzettend leuk om jullie begeleid te hebben en bedankt voor al het 
werk wat jullie gedaan hebben. Shanty, jouw project was zo ontzettend lastig en ik vond 
het heel bijzonder dat je toch altijd bleef doorzetten en zo gemotiveerd bleef. Je hebt nu zelf 
een te gekke promotie plek – heel veel succes. Wiedjai, kort maar krachtig was jouw stage, 
bedankt voor het maken van onze ‘super-stammen’, daar zijn toch echt hele mooie resultaten 
uitgekomen! Esther, bedankt voor je inzet en wat een doorzettingsvermogen heb jij zeg! 

Daarnaast wil ik ook alle andere groepsleden bedanken voor de leuke tijd, de nuttige 
werkbesprekingen, en alle input! Ad, András, Angelino, Bas, Dennis, Elise, Erik, Fernanda, 
Ilse, Jovanka, Julia, Karita, Manouk, Nienke, Nina, Pieter-Jan, Rob, Samantha, Susan, 
Vincent, en Yuxi, ontzettend bedankt! 

Niet alleen onze groep is zo fijn, maar de hele medische microbiologie afdeling. Ik 
kan helaas niet iedereen persoonlijk bedanken, dus hierbij: allen bedankt voor alle hulp, 
leuke buitendagen, koepels, koffiepot donderdagen, (kerst/dinsdagavond/vrijdagmiddag)
borrels, en weekendjes weg. Wat ben ik blij dat ik nog niet wegga en nog meer leuke dingen 
met jullie kan doen komende tijd! Anne (it was so much fun being paranimfen together for 
Annemarie, you and your crazy efficiency! Can’t believe all three of us are doctors now!), 
Eveline (respect voor jou! Wat heb je het goed gedaan en straks lekker lang op reis, hard 
verdiend!), Jery (bedankt voor alle hilarische photoshops), Rutger (thanks-no-thanks voor 
altijd meer bier halen en de hoofdpijnen na de trippel K’s, succes in de USA!), Soppe (dank 
voor al je fijne droge humor, ga je nou op dansles?). 

Lieve kamergenootjes, bedankt voor al jullie steun en de gezelligheid in de kamer. 
Allereerst de roomies van mijn eerste kamer: Ingrid, Lisette, Maartje, en Wouter. Echt leuk 
om een jaar bij jullie op de kamer gezeten te hebben. En dan daarna in de grote, chaotische, 
maar gezellige OIO kamer (waar ik gewoon nog blijf zitten komend jaar, jippie!). Anouk, 
wat is het fijn om naast jou te zitten. Wij snappen elkaar erg goed en hebben volgens mij 
flink steun aan elkaar gehad. Bedankt voor alle goede gesprekken, de leuke inzichten en 
je vriendschap. Kobus, hopelijk heb ik je hart niet teveel verzwakt door je te vaak op je 
schouder te tikken en je te laten schrikken, misschien toch die koptelefoon wat zachter? 
Mike, tegelijk onze studie begonnen in de bachelor, tot naast elkaar in de kamer, bedankt 
voor je lekkere droge humor en succes straks met het afronden, je boekje wordt super! 
Rob, gezellig zo als achterbuurman, zo krijg ik veel mee over jouw mooie Langerin project! 
Samantha, ook al is het leven soms zo moeilijk, moeilijk, moeilijk, is het toch vooral erg fijn 
met jou op de kamer. Steven, ik mis je en je gezellige praatjes (vaak over onze gezamenlijke 
liefde, de mac) in de kamer! Gelukkig zien we elkaar nog vaak en zit jij nu helemaal op je 
plek daar aan de overkant in je super hippe nieuwe gebouw. Vincent, jij bent echt de meest 
behulpzame persoon die ik ken, fijn en gezellig je op de kamer te hebben. Yuxi, thanks for 
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the delicious food you always bring into our room, you are such a sweet person and I hope 
you will discover the function for SSL12-14! En ook ex-roomies Elena (so happy you found 
your place in Limoges, enjoy your beautiful family), Giske (je wordt gewoon kinderarts, 
trots op jou!), en Wouter (yolo) bedankt voor al het gezelschap en de fijne tijd. 

Ik heb genoten van alle samenwerkingen met andere afdelingen, nationaal en 
internationaal. Allereerst natuurlijk de kristallografen van het Kruyt. Het was erg inspirerend 
om een tijdje bij jullie op de afdeling mee te draaien, ik heb erg veel geleerd. Eric, ontzettend 
bedankt voor je supervisie en kritische blik, daarmee hebben we toch mooi dat PNAS paper 
gescoord. Louris, volgens mij hebben wij erg veel van elkaar kunnen leren. Je bent een super 
goede onderzoeker en ik weet zeker dat het met je proefschrift ook helemaal goed komt 
– heel veel succes met de laatste loodjes. Ook alle andere collega’s van het Kruyt bedankt, 
dankzij jullie voelde ik me snel thuis op jullie afdeling.

I also thoroughly enjoyed the collaboration with your lab Eva and Olivier. Thanks for 
hosting us in Germany, it was a pleasure to visit and discuss with you. I think we did some 
really nice work together, which will hopefully soon lead to a publication. Christofer and 
Johan, it was a pleasure to work with you and I am happy we managed to produce some 
good quality MS samples (all thanks to your great protocols!). Hopefully we will have many 
more fruitful collaboration in the future. 

Peter, ik vond de samenwerking met Pepscan, maar ook zeker specifiek met jou erg fijn. 
Ik vind dat we een super leuk hoofdstuk hebben gemaakt en altijd interessante discussies 
hebben gehad. Wie weet kunnen we nog meer samenwerken in de toekomst en ik duim voor 
een mooi vervolg van het TLR2 peptiden project! Leuk dat je in mijn commissie zit. Also, a lot 
of thanks to the people from CMD Biosciences for the initial design of the peptides. 

Dan alle mensen naast het werk: dank voor alle afleiding, ontspanning, en fantastische 
vriendschappen. Ik heb soms niet genoeg tijd met jullie kunnen doorbrengen afgelopen 
jaren (omdat ik het te druk had met stressen, helaas kan je daar heel druk mee zijn), 
maar niemand van jullie heeft mij dat ooit kwalijk genomen. Dat vind ik super bijzonder – 
dankjewel daarvoor! 

Meiden van “Le Lait”, Dieke, Jarka, Nienke, en Vera. Jullie hebben zo ook allemaal je 
eigen ‘struggles’, ofwel met een eigen PhD of lastige leerlingen, maar jullie stonden altijd 
voor mij klaar met een luisterend oor. Jullie hebben afgelopen jaren super stoere dingen 
gedaan en bereikt en ik ben ontzettend trots op jullie allemaal. Ik heb onwijs veel zin om 
weer snel met jullie met een glaasje 43 te proosten op onze vriendschap. Bedankt ladies! 

Dan de “Lieve vriendinnetjes”. Bijzonder, dat we elkaar nog steeds zoveel zien – en het 
lijkt wel meer te worden nu veel van ons weer in Houten wonen, wat gezellig! Bedankt voor 
alle heerlijke buffetjes, BBQs, weerwolf-avondjes, en alle gezellige feesten van de laatste tijd. 
Bedankt Anne (mede voetbalvrouw, wat super leuk dat jullie ook weer naar Houten komen), 
Anneke (sta je er toch in!), Eveline, Fabienne (we moeten onze Argelès vakantie nog een 
keer over doen!), Faline, Kim (zullen we weer eens gaan Zouken samen?), Linda, Phuong 
(ben zo blij voor je met je nieuwe werkplek, topper!), en Shanti. En ook aan jullie mannen (ja 
dat zijn ze nu ook officieel bijna allemaal na al die huwelijken van jullie in de afgelopen twee 
jaar) heel erg bedankt voor de gezelligheid!  
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Louise, ik heb niet vaak zo gelachen zoals dat ik dat met jou kan. Daarnaast ben jij er 
ook altijd als het nodig is, je bent een schat, en zo lekker eerlijk over hoe je de dingen ziet. 
Ik waardeer je vriendschap enorm, jij hebt mij zoveel wijze lessen geleerd en ik bewonder 
hoe jij en Piet samen afgelopen jaren voor elkaar hebben gekozen. Ik kijk uit naar nog meer 
etentjes in jullie leuke huis in Breukelen met jullie drietjes (aah) straks, wel jammer dat het 
niet meer om de hoek is zoals vroeger. Ruud, altijd als ik jou zie krijg ik een soort rust over 
me heen en weet ik dat alles goed is. Onze vriendschap, allemaal begonnen die eerste dag 
op de studie, is echt heel bijzonder voor me en je steun heeft me onwijs geholpen afgelopen 
vier jaar. Ik ben mega trots op je en wens jou en Inge het allerbeste in Genève en ik beloof 
dat we vaak langskomen, gelukkig is het niet al te ver weg. Zo lief dat jullie terugvliegen om 
bij mijn verdediging te zijn! Rina, we may be a whole 9-hour time zone apart, but we talk 
almost every day – and that now for basically 14 years. I couldn’t wish for a better friend and 
am so grateful for the time we do get to spend together – we make sure we get quality time, 
even if it is by playing video games over skype. I am forever grateful for the 8 months we 
got (basically full time) together in Vancouver. I can’t believe you have now become a dance 
instructor yourself after we first started as newbies together way back then! Those were the 
best times. I’m so proud of you and so excited I will get to see you soon. 

Lieve familie van Burg en Koymans bedankt voor het altijd informeren naar mijn 
promotie, de leuke verjaardagsfeestjes, en de familieweekendjes. Oma, ik ben super blij dat 
je bij mijn promotie aanwezig kan zijn, er is een plaatsje voor je vrij op de eerste rij. Familia 
Flores Dourojeanni, gracias a todos por todo. I had an amazing and relaxing time with you 
all in Lima, which was great to get to know you all better and also an incredible nice break 
from my PhD. I miss you and hope we can spend more time together soon, in Peru, Canada, 
Holland, or anywhere else in the world. 

Mam, pap, bedankt dat jullie mij altijd steunen in wat ik doe en dat ik altijd thuis terecht 
kan voor wat dan ook. En dan mijn drie niet zo’n kleine broertjes meer; Mathijs, Arjen, en 
David, ook allemaal jullie eigen weg aan het vinden in werk, studie, en school. Super fijn dat 
we nu allemaal zo vlak bij elkaar wonen en elkaar daardoor wat meer zien en op leuke (?) 
fietstochtjes kunnen gaan. Het is altijd zo fijn thuiskomen bij jullie allemaal. 

Mala and Loki, little crazy fur balls! Thank you for being there every day and for all the 
kitty cuddles, relieving PhD worries. I love you two more than I should and have carried you 
(well, your hairs) with me everywhere I go (to much dismay of my roomies). Jacques, I don’t 
even know where to start. Thank you for giving the Netherlands a chance with me. Thank you 
for always keeping me sane and for being there through all the amazing experiences, such as 
all the crazy travels, but also through the less amazing times, such as the sleepless nights. I 
am incredibly proud of you and I know that your intense passion for science education will 
get you far. I am super excited - for what and where the future will bring us, but no matter 
where we will end up, or which language we will speak, I’m sure with you I will feel at home. 
Bedankt lief, te amo!  
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