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Staphylococcus aureus in disease and in health 

Staphylococcus (S.) aureus is an opportunistic pathogen and a leading cause of bacterial 

infections worldwide. The spread of antibiotic resistant strains in hospitals as well as in 

the healthy population is of growing concern. Moreover, up until now, no anti-S. aureus 

vaccine has been approved for medical practice (1). 

 

1.1 S. AUREUS – HUMAN PATHOGEN AND HARMLESS COMMENSAL  

Clinical impact of S. aureus 

S. aureus is a major human pathogen capable of causing a wide spectrum of infections, 

from relatively mild skin infections such as folliculitis and furunculosis to life-

threatening diseases, including sepsis, pneumonia, osteomyelitis, and infective 

endocarditis (2). Infections caused by this pathogen have increased over the past 25 

years (2, 3). S. aureus (methicillin-sensitive as well as methicillin-resistant S. aureus; 

MSSA and MRSA, respectively) ranks as the most common cause of nosocomial 

bloodstream infections and leads to increased morbidity, mortality, length of hospital 

stay, and costs (4). 

The treatment of such infections is complicated by the ability of this species to become 

resistant to antibiotics (5). MRSA strains are widespread in nosocomial environments 

(hospital-associated MRSA; HA-MRSA), and account for > 60% of S. aureus isolates in US 

intensive care units (6). Of growing concern is the emergence and spread of highly 

pathogenic MRSA strains in the community outside the hospital setting (community-

associated MRSA; CA-MRSA), especially the clone USA300 (7, 8). These strains cause 

serious infections in otherwise healthy individuals (7, 9). Vancomycin is the drug of 

choice for therapy of infections due to MRSA, but increase in vancomycin use has led to 

the emergence of vancomycin intermediate-resistent (VISA) or resistant strains (VRSA) 

(10). As a consequence of increasing antibiotic resistance non antimicrobial approaches 

to control S. aureus are needed. However, due to the complex interaction between 

S. aureus and the immune system of its host, vaccine development is still a challenging 

task. 
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S. aureus nasal carriage patterns 

In apparent contrast with its infectious potential, S. aureus is also a frequent commensal 

that colonizes the skin and mucosal surfaces of humans and several animal species (11). 

The primary ecological niche of S. aureus are the anterior nares (11, 12). However, 

multiple body sites can be colonized including the skin, perineum, pharynx, and less 

frequently the gastrointestinal tract, vagina, and axillae (13). Longitudinal studies 

distinguish three nasal carriage patterns in healthy individuals: about 20% (range 12 - 

30%) are persistent carriers, approximately 30% (range 16 - 70%) are intermittent 

carriers, and about 50% (range 16 - 69%) are noncarriers (13). While persistent 

carriers are usually colonized by a single strain of S. aureus, intermittent carriers 

commonly carry different strains over time (14, 15). Cross-sectional studies yield a 

prevalence of ~ 35% carriers in the healthy population, which is actually a mix of 

persistent and intermittent carriers at the time of investigation (16, 17). 

It is clinically relevant to distinguish between persistent and intermittent carriers. 

Persistent carriers have higher S. aureus loads, resulting in increased dispersal and a 

higher risk of infection in comparison to intermittent carriers and noncarriers (13, 18-

21). Intermittent carriers and noncarriers show similar infection risks. 

Recently van Belkum et al. suggested a reclassification of nasal carriage types (21). An 

artificial colonization study where volunteers were inoculated with a mixture of 

S. aureus strains showed that intermittent carriers and noncarriers quickly eliminated 

the inoculated S. aureus strains, while persistent carriers preferentially reselected their 

original resident strain from the inoculum mixture (21, 22). Furthermore, the antibody 

levels against 17 S. aureus antigens were equal in intermittent carriers and noncarriers 

but higher in persistent carriers. Along with the previously described low risk of 

infection of intermittent carriers and noncarriers, the authors suggest to distinguish just 

two types of nasal carriers: persistent carriers and others.  

 

What determines S. aureus nasal carriage? 

Mechanisms leading to S. aureus nasal carriage appear to be multifactorial and are still 

not fully understood. Bacterial factors (e.g. staphylococcal toxins and cell wall-

associated proteins) (2, 23), environmental factors (e.g. hospitalization and crowding) 

(24, 25) as well as host susceptibility factors (e.g. immune suppression or other serious 
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underlying diseases) play important roles (11, 24). The results of an artificial 

colonization study (see above) indicated that host factors are probably the major 

determinants of the S. aureus carrier status and an optimal fit between host and bacteria 

seems to be essential for long-term colonization (22). 

 

S. aureus nasal carriage is a major risk factor for infection 

Carriage of S. aureus has been identified as a risk factor for the development of infection 

in various settings (11, 16, 26-28). Importantly, most of these S. aureus infections are 

caused by the patients´ own flora. Von Eiff et al. demonstrated in a prospective study 

that nasal strains and subsequent bacteremic strains have the same genotype in more 

than 80% of the cases (29). Similarly, hemodialysis patients and chronic ambulatory 

peritoneal dialysis patients have increased infection rates of mostly endogenous origin 

(16, 30). 

Wertheim and coworkers investigated the incidence of bacteremia in carriers as well as 

noncarriers in a non-surgical patient population (n = 14,008) (31). Nasal carriage 

increased the risk of nosocomial infection by a factor of three. Surprisingly, the mortality 

rate from S. aureus bacteremia was four times higher in noncarriers than in carriers (8% 

vs. 32%, P = 0.006) (31). An explanation for this observation has not yet been provided, 

although a role for the immune system has been proposed (32). 

Moreover, several studies have demonstrated that eradication of S. aureus from nasal 

and other body sites with the anti-staphylococcal drug mupirocin effectively prevents 

S. aureus infections (15, 33-37). 

 

1.2 S. AUREUS COMPARATIVE GENOMICS 

Currently, 14 annotated whole genome sequences of S. aureus are available. A 

comparison of these sequences and whole genome microarray analyses revealed that 

the S. aureus genome consists of a core genome (~ 75%), a core variable genome 

(~ 10%) and mobile genetic elements (MGEs, ~ 15%) (38, 39). 

The core genome is highly conserved concerning gene order and gene sequence and 

comprises house keeping genes, which are essential for growth and survival (5). Allelic 

variations in the core genome are exploited by sequence-based genotyping methods, like 
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multilocus sequence typing (MLST) (40) and protein A (spa) genotyping (41). MLST 

determines the phylogenetic relationship of bacterial strains based on the sequence 

fragments of seven housekeeping genes. In contrast, spa genotyping compares the 

variable repeat region of the protein A gene (spa), which differs in sequence and number 

of spa repeats. A spa type is assigned to each unique repeat pattern, and closely related 

spa types are referred to as clonal complexes (CCs). Several studies demonstrated that 

pulsed-field gel electrophoresis (PFGE), MLST and spa genotyping provide largely 

concordant results, however, only sequence-based typing methods can be easily 

compared between laboratories (41, 42). The genotyping analyses revealed that 

S. aureus has a highly clonal population structure, dominated by ten prevalent clonal 

lineages (43-45). 

The core variable genome includes most surface-associated genes (MSCRAMMs) and 

regulator genes. Core variable genes are encoded on the bacterial chromosome and are, 

therefore, typically stable and transferred vertically (39). Lindsay et al. demonstrated 

that each staphylococcal lineage carries a unique combination of core variable genes 

(39). 

MGEs include bacteriophages, pathogenicity islands, plasmids, transposons, and 

staphylococcal chromosomal cassettes (SCC) (38, 46). They mainly encode resistance 

and virulence genes (e.g., Panton-Valentine leukocidin (PVL) genes, superantigen (SAg) 

genes). MGEs can be distributed either by vertical transmission to daughter cells or by 

horizontal transfer by bacteriophages or conjugation (38). Microarray analyses revealed 

substantial variation in the distribution of MGEs within lineages, suggesting frequent 

horizontal transfer or loss of MGEs (47). However, there is evidence that some MGEs are 

distributed within certain lineages at higher frequency than between lineages, 

suggesting the existence of some barriers in horizontal transfer of MGEs (39). The 

recently described Sau1 type I restriction-modification system, which recognizes and 

digests foreign DNA may serve as an example (48). The accumulation of such MGEs may 

result in the emergence of “superbugs” that are increasingly antibiotic resistant and of 

higher virulence (5). 
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1.3 WHAT DETERMINES STAPHYLOCOCCAL VIRULENCE?  

One of the major questions is, whether all S. aureus strains have equal disease-evoking 

potential or whether invasive disease is associated with particularly virulent genotypes 

or with particular virulence genes. 

Comparison of the staphylococcal core genome by genotyping analyses did not reveal 

significant differences between colonizing and bacteremia S. aureus isolates. Colonizing 

as well as invasive isolates were found in the same major and minor staphylococcal 

lineages (39, 44, 45, 49). This suggests that invasion into the bloodstream does not 

require special bacterial virulence traits but mainly depends on host factors, e.g. barrier 

breakage, indwelling catheters, or a compromised immune system. This may be different 

in community-acquired diseases that affect individuals who are not immune 

compromised, such as furunculosis, or community-acquired pneumonia, and also in 

chronic infections such as osteomyelitis. For better discrimination, future molecular-

epidemiological studies should, therefore, focus on well-defined diseases rather than 

just comparing colonization with invasion. 

Such detailed analyses can provide novel insights into S. aureus pathogenicity. By 

carefully differentiating between different clinical pictures, Melles et al. were able to 

dissect subclusters of strains with differential degrees of pathogenicity (45). The most 

prominent example is PFGE type USA300, which emerged as the predominant CA-MRSA 

genotype and is particularly adept at causing skin and soft-tissue infections (9). This 

suggests that indeed some clones are more virulent than others (45, 50). The molecular 

reasons for this are under intensive investigation. Overall, evidence for a decisive role of 

the core genome in S. aureus virulence is limited.  

Therefore, it was suggested that virulence determinants encoded on MGEs may 

determine the virulence of an isolate (5). MGEs carry genes with virulence or resistance 

functions. However, a clear association between certain virulence genes and disease 

could only be established for toxin-mediated diseases, such as toxic shock syndrome 

(TSS; SAgs), staphylococcal scalded skin syndrome (exfoliative toxins), as well as 

necrotizing pneumonia and deep-seated skin infections (PVL) (51-55). Peacock et al. 

observed seven determinants (fnbA, can, sdrE, sej, eta, hlg, and ica) which were 

significantly more common in invasive isolates (56), but these candidate genes could not 

be confirmed by Lindsay and coworkers (39). The vast majority of cases of severe 
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S. aureus diseases cannot be explained by the action of a single virulence determinant 

and it is likely that a number of factors act in concert during the infective process (39, 

52, 54-56). Furthermore, virulence factors have redundant functions (e.g., SAgs) and for 

individual virulence factors several functions have been described. For example, 

staphylococcal SAg-like protein 7 (SSL7) blocks IgA-Fc receptor interactions and inhibits 

complement (57), and SpA impedes phagocytosis by binding the Fc component of IgG 

and interaction with TNF receptor 1 stimulates a proinflammatory signaling cascade 

(58). 

In conclusion, despite the enormous variation observed between S. aureus isolates and 

the considerable amount of genetic exchange between isolates, so far there is limited 

evidence that this variation influences pathogenicity (38, 39). Therefore, the key to 

understand S. aureus pathogenesis may lie in the identification of host factors that 

contribute to colonization, susceptibility to infection and outcome of infection (59, 60). 

 

1.4 STAPHYLOCOCCAL SAGS 

The molecular mechanism of S. aureus pathogenicity is complex and involves a large 

number of toxins. Among them are the staphylococcal SAgs, which belong to the most 

potent T cell mitogens known. Some members stimulate human T cells at femtomolar 

concentrations. So far, 21 different SAgs have been described: the toxic shock syndrome 

toxin (TSST-1), the staphylococcal enterotoxins A-E, G-J (SEA-SEE, SEG-SEJ) and the 

staphylococcal enterotoxin-like toxins K-U (SElK- SElU) (Table I) (52, 61-64). Originally, 

SAgs were designated as enterotoxins because of their emetic ability when orally 

ingested. Interestingly, some of the recently identified toxins were reported to lack 

emetic properties. Therefore, the International Nomenclature Committee for 

Staphylococcal Superantigens introduced a new nomenclature in 2004 to distinguish 

those SAgs with proven emetic activity in primates (SEs) from those that remain 

unconfirmed (SEls) (62). 
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Table I. Functional properties of staphylococcal SAgs. Adapted from Fraser et al. (65). 

SAg localisation MW (kDa) 

Crystal 

structure solved Zinc binding 

MHCII binding 

α/β chain human TCR Vβ specificity1 

SEA bacteriophage (ФSa3) 27.1 + + + / + 5.2, 5.3, 7.2, 9, 16, 18, 22 

SEB SaPI1 28.4 + - + / - 3, 12, 13.2, 14, 17, 20 

SEC SaPI2, SaPI3 27.6 + + + / - 3, 12, 13.2, 14, 17, 20 

SED plasmid (pIB485) 26.9 + + + / + 1, 5.1, 5.2, 5.3 

SEE bacteriophage? 26.4 - + + / + 5.1, 8, 16, 18, 21.3 

SEG νSaβ 27.0 + - + / - 3, 13.1, 13.2, 14 

SEH SCCmec 25.1 + + - / + 6.7, 8, Vα 

SEI νSaβ 24.9 + + - / + 1, 5.1, 5.2, 5.3 

SEJ plasmid (pIB485, pF5) 28.5 - ? ? 8, 21.3 

SElK SaPI1 26.0 + + - / + 1, 5.1, 5.2, 6.7 

SElL SaPI3 26.0 - ? ? 1, 5.1, 5.2, 5.3, 7.1, 16, 22, 23 

SElM νSaβ 24.8 - ? ? 21.3 

SElN νSaβ 26.1 - ? ? 9 

SElO νSaβ 26.7 - ? ? 7.1 

SElP bacteriophage (ФSa3) 27.0 - ? ? 5.1, 8, 16, 18, 21.3 

SElQ SaPI1 25.0 - ? ? 6.7, 31.3 

SER plasmid (pIB485, pF5) 27.0 - ? ? 3, 12, 14 

SES2 plasmid (pF5) 26.2 - ? ? 9, 16 

SET2 plasmid (pF5) 22.6 - ? ? ? 

SElU νSaβ 27.1 - ? ? 13.2, 14 

TSST-1 SaPI2 22.1 + - + / - 2 

1determined by Thomas et al. (66). 

2newly described by Ono et al. (64). 
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The SAgs´ mode of action 

Conventional antigens are taken up and processed by antigen-presenting cells (APCs). 

The resulting antigenic peptides are bound to major histocompatibility complex (MHC) 

molecules and displayed for T cells on the APC surface. These MHC/ peptide complexes 

are recognized by T cells via the hypervariable loops of their T cell receptor (TCR) α and 

β chains.  

SAgs can bypass this highly specific interaction between T cells and APCs. They activate 

a large fraction of T cells by directly cross-linking certain TCR Vβ domains with 

conserved structures on MHC class II (MHC II) molecules expressed on professional 

APCs (Figure 1). Both TCR and MHC II are contacted outside their antigen binding sites 

(67). Every SAg interacts with a defined TCR repertoire determined by the TCR Vβ 

sequences. As the number of different Vβ elements in humans is restricted to 

approximately 50 (61), up to 20% of all T cells can be activated by one SAg. In contrast, 

conventional peptide antigens only stimulate between 0.001% and 0.0001% of naïve 

T cells, because recognition is dependent on both the variable and junctional segments 

(D and J) of the TCR α and β chains (67). The Vβ-restricted expansion is the 

characteristic hallmark of all SAgs (68-70). Interestingly, there is one exception: the SAg 

SEH also contacts TCR Vα chains (66, 71). In addition to the polyconal T cell activation 

this cross-link results in a massive systemic release of proinflammatory cytokines, such 

as IL-2, IFN-γ and TNF-α, which can lead to fever and shock.  

 

 

 

 

 

 

 

Figure 1. SAg function. From Holtfreter et al. (52). SAgs 

bypass the conventional antigen recognition by directly 

cross-linking MHC class II molecules on antigen-

presenting cells (APC) with T cell receptors (TCRs) on 

T lymphocytes. 
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The T cell proliferation phase is followed by a profound state of unresponsiveness 

(anergy) in which the T cells fail to proliferate and secrete IL-2 (72) or even undergo cell 

death by Fas/ Fas ligand-mediated apoptosis (73). It has therefore been proposed that 

the function of SAgs might be the deletion of T cells that help B cells to mount an 

effective and highly specific antibody response against the bacteria (67). 

 

Structural similarities of SAgs 

So far, the three-dimensional structures of nine staphylococcal SAgs have been solved by 

x-ray crystallography: SEA, SEB, SEC, SED, SEG, SEH, SEI, SEK and TSST-1 (74-82). 

Despite very different primary structures (amino acid sequences), all SAgs show 

remarkable similarities in their secondary and tertiary structure, consisting of two 

globular protein domains (Figure 2) (61, 65).  

 

A BA B

 

Figure 2. The two domain structure of SAgs. Adapted from Fraser and Proft (65).  

A) Staphylococcal SAgs consist of two protein domains. The β-grasp domain (blue) is a twisted β-

sheet of four to five antiparallel strands that pack against a highly conserved α-helix. Residues 

depicted in red are conserved in all SAgs. The OB domain (orange) consists of a five-stranded β-

sheets that coils to form a β-barrel and is capped by a small α-helix. B) Structure of TSST-1. The 

MHC II binding site is in the OB-fold, and the TCR binding residues are located on the face of the C-

terminal domain. 

 

The N-terminal domain is an oligosaccharide/ oligonucleotide-binding fold (OB-fold) 

(65). The OB domain is a common protein domain found in different bacterial toxins 

such as the AB5 toxin family, including the cholera toxin and pertussis toxin, and in 

nucleases (65, 83). The larger C-terminal domain is a β-grasp fold consisting of a twisted 

β-sheet capped by the central α-helix.  
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Some of the bacterial SAgs are dependent on zinc ions to be functional and to be able to 

properly bind MHC II. Crystal structures of some of these SAgs in complex with MHC II 

show that zinc is important for the SAg to interact with MHC II with high affinity (84, 

85). In addition, the zinc ion is important for the three-dimensional stability of the SAg 

itself (86, 87). 

 

Genetic localization of SAgs 

Genetic analysis of S. aureus clinical isolates, including whole genome sequencing, has 

shown that ~ 80% of all S. aureus clinical isolates harbor SAg genes, on average five to 

six (88, 89). Furthermore, an extensive heterogeneity of SAg gene patterns between 

S. aureus strains has been observed (88-90). SAgs are encoded on MGEs, such as 

bacteriophages, plasmids, S. aureus pathogenicity islands (SaPI), and genomic islands 

(table I) (38).  

 

Role of SAgs in staphylococcal virulence 

SAgs are the causative agents for several diseases. While their role in staphylococcal 

food poisoning and TSS is well defined, their contribution in other diseases, like 

Kawasaki disease and atopic dermatitis, is unclear. 

Staphylococcal food poisoning results from ingestion of food contaminated with SAgs. It 

is characterized by self-limiting nausea, emesis, abdominal pain or cramping, and 

diarrhea after a short incubation time (91). Due to their impressive stability to 

denaturing conditions, such as heat and low pH, SAgs are not completely destroyed by 

mild cooking or digestion of food in the stomach. 

TSS is characterized by high fever, rash, desquamation, hypotension and major organ 

involvement. In TSS, S. aureus is predominantly found at mucosal sites (vaginal or 

nasophryngeal) or in localized abscesses (65). Bergdoll et al. demonstrated that 94% of 

confirmed menstrual TSS isolates produced high amounts of TSST-1 compared with 4% 

for non-TSS strains (92). TSST-1 and other SAgs, like SEA, SEB and SEC, have been 

associated with non-menstrual TSS (93). 

The role of SAgs in other forms of sepsis is less well defined. In contrast to gram-

negative bacteria, gram-positive bacteria like S. aureus do not induce septic shock by 
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lipopolysaccharid (LPS), but via cell wall components (e.g., peptidoglycans, lipoteichoic 

acids) or – in case of S. aureus and Streptococcus pyogenes – by SAgs (94). Peptidoglycans 

and lipoteichoic acids act as pathogen associated molecular patterns (PAMP), like LPS, 

and are recognized by pattern recognition receptors (PRR) on macrophages and 

monocytes. By binding to toll like receptor 2 (TLR2) and CD14 they activate a massive 

production of proinflammatory mediators, which are responsible for the symptoms of 

sepsis. In contrast, SAgs activate T cells to secrete high amounts of cytokines. In animal 

models, SAgs and LPS very effectively synergize in the induction of lethal shock, and 

these observations motivated the development of the two-hit model of septic shock (95). 

According to Holtfreter et al. the first hit comprises all PAMPs which activate the innate 

immune system, and the second hit SAgs or another T cell stimulus (52). 

Kawasaki disease is an acute febrile disease in children that resembles TSS. Although the 

etiological agent is not known, a role for SAgs was suggested (96). Intravenous 

immunoglobulin therapy is highly effective when given early, suggesting that the agent 

is a toxin that is neutralized by anti-toxin antibodies contained in pooled human serum. 

Recently, a role for SAgs in skin and airway allergies was suggested. For atopic 

dermatitis a correlation between clinical severity and colonization with SEA- and SEB-

producing S. aureus as well as with IgE with specificity for SEA and SEB were observed 

in one study but not confirmed in others (97, 98). 

 

A special case – the egc SAgs 

The genes of the recently described enterotoxin gene cluster (egc) are the most 

prevalent SAg genes in commensal and invasive S. aureus isolates with frequencies 

ranging between 46 and 66% (47, 99-101). In 2001 Jarraud et al. described the cluster 

which is located on a staphylococcal genomic island (νSaβ) (88, 102). The egc harbors 

five SAg genes (seg, sei, selm, seln, and selo) and the pseudogenes ψ ent1 and ψ ent2 (88). 

The SAg gene loci were likely generated through gene duplication and variation from an 

ancestral gene (88). Letertre et al. have described an additional SAg, designated SElU 

that is a fusion product of ψ ent1 and ψ ent2 (102, 103). In contrast to the non-egc SAgs, 

the egc is organized as an operon; its genes are transcribed into a polycistronic mRNA 

(88). Given that each of the egc SAgs showed the strongest homology with one of the 
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known SAgs encoded outside the egc on monocistronic loci (Figure 3), Jarraud et al. 

suggested the egc to be an enterotoxin gene nursery (88). 

Although egc genes are the most prevalent SAg genes in commensal and invasive 

S. aureus isolates, they appear to cause toxic shock only very rarely (104). In fact, one 

study suggested that egc SAgs are significantly enriched in commensal strains compared 

to invasive isolates, and their presence is negatively correlated with severity of S. aureus 

sepsis (105, 106). Therefore it was suggested that the egc is associated with non-

invasiveness and a lower disease-evoking potential. 

 

 

 

Figure 3. Phylogenetic 

tree of staphylococcal 

SAgs. Adapted from 

Thomas et al. (66).  

The dendrogram was 

constructed based on the 

amino acid sequences 

using SplitsTree4 software 

(neighbour joining 

method). Each egc SAg 

(asterisks) shows 

strongest homology with 

one of the non-egc SAgs. 

 

Antibody response against staphylococcal SAgs  

In addition to their superantigenicity, SAgs, like other proteins, also act as conventional 

antigens and induce a specific antibody response. Neutralizing serum antibodies against 

non-egc SAgs (e.g., TSST-1, SEA, SEB, and SEC) are common in the healthy population 

(89, 107-112). Anti-SAg antibodies are clinically important since they have been shown 

to be protective in patients as well as in animal models (113-116). In S. aureus carriers, 

these antibodies are highly specific for the SAgs of the colonizing strain and very 

effectively neutralize their mitogenic effects (32). In contrast, neutralizing antibodies 

against egc SAgs are very rare, even among carriers of egc-positive S. aureus strains (89) 

(and unpublished observations).  
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This “egc gap” in the antibody response of healthy individuals was unexpected, since egc 

SAgs are by far the most prevalent SAgs in clinical S. aureus isolates (47, 99-101). 

Furthermore, it appears unlikely, that egc and non-egc SAgs differ systematically in their 

immunogenicity, because the amino acid sequences of the egc SAgs are more closely 

related to those of individual non-egc SAg than to each other (Figure 3) (88, 91). Thus, 

what could be the reason for the lack of anti-egc antibodies? 

 

1.5 OUTLINE OF THE THESIS 

To shed light i) on the bacterial virulence determinants and ii) on the role of antibodies 

in the interaction between S. aureus and its host, the aims of the present thesis were 

1) to identify virulence determinants by comparing the prevalence of SAg genes and 

phages among colonizing and invasive S. aureus isolates and to correlate it with 

the clonal background, 

2) to determine the presence and the development of anti-SAg antibodies in 

humans, both in S. aureus colonization and bacteremia and 

3) to elucidate the reasons for the selective lack of neutralizing serum antibodies 

specific for a subgroup of SAgs, the egc-SAgs.  

 

Chapter 2 to 4 describe studies that aim at identifying staphylococcal virulence 

determinants in bacteremia and furunculosis. In Chapter 2, the highly diverse SAg gene 

patterns of nasal and blood culture isolates from Western Pomerania were analyzed 

using multiplex PCR and correlated with the clonal background. Chapter 3 characterizes 

the phage profiles of nasal and blood culture isolates from different sources in Germany. 

In Chapter 4 virulence genes and phage profiles from nasal and furunculosis isolates 

from Szczecin, Poland, were determined and correlated with the clonal background.  

The following two chapters focus on the role of anti-SAg antibodies in colonization as 

well as in S. aureus bacteremia. Chapter 5 describes a new and simple method to 

determine antibody levels using Luminex® technology. The SAg-neutralizing antibody 

response developing during S. aureus bacteremia was characterized in Chapter 6. 

Antibodies against egc SAgs were absent at the acute phase of bacteremia and not 

induced during convalescence.  
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The lack of neutralizing antibodies against egc SAgs, previously observed in healthy 

individuals (89), and now demonstrated during infection, was surprising, because egc 

SAgs are the most prevalent SAgs in S. aureus. Therefore we tested, whether the 

observed “egc gap” in the antibody profiles was due to i) differential immune cell 

activating properties of egc and non-egc SAgs or ii) their differential regulation (Chapter 

7). 
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COMMENT: 

In this manuscript we reported that two subclusters of the staphylococcal lineage CC25 

can be discriminated by spa genotyping. Egc-positive t078 strains (and relatives) and 

egc-negative t056 strains (and relatives) were grouped into CC25 by BURP-analysis 

(costs: 5). Meanwhile MLST analyses revealed that they belong to two distinct lineages 

(http://www.spaserver.ridom.de). The egc-positive t078 strains (and relatives) belong 

to CC25 (MLST-Type ST26) and the egc-negative t056 strains (and relatives) to ST101. 

ST101 strains were significantly overrepresented among nasal isolates in comparison to 

blood culture isolates (9.3% vs, 2.2%, P ≤ 0.05) while CC25 strains (spa type t078) were 

found in both cohorts (3.7% vs. 10.2%, not significant). The exfoliative toxin d (etd) was 

not observed in nasal isolates, but in 8 of 9 invasive CC25 (t078) strains. 
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Staphylococcus aureus is both a successful human commensal and a major pathogen. The elucidation of the
molecular determinants of virulence, in particular assessment of the contributions of the genetic background
versus those of mobile genetic elements (MGEs), has proved difficult in this variable species. To address this,
we simultaneously determined the genetic backgrounds (spa typing) and the distributions of all 19 known
superantigens and the exfoliative toxins A and D (multiplex PCR) as markers for MGEs. Methicillin- sensitive
S. aureus strains from Pomerania, 107 nasal and 88 blood culture isolates, were investigated. All superantigen-
encoding MGEs were linked more or less tightly to the genetic background. Thus, each S. aureus clonal complex
was characterized by a typical repertoire of superantigen and exfoliative toxin genes. However, within each S.
aureus clonal complex and even within the same spa type, virulence gene profiles varied remarkably. Therefore,
virulence genes of nasal and blood culture isolates were separately compared in each clonal complex. The
results indicated a role in infection for the MGE harboring the exfoliative toxin D gene. In contrast, there was
no association of superantigen genes with bloodstream invasion. In summary, we show here that the simul-
taneous assessment of virulence gene profiles and the genetic background increases the discriminatory power
of genetic investigations into the mechanisms of S. aureus pathogenesis.

Staphylococcus aureus is a major human pathogen capable of
causing a wide range of infections, such as skin and tissue
infections, toxin-mediated diseases, pneumonia, and bactere-
mia. At the same time, S. aureus is a persistent colonizer of the
human nose in 20% of the population and is intermittently
carried by another 30% (61). Colonization with S. aureus is a
major risk factor for staphylococcal infections (47, 61). In car-
riers, 80% of nosocomial S. aureus bacteremia cases have an
endogenous origin, which underlines the importance of host
factors (59, 63). On the other hand, there is plenty of evidence
that S. aureus clones differ in their disease-evoking potentials,
but it has been difficult to explain these differences at the
molecular level (39, 41, 51).

The species S. aureus has a highly clonal population struc-
ture with 10 predominant clonal lineages, as demonstrated by
various genotyping analyses, such as pulsed field gel electro-
phoresis (PFGE), multilocus sequence typing (MLST), and spa
genotyping (9, 11, 41). spa genotyping is based on variations of
the polymorphic region within the protein A gene (spa), which
belongs to the staphylococcal core genome (22). It has a high
discriminatory power similar to that of PFGE, but results can
be more easily compared between laboratories (2, 30, 55).
Moreover, spa typing, MLST, and PFGE are highly concor-

dant, and spa-typing data can be easily mapped onto the MLST
S. aureus database (http://www.spaserver.ridom.de) (30, 55).

Whole-genome microarrays recently revealed that the S. aureus
genome consists of a core genome (�75%), a core variable ge-
nome (�10%), and mobile genetic elements (MGEs) (�15%)
(39). MGEs, such as plasmids, phages, pathogenicity islands, and
genomic islands, carry a variety of staphylococcal resistance and
virulence genes. MGEs can be distributed by two distinct mech-
anisms. First, MGEs are passed on to daughter cells by vertical
transmission and are, therefore, strongly associated with lineages
(38). Secondly, MGEs can be horizontally transferred and thus
spread between lineages (38, 40). Sometimes such MGEs are
conspicuously absent from certain clonal complexes, presumably
due to restrictions on horizontal transmission (31). Consequently,
the distribution patterns of MGEs among clonal lineages reflect
their mobility (39). For example, several research groups have
reported that certain staphylococcal superantigen (SAg) genes
are associated with particular clonal lineages (6, 27, 44, 51, 57).

SAgs are secreted toxins that induce a strong activation of
large T-cell subpopulations. This can result in toxic shock (25).
Eighty percent of all S. aureus strains harbor SAg genes, on
average five or six, among which the egc SAgs are the most
prevalent (5, 24, 26, 48). Most of the 19 described S. aureus
SAgs, SEA to SEE, SEG to SER, SEU, and toxic shock syn-
drome toxin 1 (TSST-1), are encoded on phages and pathoge-
nicity islands (38). Staphylococcal phage �3 carries either sea
(strain Mu50), sep (N315), or sea-sek-seq (MW2) (3, 31). A
family of related pathogenicity islands carry seb-sek-seq (SaPI1
in strain COL), tst-sec3-sel (SaPI2 in strains N315 and Mu50),
or sec-sel (SaPI3 in strain MW2) (3, 17, 31). The enterotoxin
gene cluster, egc, including seg-sei-sem-sen-seo and sometimes
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seu, is located on the genomic island vSA� (31, 38). Other SAg
genes are found on plasmids (sed-sej-ser) or on the antibiotic
resistance cassette SCCmec (seh) (3, 49, 67).

The way in which staphylococcal virulence is determined on
a molecular level remains elusive. Regarding the S. aureus core
genome, nasal and invasive strains probably do not differ fun-
damentally, because they fall into the same main clusters (11,
41). Similarly, analysis of the core variable genome, which
comprises lineage-specific genes for surface proteins and reg-
ulatory factors, did not identify factors clearly related to viru-
lence (39). This suggests that staphylococcal virulence might
primarily depend on MGE-encoded toxin or resistance genes
(27), as has been shown for SCCmec and the gene of the
Panton-Valentine leukocidin, the PVL locus (10, 41). How-
ever, except for some toxins, it has been difficult to assess the
contributions of individual virulence determinants to S. aureus
pathogenicity (32, 36, 39, 51).

Since many MGE-encoded virulence factors are linked to
clonal complexes, analyses of their association with invasive-
ness could be biased by the underlying clonal population struc-
ture (51). Consequently, we propose that the simultaneous
determination of the genetic background (clonal lineage) and
virulence genes will increase the discriminatory power of in-
vestigations into the mechanisms of S. aureus pathogenesis.
However, to date, such studies are rare (7, 27, 50). Because of
their extraordinary variability in the species S. aureus, we have
chosen S. aureus SAgs as a model to test this approach.

Here, we show the results of a comprehensive analysis of the
diversity of staphylococcal SAgs in correlation with the genetic
background in a large collection of S. aureus strains, including
107 nasal and 88 blood culture isolates from Western Pome-
rania in northeastern Germany. Our aims were to investigate
to what degree the distribution of the known SAg genes is
linked to the underlying clonality of the population and to test
whether the analysis of SAg-carrying MGEs within defined
clonal complexes would reveal differences between nasal and
invasive isolates.

MATERIALS AND METHODS

Study population and bacterial isolates. (i) Nasal-carriage isolates. Two nose
swabs were obtained from 121 healthy blood donors at the Institute of Immu-
nology and Transfusion Medicine, University of Greifswald, over a course of at
least 10 weeks from April to October 2002 (T strains) (Table 1). In a follow-up
study (SH strains), nose swabs were obtained from 114 healthy blood donors
between February 2005 and February 2006 (Table 1). A strain shift, as defined by
different SAg and accessory gene regulator (agr) gene profiles, of the first and
second nasal isolates occurred in 5/51 persistent carriers (T009, T098, T166,
T169, and SH24). If the SAg and agr genes in both isolates were identical, only
the first isolate was analyzed further. All participants gave informed consent, and
both studies were approved by the Ethics Board of the University of Greifswald.

(ii) Blood culture isolates. Blood culture isolates (BK; n � 88) were ob-
tained by the Friedrich-Loeffler-Institute of Medical Microbiology, University
of Greifswald, from May to December 2002 (n � 32) and from January 2005
to February 2006 (n � 56) (Table 1). Most isolates were obtained from
patients from different wards of the University Hospital of Greifswald (40
internal medicine, 10 surgery, 9 intensive-care unit, 7 neurology, 3 neurosur-
gery, 2 neonatology, 2 urology, 1 gynecology, and 4 pediatrics). Six isolates
were from a general hospital near Greifswald (Wolgast); four strains were
isolated from patients from a neurorehabilitation center in Greifswald. Only
one isolate from each patient was included. We observed no spatial or
temporal clustering of S. aureus genotypes.

(iii) Nasal-carriage isolates from Sczcecin. One hundred eight nasal S. aureus
isolates (SZ) were obtained from 362 blood donors at the Department of Mi-
crobiology and Immunology, Pomeranian Medical University, Sczcecin, Eastern
Pomerania, Poland, in March 2006. All participants gave informed consent, and
the study was approved by the Ethics Board of the University of Sczcecin.

(iv) Control strains. Control strains for the PCR-based assays included
A920210 (egc, eta, and agr-4) (28), CCM5757 (seb, sek, seq, and agr-1), Col (seb,
sek, seq, mecA, and agr-1) (3), FRI1151m (sed, sej, ser, and agr-1) (27), FRI137
(sec, seh, sel, egc plus seu, and agr-2), FRI913 (sea, sec, see, sek, sel, seq, tst, and
agr-1), N315 (sep, sec, sel, tst, egc, mecA, and agr-2) (31), TY114 (etd and agr-3),
and 8325-4 (no SAg genes).

S. aureus identification and DNA isolation. S. aureus was identified using
standard diagnostic procedures and a gyrase PCR (see below). Total DNA of S.
aureus was isolated with the Promega Wizard DNA purification kit (Promega,
Mannheim, Germany) according to the manufacturer’s instructions.

spa genotyping. PCR for amplification of the S. aureus protein A (spa) repeat
region was performed according to the published protocol (2, 22). PCR products
were purified with the QIAquick PCR Purification Kit (QIAGEN, Hilden, Ger-
many) and sequenced using two amplification primers from a commercial sup-
plier (SeqLab, Goettingen, Germany). The forward and reverse sequence chro-
matograms were analyzed with the Ridom StaphType software (Ridom GmbH,

TABLE 1. Characteristics of the study population

Characteristic

Value for:

Nasal isolates
Blood culture isolates (BK)

T SH SZ

Study area Western Pomerania Western Pomerania Sczcecin Western Pomerania
Study population Healthy blood donors Healthy blood donors Healthy blood donors Hospital patients
No. of subjects 121 114 362 88
Time period April–October 2002 February 2005–February

2006
March 2006 April 2002–October 2002

(n � 32)
February 2005–February 2006

(n � 56)
Mean age (�SD) (yr) 33.8 (�11.4) 33.3 (�11.5) 28.9 (�9.2) 58.3 (�21.3)
Male sex (%) 64.5 62.3 52.8 61.4
No. of S. aureus isolates 55 52 108 88
Colonization status (two

nose swabs)a

No. of noncarriers (%) 70 (57.8) 63 (55.3)
No. once positive (%) 29 (24.0) 24 (21.0)
No. twice positive (%) 22 (18.2) 27 (23.7)

a T and SH studies. Two nose swabs were obtained from healthy blood donors over a course of at least 10 weeks. The blood donors from both studies were on average
56.5% noncarriers, 21.0% persistent carriers (two positive nose swabs), and 22.5% intermittent carriers (one positive nose swab).
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Würzburg, Germany). A spa type is deduced from the sequence and number of
spa repeats, which are generated by point mutations and intrachromosomal
recombination events. Mutation of a single base pair results in a different spa
type. With the BURP algorithm (Ridom GmbH), spa types were clustered into

different groups, the calculated cost between members of a group being �5. The
calculated cost reflects the evolutionary distance between two isolates. spa types
shorter than five repeats were excluded from the analysis, because they did not
allow the reliable deduction of ancestries.

FIG. 1. Distribution of nasal and blood culture isolates within clonal complexes. spa types were clustered into 10 CCs by BURP analysis using
a cost of 5 as the threshold for clustering. MLST CC nomenclature was deduced from spa CCs using the Ridom SpaServer database. CC30 was
overrepresented among nasal strains (P � 0.01), CC8 was overrepresented among blood culture isolates (P � 0.05), and CC5 included only nasal
isolates (P � 0.05).

FIG. 2. Clonal relationships of Pomeranian CC30 isolates of different clinical origins. (A) Nasal isolates from Western Pomerania. (B) Nasal
isolates from Sczcecin. (C) Blood culture isolates from Western Pomerania. Clusters were created with the BURP algorithm of the Ridom SpaType
Software. The size of each spa circle reflects the number of isolates belonging to the spa type. The thickness of the connecting lines reflects the
calculated costs, which express the evolutionary distances. The founder of a cluster, i.e., the spa type with the highest number of direct relatives,
is shaded in gray. Blood culture isolates from one spa type were not outbreak related. spa type t037 isolates were excluded from the CC30 cluster
because they are known to belong to MLST ST239 (CC8). spa t037 isolates have arisen from a single recombination event that involved the
exchange of a DNA fragment, including the spa t037 gene, between MLST30 and MLST 239 (52, 53).
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FIG. 3. Distribution of (A) agr-1 to -4, (B) SAg genes or SAg gene combinations, and (C) etd within the five major clonal complexes. The overall
heights of the bars denote the total number of isolates within the complex. The height of the shaded area represents the number of isolates positive
for the respective gene. The minor lineages CC5, -12, -22, -121, and -395 and singletons were excluded from this analysis. An egc variant is an egc
cluster with seu and an sem allelic variant. *, one strain harbored only seb-seq (T198-1; CC8).
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MLST genotyping. MLST genotyping was performed on selected S. aureus
isolates (also see Fig. 4 and 5) according to published protocols (9). Otherwise,
MLST clonal complexes (CCs) were deduced from BURP grouping of spa types
using the Ridom SpaServer database (http://www.spaserver.ridom.de) (55).

SAg multiplex PCRs. 16S rRNA PCR was performed with each DNA prepa-
ration to control the DNA quality and absence of PCR inhibitors (24). Gyrase
primers allowed the identification of S. aureus (37). Methicillin resistance was
detected with mecA-specific primers (45). All strains were negative for the PVL
locus, as tested by PCR for lukS-lukF (27). Six sets of multiplex PCRs were
established, partially based on published protocols, to amplify (i) sea, seh, sec,
and tst; (ii) sed, etd, eta, and sek; (iii) see, seb, sem, sel, and seo; (iv) sen, seg, seq,
and sej; (v) sei, ser, seu, and sep; and (vi) agr-1 to -4 (see Table S1 in the
supplemental material). Primer pairs for detection of sea to see, seh, sem, seo, tst,
eta, etd, the PVL locus, and agr-1 to -4 were previously described (27, 28, 35, 66).
Primers for seg, sei, and sej were modified from published primer sequences (42),
and primers for sel, sek, sen, sep, seq, ser, and seu were designed for this study (see
Table S1 in the supplemental material).

Single and multiplex PCRs were performed with the GoTaq Flexi DNA poly-
merase system (Promega). Each reaction mixture (25 �l) contained 5 �l 5�
GoTaq reaction buffer, 100 �M deoxynucleoside triphosphates (dATP, dCTP,
dGTP, and dTTP; Roche Diagnostics, Mannheim, Germany), 5 mM MgCl2, 150
to 400 nM of each primer, 1.0 U GoTaq Flexi DNA polymerase, and 10 to 20 ng
of template DNA. An initial denaturation of DNA at 95°C for 5 min was
followed by 30 cycles of amplification (95°C for 30 s, 55°C for 30 s, and 72°C for
60 s), ending with a final extension phase at 72°C for 10 min. All PCR products
were resolved by electrophoresis in 1.5% agarose gels (1� Tris-borate-EDTA
buffer), stained with ethidium bromide, and visualized under UV light. Positive
controls included DNA from SAg gene-positive S. aureus reference strains. In
addition to standard PCR controls for contamination events, S. aureus strain
8325-4 served as a SAg gene-negative control.

sem gene sequencing. The PCR for amplification of the sem gene variant was
performed with sequencing primers (sems-1 and -2) flanking the sem open
reading frame using the HotGoldStar Polymerase system (Eurogentec, Seraign,
Belgium). Each reaction mixture (50 �l) contained 5 �l 10� HotGoldStar
reaction buffer, 200 �M deoxynucleoside triphosphates, 4 mM MgCl2, 1 �M of
primers (sems-1 and sems-2), 1.0 U HotGoldstar DNA polymerase, and 10 to 20
ng of template DNA. An initial denaturation of DNA at 95°C for 10 min was
followed by 30 cycles of amplification (95°C for 30 s, 56.8°C for 40 s, and 72°C for
60 s), ending with a final extension phase at 72°C for 10 min. Sequencing was
performed as described above.

Statistical analysis. Differences between groups were assessed using the chi-
square test. P values of 	0.05 were considered statistically significant. Contin-
gency tables were used to compare the prevalences of a particular SAg gene or
agr type between clonal complexes.

Nucleotide sequence accession number. The nucleotide sequence of the sem
gene variant found in CC30 (sem_CC30) has been deposited at GenBank (ac-
cession number EF551341).

RESULTS

In this study, we investigated the spa genotypes, agr groups,
and SAg gene patterns of nasal and blood culture S. aureus
isolates from Western Pomerania in northeastern Germany.
The demographic data are summarized in Table 1. A total of
107 nasal isolates were obtained from healthy blood donors
during two studies on S. aureus nasal colonization (T strains
and SH strains). Similar colonization patterns were observed in
both study groups (Table 1). Only one nasal S. aureus strain
was methicillin resistant (T184-2). To investigate whether the
spa-defined core genomes or SAg-carrying MGEs differed be-
tween noninvasive and invasive isolates, we additionally
screened 88 methicillin-susceptible S. aureus (MSSA) blood
culture isolates (Table 1). The MSSA isolates were obtained
from the University Hospital of Greifswald or other nearby
medical facilities over the same time periods as the nasal iso-
lates to avoid the potential confounding effects of differences
in geographical locations or time periods. Most isolates were
collected in different wards of the University Hospital of Grei-

fswald, most frequently in the internal medicine ward (n � 40),
surgical ward (n � 10), and intensive-care unit (n � 9); four
strains were isolated from outpatients (for details, see Mate-
rials and Methods). The patients were on average 58.3 years
old, and 61.4% were male.

Identification of clonal lineages by spa typing. spa typing of
nasal and blood culture isolates from Western Pomerania re-
vealed 93 different spa types, varying in length from 1 (t779) to
13 (t1660 and t379) repeats. Seventy-five spa types were
present in single isolates, whereas 10 spa types were repre-
sented by at least five isolates. The largest clone was t008,
which comprised 24 isolates (12.3% of all isolates). Moreover,
we identified 30 new spa types not included in the Ridom
SpaServer database. BURP clustering assigned the 93 different
spa types to five major and five minor CCs (Fig. 1). The major
complexes (containing 
5% of the isolates) included MLST
CC8, CC15, CC25, CC30, and CC45, which together incorpo-
rated 73.3% of all isolates. In contrast, the minor complexes
CC5, CC12, CC22, CC121, and CC395 accounted for 13.3% of
all strains. Singletons that could not be assigned to a major CC
by spa typing occurred among the nasal (n � 14; 13.1%) and
blood culture (n � 5; 5.7%) strains. Since clustering parame-
ters excluded spa types shorter than five spa repeats, three
nasal and five blood culture isolates were excluded from BURP
grouping. Moreover, one isolate (BK067) was nontypeable,
because we were not able to amplify the spa gene by PCR.
Overall, our results confirm the predominance of major clonal
lineages as reported previously in other studies (11, 41). How-
ever, the frequencies of clonal lineages varied considerably
between the different S. aureus strain collections (1, 39, 62),
suggesting large geographical variations.

Distribution of nasal and blood culture isolates between
clonal complexes. As expected, both nasal and blood culture
isolates were present in most clonal complexes (11, 41). CC5
(n � 7) was exceptional, because it contained only nasal iso-
lates, and all of them belonged to the same spa type, t002
(6.5%; P � 0.05). Moreover, two clonal lineages were clearly
represented in different proportions between nasal and inva-
sive S. aureus isolates (Fig. 1). CC8 was overrepresented
among blood culture isolates compared to nasal isolates
(21.6% versus 10.3%; P � 0.05), while CC30 was underrepre-
sented among blood culture strains (11.4% versus 27.1%; P �
0.01). In CC30, spa type t012 was predominant among nasal
strains, whereas t021 was the most frequent spa type in blood
culture isolates (4/10 versus 1/29; P � 0.01) (Fig. 2).

To assess the spreading of CC30 within the healthy popula-
tion, we additionally screened 362 healthy blood donors from
Sczcecin, Eastern Pomerania, Poland, in a cross-sectional ap-
proach. Similar to the Western Pomeranian population, 26/108
(24.1%) of the nasal isolates from Sczcecin belonged to CC30
(data not shown), which was thus the dominating S. aureus
lineage in the Pomeranian community. High prevalences of
CC30 have also been reported from other geographical areas
worldwide (1, 39, 62). spa type t012 was the dominant coloniz-
ing clone and probably the evolutionary founder of the CC30
cluster in both Western (10/29 CC30 isolates) and Eastern
(7/26) Pomerania (Fig. 2). However, there were also remark-
able differences in the spa type compositions between the two
CC30 collections, suggesting a divergent evolution, which was
probably enforced by the former East German-Polish border.
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A subanalysis of strains isolated in 2002 versus 2005–2006
(data not shown) showed that CC395 was not yet detected in
2002 but a total of seven isolates representing different, closely
related spa types were discovered in 2005–2006. While a sam-
pling bias cannot be excluded, it appears more likely that this
S. aureus clone was recently introduced into the area, increased
in frequency in the population, and rapidly diversified into the
observed cluster of closely related spa types. Moreover, within
the blood culture isolates, we observed an expansion of the
lineages CC15, CC45, and CC8, which together accounted for
34.4% of the strains in 2002 compared to 60.7% in 2005–2006.
Even though these differences are not significant due to small
case numbers, they suggest that the S. aureus population struc-
ture is highly dynamic.

Distribution of agr types. agr is a global regulator of viru-
lence gene expression, and four different agr subgroups, agr-1
to -4, are known. The agr locus belongs to the core variable
genome and is strongly linked with clonal lineages (27, 39). In
agreement with others (27, 43, 51, 64), we observed that the
clonal lineages CC8, CC22, CC25, CC45, and CC395 harbored
agr-1 and all CC5, CC12, and CC15 isolates were characterized
by agr-2 (Fig. 3A, 4, and 5). Moreover, CC30 isolates carried
agr-3, while agr-4 occurred only in the CC121 lineage.

We also noted a single agr-1 isolate within the CC30 cluster
(BK085) and one agr-4 isolate in CC45 (BK004); this had
occasionally been observed before (51, 64). Interstrain recom-
bination events could account for these exceptional strains,
and this needs further investigation (19, 54, 56). Five blood
culture isolates could not be typed with our agr multiplex PCR
system, presumably due to a deletion of the agr locus (18; S.
Holtfreter, unpublished data).

Distribution of SAg genes. We then determined the pres-
ence of the 19 known SAg genes, as well as of the eta and etd
genes, using a system of five multiplex PCRs. Comprehensive
overviews of the spa-defined clonal lineages and their respec-
tive agr types and SAg gene patterns are provided in Fig. 4 for
the nasal isolates and Fig. 5 for the blood culture isolates from
Western Pomerania.

None of the SAg genes were randomly distributed between
the clonal complexes (P � 0.001; contingency table analysis)
but rather were strongly associated with the clonal lineages.
This suggests that most MGEs are predominantly transferred
vertically while horizontal transmission between different lin-
eages is limited. However, MGEs were also found in strains of
divergent clonal lineages that do not share a recent ancestor.
Here, the exchange of MGEs appears to be favored between
some CCs. The distribution of selected SAg genes, as well as
etd, within the major CCs is depicted in Fig. 3B and C.

egc SAgs, which cluster on the S. aureus genomic island
vSA�, were strictly linked to the clonal background, which is in
agreement with previous studies (8, 38, 39). The egc cluster was
present in all CC5, CC22, and CC45 isolates but completely
absent from CC8, CC12, CC15, and CC395. egc genes also
characterized one subcluster of the CC25 lineage (t078 and
relatives), whereas they were missing from the other (t056 and
relatives) (Fig. 3B, 4, and 5). Moreover, we observed an egc
variant that was almost exclusively linked to the CC30 back-
ground. This egc variant was characterized by an sem allelic
variant that escaped detection with our standard PCR due to
three point mutations within the binding site of the sem for-
ward primer (EF551341) and an additional seu gene, and it
probably corresponds to the reported egc2 variant (Fig. 3, 4,
and 5) (4, 34). Our data clearly show that the egc-containing
genomic island is transferred only vertically.

Other SAgs with very strong linkage to certain CCs were tst,
sec-sel, and sed-sej-ser (Fig. 3B, 4, and 5). The tst gene, which is
located on a family of related islands, was strongly linked to the
CC30 background, as reported in previous studies (39, 51).
sec-sel are colocalized on the pathogenicity island SaPI3 and
were detected mainly in CC45 isolates. Finally, the plasmid-
borne SAg genes sed-sej-ser were usually found in CC8. These
results suggest that horizontal transfer of the respective islands
and plasmids between clonal lineages is rare.

SAg genes with a broader distribution were the phage-borne
sea, which was occasionally detected in CC8, -30, -45, and -395,
and seb, on SaPI, which was infrequently found in CC5, -8, -12,
-25, and -45 (Fig. 3B, 4, and 5).

Furthermore, we observed some new SAg gene combina-
tions, indicating the existence of yet-undescribed MGE vari-
ants. For example, tst and seb are usually located on two
different related SaPIs, either of which integrates into the
same genomic locus. The rare observation of seb in a tst-
positive isolate, as detected in this study and by others (33),
can be explained by the mosaic structure of MGEs, where
short mosaic fragments can spread to other MGEs of the
same type by homologous recombination (39). Similarly,
seb-sek-seq are usually clustered on SaPI1, but we and others
found seb without seq-sek in several strains (16, 48), suggest-
ing a new SaPI variant. This is intriguing and needs more
investigation.

agr and SAg gene profiles of S. aureus clonal complexes. As
a consequence of their linkage to the genetic background, each
clonal complex is characterized by typical SAg gene patterns.
However, within clonal complexes and even within the same
spa types, we observed considerable variation in the preva-
lences of the SAgs that constitute these lineage-specific pat-

FIG. 4. Distribution of SAg genes, agr types, and eta and etd genes within spa-defined clonal complexes among nasal isolates (n � 107). spa types
were clustered by BURP analysis into 10 clonal complexes, which are color coded according to the scheme in Fig. 1. For construction of the
consensus tree, several reference strains with unknown SAg gene patterns were included in the BURP clustering (shaded in grey). MLST CCs were
deduced from BURP grouping of spa types (55). MLST CCs labeled with an asterisk were MLST sequenced. SAg genes, agr types, and eta and
etd genes were determined by multiplex PCR. All strains tested negative for the PVL locus (not shown). Staphylococcal enterotoxins (SEs) are
indicated by single letters (a � sea, etc.). Footnotes are as follows. 1, spa type t037 isolates were grouped into spa CC012 but are known to belong
to MLST ST239 (CC8). spa t037 isolates have arisen from a single recombination event that involved the exchange of a 
200-kb DNA fragment
including the spa gene between MLST30 and MLST239 (52, 53). 2, spa CC1655 isolates were clustered into MLST CC395 after MLST sequencing
of two representative strains. 3, T184-2 tested mecA positive. 4, spa type t091 isolates were grouped into spa CC084 but belonged to ST7 (singleton)
according to MLST sequencing.
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terns. There were between one (CC15) and eight (CC8) dif-
ferent SAg genotypes within the major clonal lineages. This
indicates frequent acquisition and loss of SAg-carrying MGEs
within lineages (Fig. 4 and 5).

The characteristic SAg gene profiles and agr groups of the
clonal lineages are summarized in Table 2. Within CC25, spa
sequencing discriminated two sublineages, egc-positive t078
strains (and relatives) and egc-negative t056 isolates (and rel-
atives). The former were more frequent among the invasive
strains (9/11 versus 4/14; P � 0.01). Within this t078 cluster,
eight strains additionally harbored the etd gene. Importantly,
they were found exclusively in the blood culture isolates (P �
0.001), so that CC25 isolates harboring the pathogenicity island
containing etd appear to be more virulent than those without it.
Others have reported the etd locus to be associated with the
methicillin-resistant S. aureus (MRSA) ST80 lineage, as well as

with a lineage carrying agr-1, egc, and sometimes seb (66); the
latter likely represents the CC25 t078 subcluster described
here.

As shown above, CC30 isolates were more prevalent among
nasal strains, while CC8 was significantly overrepresented
among blood culture isolates. However, there were no differ-
ences in the SAg gene profiles between nasal and invasive
isolates, either in CC30 or in CC8 (Fig. 4 and 5). CC15 isolates
never harbored SAg genes, presumably due to restrictions on
horizontal transmission (60). The SAg gene patterns of the
minor lineages CC12, -22, -121, and -395 are based on small
case numbers and need to be confirmed. The SAg and agr
profiles reported for MRSA strains largely correspond to our
findings with MSSA isolates, which demonstrates that the
SCCmec cassettes show a greater horizontal mobility than the
MGEs encoding SAgs (Table 2).

FIG. 5. Distribution of SAg genes, agr types, and eta and etd genes within spa-defined clonal complexes among blood culture isolates (n � 87).
For background information, see the legend to Fig. 4. S. aureus clinical isolate BK067 was not spa typeable and therefore was excluded from this
analysis. Footnotes are as follows. 1, spa type t037 isolates were grouped into spa CC012 but are known to belong to MLST ST239 (CC8) (52, 53).
2, spa type t1662 is a singleton according to spa typing but was grouped into MLST CC30 after MLST sequencing (ST30). 3, spa CC1655 isolates
were clustered into MLST CC395 after MLST sequencing of two representative strains. 4, spa type t091 isolates were grouped into spa CC084 but
belonged to ST7 (singleton) according to MLST sequencing.

TABLE 2. SAg gene and agr signatures of S. aureus clonal complexesa

CC Characteristics No. agr type egc Other SAg genes Reference(s) eta, etd

CC5 MSSA 7 agr-2 (7) egc (7) seb-seq-sek (1), sed-sej-ser (1),
sep (3)

N315 (MRSA) agr-2 egc tst-sec-sel 31
CC8 MSSA 30 agr-1 (30) sed-sej-ser (23), sea (5), seb-sek-

seq (3), seb-seq (1), tst (1),
sec-sel (1)

COL (MRSA); spa type
t008

agr-1 seb-sek-seq 17

Lyon-MRSA; spa type
t008

13 agr-1 sea (13), seb (1), sed (3)b 12

CC12 MSSA 6 agr-2 (6) sec-sel (5), sep (5), seb (1)
CC15 MSSA 20 agr-2 (20)
CC22 MSSA 5 agr-1 (4), agr-negd

(1)
egc (5) sec-sel (1)

EMRSA-15; spa type
t032

agr-1 egc sec-sel 29

CC25 MSSA 25 agr-1 (23), agr-neg
(2)

egc (13c) seb (3), seu (1) etd (8c, all BK)

CC30 MSSA 39 agr-3 (38), agr-1 (1) egc variant
(39)

tst (27), sea (17), sep (1)

EMRSA-16; spa type
t018

agr-3 egc variant tst, sea 12, 23

CC45 MSSA 26 agr-1 (24), agr-4 (1),
agr-neg (1)

egc (26) sec-sel (19), tst (1), sea (1), seb
(1), sed-sej-ser (1), seu (1)

Berlin MRSA agr-1 egc 12
CC121 MSSA 2 agr-4 (1), agr-neg

(1)
egc (2) seu (2) eta (1)

CC395 MSSA 7 agr-1 tst-sec-sel (5), sea (6), sek-seq (2),
see (1)

etd (1)

a For each staphylococcal clonal cluster, the characteristic agr subgroup, SAg genes, and eta and etd genes are indicated. The number of isolates that tested positive
for a virulence gene is given in parentheses. SAg genes that occurred in more than 50% of the isolates of one CC are shown in boldface letters. SAg genes that are
clustered on MGEs are linked by hyphens. In addition, the SAg/agr signatures of MRSA outbreak clones (Lyon-MRSA, epidemic MRSA-15 [EMRSA-15], ERMSA-16,
and Berlin MRSA) and whole-genome sequenced strains (COL and N315) are provided.

b sej and ser, which cluster with sed on a plasmid, were not determined in this study (12).
c egc genes were present in one subcluster of the CC25 lineage (t078 and relatives; n � 13), whereas they were missing in the other one (t056 and relatives; n � 12).

The etd gene occurred only in blood culture isolates of CC25 (n � 8/11; P � 0.001).
d agr-neg, agr negative (i.e., a negative result by agr PCR).
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DISCUSSION

Recent analyses have shown that all S. aureus genotypes that
efficiently colonize humans have given rise to life-threatening
pathogens but that some clonal lineages appear to be more
virulent than others (41). Analysis of the core variable genome
could not clearly attribute virulence to any of the factors ex-
amined (39). In fact, each of the 10 dominant S. aureus lineages
has a unique combination of core variable genes, such as sur-
face-associated and regulatory genes (27, 39). This suggests
that associated resistance and virulence genes carried on
MGEs could determine staphylococcal virulence, in which case
their horizontal mobility has to be taken into account. Accord-
ingly, we performed a comprehensive survey of the distribution
of the 19 staphylococcal SAg genes, the exfoliative toxin genes,
and the agr types in the known S. aureus clonal lineages to
answer the following question: are there differences in the core
genome and/or the SAg-carrying MGEs between nasal and
blood culture isolates?

Our results clearly showed that MGEs carrying SAg genes
were strongly associated with the clonal background. Either
they did not spread between different genetic lineages at all,
such as the egc-carrying pathogenicity island vSA� (8, 38, 39,
57), or the efficiency of such genetic exchange was low, as in the
case of tst, which is carried by a family of related pathogenicity
islands (39, 40), and also in the case of the plasmid-borne SAg
genes sed-sej-ser (14, 15). The sea-carrying phage �3 and seb,
located on SaPI, were distributed more broadly (39, 51). This
shows that the genetic distribution of SAg-carrying MGEs oc-
curs mainly by vertical transmission. The degrees of horizontal
mobility vary considerably between different MGEs.

Barriers to horizontal transfer could be the incompatibility
of related bacteriophages (bacteriophage immunity), SaPIs,
and plasmids; varying susceptibilities to transduction or conju-
gation; or the Sau1 restriction modification system (38, 60).
Notably, the lineage CC15 completely lacks SAg genes. It can
be assumed that the restriction modification system of this
lineage prevents the acquisition of any SAg gene-carrying
MGE by horizontal transfer.

Jarraud et al. have reported associations of agr types with
diseases, in particular with the toxin-mediated toxic shock syn-
drome and exfoliative diseases (27). Since the agr locus belongs
to the core variable genes and was strictly associated with
clonal lineages, this observation may reflect the links of these
clonal lineages and their associated virulence gene patterns
with disease. For example, most cases of menstrual toxic shock
syndrome are caused by S. aureus lineage CC30, which is char-
acterized by tst and agr-3 (6, 13, 27, 46).

As a result of the described restrictions on horizontal gene
transfer, each clonal complex was characterized by a typical
SAg and exfoliative toxin gene profile and agr type, as is de-
scribed in detail in Results above (Table 2). These typical
MGE profiles explain many of the differences in virulence and
disease symptoms that are observed between S. aureus lin-
eages. However, in cases of tight linkage, the relative contri-
butions of MGEs and the core or core variable genome cannot
be resolved using the tools of molecular epidemiology. In other
words, a preponderance of virulence-associated genes among
invasive S. aureus isolates could be caused or, on the contrary,
masked by an uneven distribution of clonal complexes between

nasal and invasive strains (51). A striking example is the egc-
carrying genomic island vSA�, which we found always and
exclusively in members of CC5, CC22, CC30, CC45, and a
subcluster of CC25. On the CC25 background, egc was associ-
ated with invasiveness, but on the CC5 background, it charac-
terized nasal isolates. Such associations should therefore be
interpreted with caution.

Within each lineage and even within the same spa type we
observed considerable variation of SAg genes. The transfer of
bacteriophages appears to be quite frequent during both col-
onization and infection (20, 21, 44). The colonizing strain T098
even lost the sea-carrying phage between the first and second
samplings, since the PCRs for sea and the phage-specific inte-
grase gene became negative while the spa types, PFGE pat-
terns, and antibiograms remained identical (unpublished ob-
servations). This illustrates the high degree of horizontal
mobility of phages between strains of similar genetic back-
grounds (39, 51). In such cases, the impact of MGEs can be
readily assessed by comparing invasive and noninvasive S. au-
reus isolates with similar genetic backgrounds. In our study, the
strict association of etd with invasiveness on the CC25 genetic
background strongly suggests that etd—or associated virulence
genes on that island—contributes to disease. The exfoliative
toxin D induces intradermal blister formation by cleavage of
desmoglein 1 and is associated with cutaneous abscesses and
furuncles (65). This shows that virulence gene analysis can
increase the discriminatory power of other genotyping meth-
ods, as has also been suggested by others (27, 51, 58). In
contrast, in CC8 and CC30, the SAg gene profiles did not differ
between nasal and invasive strains, rendering an important
contribution of SAgs to the invasion process unlikely. We con-
clude that restricting a comparative analysis of virulence fac-
tors to those CCs that harbor the respective virulence genes
will increase its sensitivity and specificity.

In agreement with our results, similar consensus repertoires
of virulence genes (e.g., SAg genes, agr groups, and hemo-
lysins) have also been reported for MRSA clones of CC5, -8,
and -30 (7). The fact that staphylococcal lineages from differ-
ent geographical regions show similar MGE profiles suggests
that these lineages are evolutionarily old and share a conserved
genomic structure. On this conserved genetic background, the
mecA gene shows highly dynamic behavior, which illustrates
the extraordinary selective pressure exerted on the species S.
aureus by therapeutic intervention. Interestingly, the reported
SAg profiles within clonal complexes are less variable in
MRSA strains than in our MSSA collection (7). Likely reasons
are the relatively recent acquisition of SCCmec and the shap-
ing of the population structure of MRSA by local outbreaks in
hospitals and communities.

In Pomerania, CC30 was significantly more common among
nasal strains than among blood culture isolates. It appears that
the local CC30 population is optimized for symptom-free col-
onization and probably causes systemic infections only under
very accommodating conditions. Intriguingly, Wertheim et al.
reported that in The Netherlands CC30 isolates tend to be
more prevalent among endogenous invasive strains than non-
invasive strains (62). Though there are some differences in the
ways the Dutch and the Pomeranian strains were collected, this
means that the diagnosis “CC30” alone conveys limited infor-
mation. In support of this, two CC30 MRSA clones, the hos-
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pital-acquired MRSA ST36:USA200 and the community-ac-
quired MRSA ST30:USA1100, induce very different disease
types, which has been attributed to differences in their viru-
lence gene repertoires (7). A detailed comparison of the Dutch
and the Pomeranian CC30 populations will hopefully reveal
more factors that predispose to invasiveness.

In addition to virulence gene assessment, the analysis of
individual spa types or MLST types within CCs can be infor-
mative. In CC30, the spa type t012 was most prevalent among
nasal strains, whereas t021 dominated the blood culture iso-
lates. Similarly, within the CC25 lineage, t078 isolates were
overrepresented among invasive strains. However, while high-
resolution typing methods based on sequence variations of the
core genome may help to identify aggressive S. aureus clones,
virulence gene typing is much more likely to provide clues to
the underlying molecular mechanisms.

In conclusion, we have shown here that S. aureus clonal
complexes are characterized by consensus repertoires of SAg
genes. However, within each lineage, and even within the same
spa type, there was remarkable variation of SAg gene profiles.
For etd, our data indicate a role in bloodstream invasion while
rendering it unlikely for SAgs. Using SAgs as an example of
highly variable virulence genes, we have shown here that the
simultaneous assessment of virulence gene profiles and genetic
background can provide new insights into S. aureus virulence.
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SUPPLEMENTAL MATERIAL 

Suppl. Table 1: Oligonucleotide primers and control strains used for toxin gene detection.  

 
Gene Primers 

GenBank 

accession no. 
Sequence (5'-3') 

Fragment size 

(bp) 
Tm (°C) Control strain Reference 

sea Nsea-1 M18970 gaa aaa agt ctg aat tgc agg gaa ca 560 55 FRI913 27 

  Nsea-2   caa ata aat cgt aat taa ccg aag gtt c         

seh Nseh-1 U11702 caa tca cat cat atg cga aag cag 376 55 FRI137 27 

  Nseh-2   cat cta ccc aaa cat tag cac c         

sec Nsec-1 X05815 ctt gta tgt atg gag gaa taa caa aac atg 275 55 FRI913 27 

  Nsec-2   cat atc ata cca aaa agt att gcc gt         

tst Ntst-1 J02615 ttc act att tgt aaa agt gtc aga ccc act 180 55 FRI913 27 

m
u

lt
ip

le
x

 I
 

  Ntst-2   tac taa tga att ttt tta tcg taa gcc ctt         

sed Nsed-1 M28521 gaa tta agt agt acc gcg cta aat aat atg 492 55 FRI1151m 27 

  Nsed-2   gct gta ttt ttc ctc cga gag t         

etd Netd-1 AB057421 caa act atc atg tat caa gga tgg 358 55 TY114 67 

  Netd-2   cca gaa ttt ccc gac tca g         

eta Neta-1 M17347 act gta gga gct agt gca ttt gt 190 55 A920210 27 

  Neta-2   tgg ata ctt ttg tct atc ttt ttc atc aac         

sek Nsek-1 U93688 atg cca gcg ctc aag gc 134 55 FRI913 this work 

  Nsek-2   aga ttc att tga aaa ttg tag ttg att agc t         

m
u

lt
ip

le
x

 I
I 

  Nsek-3 AAW36439 tgc cag cgc tca agg tg         

see Nsee-1 M21319 caa aga aat gct tta agc aat ctt agg c 482 55 FRI918 27 

  Nsee-2   cac ctt acc gcc aaa gct g         

seb Nseb-1 M11118 att cta tta agg aca cta agt tag gga 404 55 CCM5757 27 

  Nseb-2   atc ccg ttt cat aag gcg agt         

sem Nsem-1 AF285760 cta tta atc ttt ggg tta atg gag aac 326 55 FRI137 27 

  Nsem-2   ttc agt ttc gac agt ttt gtt gtc at         

sel Nsel-1 NC_002745 gcg atg tag gtc cag gaa ac 234 55 FRI137 this work 

  Nsel-2   cat ata tag tac gag agt tag aac cat a         

seo Nseo-1 AF285760 agt ttg tgt aag aag tca agt gta ga 180 55 FRI137 27 

m
u

lt
ip

le
x

 I
II

 

  Nseo-2   atc ttt aaa ttc agc aga tat tcc atc taa c         

 

 

       
 

 

37



CLONAL DISTRIBUTION OF S. AUREUS SUPERANTIGEN GENES 

 

 

sen Gsen-1 AF285760 cgt ggc aat tag acg agt c 474 55 FRI137 this work 

  Gsen-2 NC_002952            gat tga tyt tga tga tta tka g         

seg Gseg-1 AF285760 tct cca cct gtt gaa gg 323 55 FRI137 this work 

  Gseg-2   aag tga ttg tct att gtc g         

seq Gseq-1 AAW36439 acc tga aaa gct tca agg a 204 55 Col this work 

  Gseq-2   cgc caa cgt aat tcc ac         

sej Gsej-1 AF053140 tca gaa ctg ttg ttc cgc tag 138 55 FRI1151m this work 

m
u

lt
ip

le
x

 I
V

 

  Gsej-2   gaa ttt tac cay caa agg tac         

sei Gsei-1 AAW36439/  cty gaa ttt tca acm ggt ac 461 55 FRI137 this work 

  Gsei-2 AF285760 agg cag tcc atc tcc tg         

ser Nser-1 AB075606 agc ggt aat agc aga aaa tg 363 55 FRI1151m this work 

  Nser-2   tct tgt acc gta acc gtt tt         

seu Nseu-1 AY205306 aat ggc tct aaa att gat gg 215 55 FRI137 this work 

  Nseu-2   att tga ttt cca tca tgc tc         

sep Gsep-1 NC_002745 gaa ttg cag gga act gct 182 55 N315 this work 

m
u

lt
ip

le
x

 V
 

  Gsep-2   ggc ggt gtc ttt tga ac         

agr 1 – 4 pan agr   atg cac atg gtg cac atg c         

agr-1 agr1 X52543 gtc aca agt act ata agc tgc gat 439 55 Col 35 

agr-2 agr2 AF001782 tat tac taa ttg aaa agt gcc ata gc 572 55 N315 35 

agr-3 agr3 AF001783 gta atg taa tag ctt gta taa taa tac cca g 320 55 TY114 35 m
u

lt
ip

le
x

 

V
I 

agr-4 agr4 AF288215 cga taa tgc cgt aat acc cg 657 55 A920210 35 

16SrRNA 16SrRNA-   gta ggt ggc aag cgt tat cc 228 58   24 

  16SrRNA-   cgc aca tca gcg tca g         

gyrase gyr-1   agtaca tcg tcg tat act ata tgg 281 55   37 

  gyr-2   atc acg taa cag ttc aag tgt g          

mecA mecA-1 NC_002745 aaa atc gat ggt aaa ggt tgg c 533 55 N315 45 

  mecA-2   agt tct gca gta ccg gat ttg c         

pvl Npvl-1 AB006796 atc att agg taa aat gtc tgg aca tga tcc a 433 55 ATCC49775 27 

si
n

g
le

 P
C

R
 

  Npvl-2   gca tca ast gta ttg gat agc aaa agc          

sem sems-1   gat agr saw rtt taa wta tag gag aaa ta 780 56.8   this work 

  sems-2   tcc ttt wct aag tta tga ttg aa         

spa spa-1113f   taa aga cga tcc ttc cgt gag c variable 60   22 

se
q

u
e

n
-

ci
n

g
 

  spa-1514r   cag cag tag tgc cgt ttg ctt         
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Temperate bacteriophages play an important role in the pathogenicity of Staphylococcus aureus, for instance,
by mediating the horizontal gene transfer of virulence factors. Here we established a classification scheme for
staphylococcal prophages of the major Siphoviridae family based on integrase gene polymorphism. Seventy-one
published genome sequences of staphylococcal phages were clustered into distinct integrase groups which were
related to the chromosomal integration site and to the encoded virulence gene content. Analysis of three
marker modules (lysogeny, tail, and lysis) for phage functional units revealed that these phages exhibit
different degrees of genome mosaicism. The prevalence of prophages in a representative S. aureus strain
collection consisting of 386 isolates of diverse origin was determined. By linking the phage content to dominant
S. aureus clonal complexes we could show that the distribution of bacteriophages varied remarkably between
lineages, indicating restriction-based barriers. A comparison of colonizing and invasive S. aureus strain
populations revealed that hlb-converting phages were significantly more frequent in colonizing strains.

Staphylococcus aureus asymptomatically colonizes the ante-
rior nares of humans but also causes a wide spectrum of acute
and chronic diseases. Most of the dissimilarity between S. au-
reus strains is due to the presence of mobile genetic elements
such as plasmids, bacteriophages, pathogenicity islands, trans-
posons, and insertion sequences (2, 14, 19, 23). Many virulence
factors are encoded on such mobile elements (3, 6, 17, 26, 27,
35). In particular, bacteriophages play an important role in the
pathogenicity of S. aureus either by carrying accessory viru-
lence factors such as Panton-Valentine leukocidin (PVL) (en-
coded by the luk-PV operon), staphylokinase (encoded by sak),
enterotoxin A (encoded by sea), and exfoliative toxin A (en-
coded by eta) or by interrupting chromosomal virulence genes
such as those for �-hemolysin (hlb) and lipase (geh) upon
insertion. Additionally, phages are the primary vehicle of lat-
eral gene transfer between S. aureus strains, providing the
species with the potential for broad genetic variation. We
could show that phages increase the genome plasticity of S.
aureus during infection, facilitating the adaptation of the
pathogen to various host conditions (11, 12).

Despite the obvious importance of phages for the biology of
S. aureus, epidemiological data on the prevalence of phages in
this species are limited (28, 33). More than 80 genome se-
quences of staphylococcal bacteriophages and prophages are
available in the public genome databases. Most published S.
aureus phages belong to the Siphoviridae family of temperate,
tailed bacterial viruses. Traditionally, S. aureus phages were
characterized according to their lytic activity, morphology, and

serological properties (1, 28). Today, the temperate phages in
clinical S. aureus isolates can by identified with a multiplex
PCR strategy, which is based on sequence differences between
viral genes coding for the surface-exposed determinants (28).

In general, the evolution of phage lineages seems to be driven
by the lateral gene transfer of interchangeable genetic elements
(modules), which consist of functionally related genes. The Si-
phoviridae genomes are usually organized into six functional
modules: lysogeny, DNA replication, regulation of transcrip-
tion, packaging and head, tail, and lysis (4). A functional mod-
ule found in one phage can be replaced in another phage by a
sequence-unrelated module that fulfils the same or related
functions. Multiple alignment of S. aureus phage genomes also
revealed a chimeric and mosaic structure resulting from hori-
zontal transfer and recombination (5, 20). It is an open ques-
tion whether all phages have access to a common gene pool or
whether subpools have developed, which are due to differences
in the accessibility of strain variants of the bacterial host spe-
cies.

It was recently shown that most human S. aureus strains
belong to one of 10 independent lineages or clonal complexes
(CCs) (9, 24). Exchange of DNA is very much lower between
different lineages than within the same lineage due to the
action of the restriction-modification (R-M) system SauI (34).
The prime role of R-M systems in many bacteria is the defense
against DNA bacteriophages. These systems usually comprise
a DNA methyltransferase and a restriction endonuclease. The
former protects self DNA by methylation of specific nucleo-
tides in a certain DNA sequence, whereas the latter cleaves the
foreign unmodified DNA at the same sequence motif. If the
spread of bacteriophages between different S. aureus lineages
was controlled by the R-M system or a similar mechanism, an
unequal distribution would be expected.

Here we established a classification scheme for staphylococ-

* Corresponding author. Mailing address: Institut für Med. Mikrobi-
ologie und Hygiene, Universitätsklinikum Tübingen, Elfriede-Aulhorn-
Str. 6, 72076 Tübingen, Germany. Phone: 49-7071-2985229. Fax: 49-7071-
295165. E-mail: christiane.goerke@med.uni-tuebingen.de.
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cal prophages of the major Siphoviridae family which was based
on the suggested phage designation of the published S. aureus
genomes (22, 23). When analyzing a representative S. aureus
strain collection, we could show that the frequency of certain
phage groups varied between S. aureus lineages. A comparison
of colonizing and invasive S. aureus strain populations revealed
that hlb-converting phages were significantly more frequent in
colonizing strains.

MATERIALS AND METHODS

Bacterial isolates. S. aureus isolates from different sources were included in
this study: nasal carriage isolates and blood culture isolates from the University
of Greifswald (15); nasal carriage isolates (12) and clinical isolates from diverse
sources from the Department of Medical Microbiology and Hygiene, Tübingen;
blood culture isolates from the Kantonsspital Basel; community-associated me-
thicillin-resistant S. aureus (MRSA) reference isolates from the Robert Koch
Institute, Wernigerode; and reference strains from the Network on Antimicro-
bial Resistance in Staphylococcus aureus strain collection.

Strain typing. spa typing was performed as described previously (15) using the
Ridom StaphType software (13). Pulsed-field gel electrophoresis (PFGE) typing
and Southern blot analysis were performed as described previously (10).

MLST. Multilocus sequence genotyping (MLST) was performed on selected
isolates according to published protocols (8). Otherwise, MLST CCs were de-
duced from BURP grouping of spa types or by comparison with the PFGE
pattern (31).

Phage integrase multiplex PCRs. Multiplex PCR was performed using the
multiplex PCR kit (Qiagen, Hilden, Germany). Each reaction mixture (25 �l)
contained 12.5 �l 2� Qiagen multiplex PCR master mix, 200 nM of each primer,
and 10 ng of template DNA. An initial denaturation of DNA at 95°C for 15 min
was followed by 35 cycles of amplification (95°C for 30 s, 55°C for 60 s, and 72°C
for 45 s), ending with a final extension phase at 72°C for 10 min. All PCR
products were resolved by electrophoresis in 3% agarose gels, stained with
ethidium bromide, and visualized under UV light. The following primers specific
for the phage integrase genes were used: for Sa1int, Sa1-F (AAGCTAAGTTC
GGGCACA) and Sa1-R (GTAATGTTTGGGAGCCAT) (length, 569 bp); for
Sa2int, Sa2-F (TCAAGTAACCCGTCAACTC) and Sa2-R (ATGTCTAAATG
TGTGCGTG) (length, 640 bp); for Sa3int, Sa3-F (GAAAAACAAACGGTGC
TAT) and Sa3-R (TTATTGACTCTACAGGCTGA) (length, 475 bp); for
Sa4int, Sa4-F (ATTGATATTAACGGAACTC and Sa4-R (TAAACTTATATG
CGTGTGT) (length, 320 bp); for Sa5int, Sa5-F (AAAGATGCCAAACTA
GCTG and Sa5-R (CTTGTGGTTTTGTTCTGG) (length, 375 bp); for Sa6int,
Sa6-F (GCCATCAATTCAAGGATAG and Sa6-R (TCTGCAGCTGAGGAC
AAT) (length, 167 bp); and for Sa7int, Sa7-F (GTCCGGTAGCTAGAGGTC
and Sa7-R (GGCGTATGCTTGACTGTGT) (length, 214 bp). Validation of the
multiplex PCR assay was carried out with (i) genome-sequenced S. aureus
strains, (ii) prophage-less S. aureus 8325-4 or S. aureus 1039 lysogenized with
genome-sequenced phages of the International Typing Set belonging to different
int gene classes (�55, Sa1int; �47, Sa2int; �42E, Sa3int; �29, Sa5int; �77, Sa6int;
or �53, Sa7int), and (iii) triple-lysogenic S. aureus NCTC 8325 (harboring pro-
phages �11, �12, and �13) lysogenized with �77 or with �53.

Sequence analysis. Phage sequences were obtained from the NCBI nucleotide
database or were assembled from the published S. aureus genomes. Open read-
ing frames (ORFs) for the integrase and holin genes were deduced from the
whole phage genomes by BLAST analysis. Integrase sequences were aligned by
ClustalW. Phages were assigned to serotypes using the primer sequences pub-
lished by Pantucek et al. to identify the respective genes (28).

For sequencing of the integrase and holin genes of phage �6390, the targets
were amplified from strain RN6390 by standard PCR using the primers
6390intseq-for (ATTGGCGAACGAGGTAAC) and 6390intseq-rev (GCCA
ATTTTGAGGAGGGAG) for the integrase gene and Holin255-for (ATGA
TTAATTGGAAAATTAGAA and Holin255-rev (CTAGTATTTTCTTCTT
GGTTCT) for the holin gene. Amplicons were cloned into pCR2.1
(Invitrogen, Karlsruhe, Germany) for sequencing. The sequencing was done
by 4base lab, Reutlingen, Germany, using the Dynamic sequence kit (Amer-
sham Biosciences, Freiburg, Germany). Sequence data were analyzed using
Vector NTI software (InforMax, Frederick, MD).

Statistical analysis. Differences between groups were assessed using the like-
lihood ratio test with Bonferroni’s adjustment.

Nucleotide sequence accession number. The �6390 integrase sequence was
deposited in the GenBank and EMBL databases (accession no. FM877489).

RESULTS

Classification of staphylococcal prophage modules. The
identification and description of prophages existing in bacterial
strains relies on a clear classification scheme, while the group-
ing of bacteriophages into distinct phage types is extremely
difficult because of high sequence variation even within func-
tionally equivalent genes. Additionally, recombination leads to
the emergence of extensive mosaicism in bacteriophage ge-
nomes (5, 20). To develop a reliable classification system, we
compared all 71 complete bacteriophage genome sequences of
the class Siphoviridae currently available in the databases; the
majority are derived from S. aureus, and two each are from
Staphylococcus epidermidis and Staphylococcus haemolyticus.
The comparison was based on three distinct features present in
all phages: (i) differences in the lysogeny module, in particular
the integrase, which dictates the insertion site of the phage in
the bacterial chromosome; (ii) differences in the phage mor-
phology module, where the serogroup of each phage was de-
termined based on capsid, tail, and tail appendix protein se-
quences (28), and (iii) differences in the lysis module, where
the characteristic holin gene was investigated.

Genes coding for a putative integrase could be identified in
all the available staphylococcal phage genomes with the excep-
tion of one (�3A). Alignment of the integrase nucleotide se-
quences clustered the prophages in seven major and eight
minor groups (Fig. 1). Within groups, the nucleotide sequence
identity was 95% to 100%; between the groups, there was only
38% to 84% identity, which was still compatible with functional
analogy. In fact, based on amino acid sequence homology and
catalytic residues, most integrases belong to the tyrosine re-
combinase type family; only Sa7int, Sa12int, Se1int, and Sh2int
belong to the serine recombinase type family. Most S. aureus
prophages clustered in one of the seven major groups (des-
ignated Sa1int to Sa7int), and five were singletons (Sa8int to
Sa12int). The two known S. epidermidis bacteriophages
(�CNPH82 and �PH15) and the two S. haemolyticus pro-
phages (�JCSC1435A and �JCSC1435B) differed strongly
from all S. aureus phages (Fig. 1).

Next, the serogroup-specifying genes were compared based
on capsid, tail, and tail appendix protein sequences (28). The
three main serogroups A, B, and F were associated with phage
tail appendices. F phages were classified into two subgroups,
Fa and Fb, because their DNA-packaging, head, and tail genes
belong to different modules. Sequence homology within groups
ranged from 85% to 100%, while there was no significant
homology between the groups. The majority of S. aureus
phages could be assigned to one of the four prominent sero-
groups (A, B, Fa, and Fb). Two S. aureus phages (�37 and
�EW), the two S. epidermidis phages, and the two S. haemo-
lyticus phages could not be discerned with the applied classifi-
cation scheme.

Sequence alignment of the holin genes revealed 10 different
groups. Sequence relatedness within these groups ranged from
92% to 100% homology. Because sequence homology was
closely correlated with gene length, the holin groups were
designated by the sequence length polymorphism (number),
and additional sequence variations were indicated by letters
(255a, 255b, 216, 273, 276, 303, 423, 435, 438, and 486). The
majority of the S. aureus phages clustered in one of the five
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major holin groups. Little sequence homology was observed
between the holin genes from the different staphylococcal spe-
cies.

Mosaicism of staphylococcal phage genomes. When com-
paring the integrase sequence tree with the results of the other
two classification systems for 70 staphylococcal phages (�3A
was omitted, because no integrase gene could be detected),
different degrees of genome mosaicisms were observed. For
the phage groups Sa3int, Sa5int, and Sa6int, a high diversity in
the combination of the three marker modules was determined
(Fig. 1). The largest group of S. aureus phages (14/70) are the
Sa3int phages, which differed in serogroup (Fa, Fb, or A),
holin genes (255a and 255b are not closely related), and their
combination of immune-modulatory virulence factors. Phages
of this group typically integrate into the hlb gene of S. aureus,
leading to negative conversion of �-hemolysin production (6).
Similarly, the phages of the Sa5int group exhibited a high
diversity in their module pattern: three serogroups (B, Fb, and
L) and three holin groups (255a, 303, and 438) could be de-
tected. The popular transducing phage �11 of S. aureus strain
8325 is placed in this group. Phage �PV83 is the only Sa5int
member which encodes a known virulence factor (lukM). Fi-
nally, serogroups A, B, and Fa and two holin genes, 303 and
438, were found in phage group Sa6int. These phages typically
integrate into the lipase gene (geh) of S. aureus (21).

A lower degree of variation regarding the three analyzed
modules was found in the S. aureus phage groups Sa1int,
Sa2int, Sa4int, and Sa7int (Fig. 1). Some Sa1int phages harbor
the exfoliative toxin a (eta). Sa2int phages integrate into an
ORF (SA3121) of unknown function in the S. aureus genome,
as shown for phage �12 of strain 8325 and the PVL-encoding
phages (18). All Sa7int phages contained the serogroup B
module and holin gene 303 or 438, with the exception of
prophage �6390. This phage encodes holin 255a, which is char-
acteristic for Sa3int phages, the typical sak-carrying phages.
We recently determined the integration site of �6390 (inter-
genic region between rpmF and isdB) in the prototypic S.
aureus strain RN6390 and showed that it carries the virulence
gene sak (11).

The remaining S. aureus phages harbored unique integrase
types but shared serogroups or holin genes with other integrase
groups. For instance, the prophage �RF122 of the bovine S.
aureus isolate RF122 (Sa8int) and the Sa9int and Sa12int
phages all exhibit the serogroup B module and holin type 438
or 303. None of the S. aureus bacteriophage modules could be
detected in the phages of the other staphylococcal species.

The results give an overview of phage mosaicism, but they
also show strong association between functional units. Espe-
cially, the phage-encoded virulence factors were closely linked
to the integrase groups.

Identification of S. aureus prophages by multiplex PCR. For
a prevalence analysis of S. aureus prophages in a large strain
collection, we focused on the identification of the integrase
polymorphism for several reasons. First, nucleotide sequences

are well conserved within integrase groups making, the gene an
ideal target for PCR amplification. Second, the integrase-de-
fined grouping had the best discriminatory power, reflecting
the diversity of the S. aureus phage population as well as their
relatedness. Last, the integrase type is closely linked to the
virulence gene content of the prophage and might therefore
convey information about the S. aureus pathogenic potential
(Fig. 1).

We established a multiplex PCR scheme to discriminate
between the seven most prominent S. aureus integrase families,
Sa1int to Sa7int. The method reliably identified the prophage
content of the prototypic S. aureus strains N315, Mu50, MW2,
MRSA252, MSSA476, Newman, and 8325 (Fig. 2). Addition-
ally the method was validated with S. aureus strains 8325-4 and
1039 lysogenized with genome-sequenced phages of the Inter-
national Typing Set. The seven int groups were detectable by
the multiplex PCR in these isolates (data not shown).

Distribution of phage types in S. aureus clonal lineages. To
acquire a representative collection of S. aureus strains from
different clonal lineages, 386 isolates were obtained from the
following sources: 161 isolates from nasal colonization of
healthy individuals, 115 blood culture isolates, 73 isolates from
diverse clinical samples, and 37 reference strains. Both MRSA
and methicillin-susceptible S. aureus strains were included in
this collection. Isolates were typed by either spa or PFGE
typing and assigned to MLST CCs. After excluding singletons
and CCs with fewer than 10 isolates from the strain collection,
291 isolates remained for further analyses. These strains were
grouped into seven CCs representing different agr types: CC5
(agr-2), CC8 (agr-1), CC15 (agr-2), CC22 (agr-1), CC25 (agr-1),
CC30 (agr-3), and CC45 (agr-1). No substantial difference in
the distribution of CCs was observed in the distinct geograph-
ical locations.

Analyzing the prevalence of the seven phage groups in the
291 S. aureus isolates revealed that prophages of the groups
Sa3int (74%) and Sa2int (33%) (Table 1) were the most fre-
quent ones. Sa7int could be detected in 16%, Sa1int in 9%,
Sa6int in 6%, and Sa4int only in 0.2% of the isolates; 13% of
the isolates harbored none of the targeted prophages. Next we

FIG. 1. In silico analysis of the integrase groups, serogroups, holin groups, and virulence genes of 70 published staphylococcal bacteriophages
of the class Siphoviridae. Integrase nucleotide sequences were aligned using the ClustalW algorithm. Identical serogroups and holin groups are
color coded. Integrases of the serine recombinase-type family are shaded in gray.

FIG. 2. Multiplex PCR detecting the Sa1int to Sa7int integrase
genes in prototypic S. aureus strains.
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asked whether there was a relationship between prophage
groups and S. aureus clonal lineages. The likelihood ratio test
was applied to compare the frequency of phage types in certain
CCs with that in the whole cohort. Indeed, the frequency of the
different phage types varied remarkably between the tested S.
aureus CCs. In CC15, the very common Sa3int phages were
never detected (P � 0.001). This result was verified by South-
ern analysis using probes specific for the phage-encoded
staphylokinase (sak) (data not shown). Additionally, in signif-
icantly more (P � 0.05) CC15 isolates, none of the seven
prophage groups could be detected. No CC25 isolate harbored
a Sa7int phage (P � 0.05). In CC30 isolates, Sa1int phages
were significantly less frequent (P � 0.05), but the Sa2int and
Sa5int phages were significantly more frequent (P � 0.001 for
both) than in the whole S. aureus strain collection. In CC45 the
prevalence of Sa1int phages was significantly higher (P �
0.005) and that of Sa2int phages significantly lower (P � 0.001)
than in all isolates. In CC5 also the Sa2int group was less often
detected (P � 0.05), whereas Sa7int phages were significantly
more frequent (P � 0.001). The phage prevalences in CC22
and CC8 did not differ from those in the overall cohort.

We next calculated the number of simultaneously occurring
prophages per bacterial cell. We could detect none of the
seven prophages in 13% (38/291) of the isolates, one prophage
in 36% (106/291), two in 38% (110/219), three in 11% (32/219),
and four in 2% (4/219). Thus, most isolates contain one or two
prophages, but none contain more than four. By linking these
results with the genetic background of the isolates, we could
show that in CC15, strains with no or only one prophage were
strongly overrepresented (P � 0.0004), whereas CC30 isolates
were more often than average lysogenic for at least two pro-
phages (P � 0.0001).

Distribution of phages in invasive versus colonizing isolates.
To test whether phage prevalences differ in invasive and col-
onizing S. aureus populations, blood culture isolates were com-
pared to nasal carriage strains. In total 276 isolates were avail-
able for analysis, 115 from blood cultures and 161 nasal
isolates. When applying the multiplex PCR scheme, we could
show that in the colonizing population significantly more iso-
lates harbor Sa3int phages than in the invasive strains (P �
0.05) (Table 2). No differences were observed in the preva-
lence of the other phage types. Most of the isolates were
lysogenic for one or more phages: in only 21% of the blood

culture and 13% of the nasal isolates could none of the seven
phage groups be detected. Additionally, the isolates from both
populations also did not differ in the number of prophages per
cell (data not shown).

The higher frequency of Sa3int in nasal isolates was not
correlated with an overrepresentation of certain CCs (data not
shown). In general, no CC was linked to invasive or colonizing
strains, and phage distribution was associated only with the
genetic background of the strain and not with its origin.

DISCUSSION

Bacteriophages have a tremendous impact on the biology of
their bacterial hosts, because they play an important role in
bacterial ecology, evolution, and adaptation. For instance, in
the human pathogen S. aureus, prophages are responsible for
the emergence and evolution of new threatening strains such
as the community-acquired MRSA strains which carry PVL-
encoding prophages. Despite their importance, a comprehen-
sive picture of the distribution of prophages in the S. aureus
strain populations was lacking. In the present study we could
show that prophage prevalence was associated with the clonal
background of S. aureus, indicating that the spread of the
phages in the bacterial population is at least partially re-
stricted. In certain CCs some phage groups were completely
absent and others were significantly less or, on the other hand,
significantly more frequent. The most prominent disequilib-

TABLE 1. Distribution of the seven prophage groups Sa1int to Sa7int in common S. aureus CCs

CC % (no.) of
isolates

% (no. of isolates)a with prophage group:

Sa1int Sa2int Sa3int Sa4int Sa5int Sa6int Sa7int Noned

15 9 (32) 9 (3) 44 (14) 0 (0)***b 0 (0) 3 (1) 19 (6) 6 (2) 31 (10)*c

22 4 (13) 8 (1) 23 (3) 85 (11) 0 (0) 0 (0) 0 (0) 0 (0) 15 (2)
25 9 (30) 0 (0) 47 (14) 86 (26) 0 (0) 0 (0) 0 (0) 0 (0)*b 10 (3)
30 20 (67) 1 (1)*b 58 (39)***c 85 (57) 0 (0) 33 (22)***c 10 (7) 16 (11) 6 (4)
45 15 (50) 26 (13)**c 4 (2)***b 72 (36) 0 (0) 18 (9) 2 (1) 14 (7) 24 (12)
5 18 (63) 11 (7) 17 (11)*b 89 (56) 2 (1) 5 (3) 5 (3) 38 (24)***c 5 (3)
8 11 (36) 6 (2) 39 (14) 83 (30) 0 (0) 3 (1) 0 (0) 11 (4) 11 (4)

All 100 (291) 9 (27) 33 (97) 74 (216) 0.2 (1) 12 (36) 6 (17) 16 (48) 13 (38)

a ���, P � 0.001; ��, P � 0.005; �, P � 0.05.
b Significantly lower than in the whole cohort.
c Significantly higher than in the whole cohort.
d Absence of any of the seven prophage groups.

TABLE 2. Distribution of the seven prophage groups Sa1int to
Sa7int in nasal carriage and blood culture populations

Prophage group

% (no.) of isolatesa from:

Blood culture
(n � 115)

Nose
(n � 161)

Total
(n � 276)

Sa1int 11 (13) 8 (13) 9 (26)
Sa2int 27 (31) 32 (51) 30 (82)
Sa3int 59 (68) 73 (118)* 67 (186)
Sa4int 0 (0) 0 (0) 0 (0)
Sa5int 9 (10) 17 (27) 13 (37)
Sa6int 6 (7) 9 (14) 8 (21)
Sa7int 13 (15) 9 (15) 11 (30)
None 21 (24) 13 (21) 16 (45)

a �, P � 0.05.
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rium was the finding that CC15 strains do not carry Sa3int
phages, although this is the most common phage group found
in S. aureus, with a prevalence of up to 90% (11, 25, 33). In
good agreement with this total absence of Sa3int phages from
CC15 strains is the earlier observation that this lineage com-
pletely lacks staphylococcal superantigen genes (15), some of
which (i.e., sea, sep, sek, and seq) are carried on Sa3int phages.
In addition, many isolates from the CC15 complex carried
none of the seven prophage groups, suggesting that this lineage
is particularly restrictive to the uptake of foreign DNA. In
CC30 an unusually high proportion of Sa2int phages could be
detected. In this S. aureus lineage an early pandemic clone,
which already carried the PVL-encoding phage (members of
the Sa2int group), developed into a community-acquired me-
thicillin-resistant clone by acquiring the SCCmec type IV cas-
sette (30). CC5 isolates were characterized by the high propor-
tion of Sa7int phages. Interestingly, Sa7int phages of this CC
often carry the sak gene detected previously on phage �6390
(11) and phages of selected clinical isolates (unpublished
data).

The CCs analyzed were shown to differ in their R-M speci-
ficity genes (34). The SauI R-M system is a major barrier to
horizontal gene transfer in S. aureus and seems to delay the
evolution of new strains. Mobile genetic elements present in
one strain will move to a strain of the same lineage at a higher
frequency than to strains of other lineages. As a consequence,
S. aureus lineages carry a unique combination of core variable
genes, suggesting only a vertical transmission of these genes
(24). Additional R-M systems were described for S. aureus,
some of which were shown to be phage encoded, which may
also contribute to phage exclusion (7). In addition to the host
restriction, the lysogenic immunity of a resident prophage may
play a role in prevalence differences. Indeed, Sa1int- and
Sa2int-type phages appear to be (in part) mutually exclusive;
the simultaneous occurrence of both in a single isolate is un-
common (P � 0.0095). In concordance, in CC30, Sa1int phages
were rare whereas Sa2int phages were frequent; in CC45, the
distribution is vice versa.

When comparing the patterns of phage prevalence in inva-
sive versus colonizing S. aureus isolates, no differences were
detected with the exception of Sa3int phages, which were sig-
nificantly more common in colonizing strains. This is in agree-
ment with our own observation that in 96% of nasal isolates
Sa3 phages were stably integrated into the hlb gene (11). Hlb-
converting phages encode the immune-modulatory proteins
Sak, Scin, and Chips (6, 33). These may act together to resist
the innate immune response encountered during nasal coloni-
zation (complement, defensins, and phagocytosis). In contrast,
the lack of the Sa3int phages in infecting isolates is correlated
to restore Hlb production. This is in concordance with previous
findings indicating that Hlb-producing strains are linked to
infectious conditions (11, 16, 29). However, when comparing
community-acquired invasive isolates with nasal carriage iso-
lates, Lindsay et al. were unable to detect any association
between gene and invasive isolates (24). This discrepancy is
perhaps due to different criteria for the inclusion of isolates in
the invasive group.

In this study we developed a reliable classification scheme
for staphylococcal phages of the Siphoviridae family, which is
the largest, best-described group of temperate S. aureus

phages. We could show that phages can be clustered into
defined groups based on the integrase sequence. This feature
fulfils the criteria to be discriminative enough to account for
the high diversity of the prophages without being too diverse,
thus creating only types represented by single members. Im-
portantly, the integrase identification allows prediction of the
chromosomal location of the prophage and gives an indication
of the virulence gene content. Analysis of a large S. aureus
strain collection revealed that most of the isolates contained
one to three prophages, which is in line with the phage content
of the S. aureus strains for which the whole genomes have been
sequenced. The most prevalent phages were the Sa3int group,
followed by Sa2int. Sa4int was detected only once.

To assess phage diversity, 71 complete staphylococcal bac-
teriophage genome sequences from the databases were ana-
lyzed in three marker regions: lysogeny module, morphogeny
module, and lysis module. Various degrees of genome mosa-
icism could be observed within the different Sa-int groups. The
Sa1int and Sa2int groups were characterized by a uniform
modular architecture with strong links between the genes for
integrase, holin, and encoded virulence factors. Perhaps it is
evolutionarily beneficial to interchange this whole unit, which
is in proximity in the circular form of the phage. Multiple
alignments of several PVL-encoding phages revealed a high
degree of mosaic structure of the phage genomes, but the
luk-PV genes were always located in a 6.4-kb region consisting
of the host lysis module, luk-PV, attP, and the integrase gene
(18). We aligned the eight PVL-carrying and the three non-
PVL-carrying strains of the Sa2int group to discern the cross-
over point for integration of the toxin complex. This point
appeared to be located at the end of the phage amidase ORF
(data not shown). The close organization of the lytic module
and the inserted virulence factors is perhaps favored to opti-
mize the phage control of the expression of the pathogenicity
genes (32). Interestingly, Sa1int and Sa2int phages, which ex-
cluded one another, did not share any modules, suggesting a
parallel evolution with no or little contact. It would now be of
interest to test whether recombination occurs only within the
lineage boundaries or whether phage mosaics are evolutionar-
ily more ancient than the lineage branching. The fact that none
of the S. aureus phage modules are present in phages from
other staphylococcal species argues in favor of the first possi-
bility.
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ABSTRACT 

Staphylococcus aureus is a major cause of skin and soft tissue infections, such as 

furuncles, carbuncles, and abscesses, but also frequently colonizes the human skin and 

mucosa without causing clinical symptoms. Panton-Valentine leukocidin (PVL) is a pore-

forming toxin that has been associated with soft-tissue infections and necrotizing 

pneumonia. We have compared genotype, virulence gene repertoire and phage pattern 

of 74 furunculosis isolates with 108 control strains from healthy nasal carriers.  

The large majority of furunculosis strains were methicillin sensitive. CC121 and CC22 

accounted for 70% of the furunculosis strains but only for 8% of the nasal isolates. The 

PVL-enoding genes luk-PV were detected in 85% of furunculosis strains, while their 

prevalence among colonizing S. aureus strains was below 1%. Luk-PV genes were 

distributed over several lineages (CC5, 8, 22, 30, 121 and ST59). Even within the same 

lineages, luk-PV-positive phages characterized furunculosis strains, while their luk-PV-

negative variants were frequent in nasal strains.  

The very tight epidemiological linkage between luk-PV and furunculosis, which could be 

separated from the genetic background of the S. aureus strain as well as from the gene 
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make-up of the luk-PV-transducing phage, lends support to the notion of an important 

role for PVL in human furunculosis. These results make a case for the determination of 

luk-PV in recurrent soft tissue infections with methicillin-sensitive as well as -resistant 

S. aureus. 

 

INTRODUCTION 

Skin and soft tissue infections (SSTI) are the most frequent disease caused by S. aureus 

outside the hospital setting. SSTI comprise a diverse range of clinical pictures, such as 

furuncles, carbuncles, subcutaneous abscesses, folliculitis, bullous impetigo and 

staphylococcal scalded skin syndrome (1). Furunculosis is a very common disease 

characterized by infection of hair follicles and local accumulation of pus and necrotic 

tissue. Even mild lesions are painful and unsightly and often heal leaving a scar (2). 

Antibiotic treatment is frequently not effective and many furunculosis patients suffer 

from recurrent episodes or develop chronic symptoms over months and years without a 

period free from outbreaks (2).  

Apart from being a major human pathogen, S. aureus is also a frequent colonizer of 

human skin and mucosa (3, 4). The bacteria find their primary ecological niche in the 

human nose, but are also able to colonize skin, throat, and intestines, sometimes 

exclusively (5, 6). Around 20% of the healthy population are persistent nasal S. aureus 

carriers (3, 4). Patients suffering from chronic furunculosis are usually S. aureus carriers, 

and skin and nose isolates from a given patient commonly have identical characteristics 

(7-9).  

The species S. aureus displays extensive genetic variability. Genotyping analyses, such as 

multilocus sequence typing (MLST) and protein A (spa) sequence typing, demonstrated 

that the S. aureus population structure is highly clonal with 10 major and many minor 

clonal clusters (CCs) (10-13). Mobile genetic elements comprise 15% of the S. aureus 

genome (14). These plasmids, phages and pathogenicity islands carry a variety of 

virulence and resistance genes which can strongly enhance virulence (15, 16). For 

example, staphylococcal prophages, which are classified into the seven types Sa1int to 

Sa7int, can harbor the genes for the exfoliative toxin A (Sa1int), the pore-forming toxin 

Panton-Valentine leukocidin (PVL, Sa2int), and superantigens (SAg; Sa3int) (17). Most 

49



PVL IN STAPHYLOCOCCUS AUREUS FURUNCULOSIS  

 

mobile genetic elements can readily spread horizontally among S. aureus strains of the 

same clonal cluster while a transfer between clusters is limited (12, 15, 17, 18).  

Despite intensive research efforts it still remains elusive how staphylococcal virulence is 

determined on a molecular level. Numerous studies compared the core genome and 

virulence gene repertoire of blood culture and colonizing isolates but failed to identify 

factors clearly related to virulence (10-12). This suggests that invasion into the blood 

stream does not require special bacterial virulence traits but mainly depends on host 

factors, e. g. barrier breakage, indwelling catheters, or a compromised immune system. 

In contrast, the causative virulence factors for a number of toxin-mediated diseases are 

well known. Toxic shock syndrome and food poisoning are caused by SAgs (19), while 

staphylococcal scalded skin syndrome and bullous impetigo are associated with 

exfoliative toxins (20-22).  

PVL is a pore-forming toxin, which is composed of two protein components (LukF and 

LukS), that very efficiently disrupt the cell membrane of neutrophils (23). PVL has been 

associated with chronic or recurrent skin and soft-tissue infections and with necrotizing 

pneumonia, which also affect immune competent persons (16, 24-26). One PVL-

producing S. aureus clone, USA300, a community-acquired methicillin resistant (CA-

MRSA) member of the CC8, is epidemic in the US community and causes severe SSTI and 

necrotizing pneumonia (27).  

The aim of this molecular-epidemiological study was to further elucidate the molecular 

determinants of virulence in chronic furunculosis, in particular to assess the 

contributions of the bacterial genetic background versus those of virulence factors and 

phages. By applying spa genotyping and PCR-based virulence gene and phage profiling 

we observed strong associations of PVL and the genetic background with furunculosis.  

 

MATERIALS AND METHODS 

Study population and bacterial isolates. Furunculosis strains: S. aureus isolates from 

74 patients with furunculosis were obtained from a typical mature furuncle (fresh pus) 

by a physician during the acute phase of skin infection or by a surgeon during abscess 

incision. In eleven cases nose swabs were taken in parallel. The study was carried out at 

the Department of Microbiology and Immunology, Pomeranian Medical University, 

Szczecin, Poland between 2002 and 2008. 
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Nasal strains: 108 nasal S. aureus isolates were obtained from 362 healthy blood donors 

at the Department of Microbiology and Immunology, Pomeranian Medical University, 

Szczecin, Poland, in March 2006. Volunteers who reported skin infections during the last 

2 years were excluded. All participants gave informed consent, and the study was 

approved by the Ethics Board of the University of Szczecin. Genotype and virulence 

genes of a subset of these strains (the 28 CC30 isolates) were previously published by 

Holtfreter et al. (12). 

S. aureus identification and DNA isolation. S. aureus was identified using standard 

diagnostic procedures and a gyrase PCR (12). Total DNA of S. aureus was isolated with 

the Qiagen DNeasy® blood & tissue kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions.  

spa genotyping. PCR for amplification of the S. aureus protein A (spa) repeat region was 

performed according to the published protocol (28, 29). PCR products were purified 

with the QIAquick PCR Purification Kit (Qiagen) and sequenced by a commercial 

supplier using both amplification primers (Agowa, Berlin, Germany). The forward and 

reverse sequence chromatograms were analysed with the Ridom StaphType software 

(Ridom GmbH, Würzburg, Germany). With the BURP algorithm (Ridom GmbH) spa types 

were clustered into different groups, with the following setting: Calculated cost between 

members of a group less than or equal to five. Spa types shorter than five repeats were 

not clustered, because they do not allow the reliable deduction of ancestries. Since spa 

typing and multilocus-sequence typing (MLST) are highly concordant (30), spa typing 

data could be easily mapped on MLST types by using the SpaServer database 

(www.spaserver.ridom.de). 

Detection of S. aureus virulence factors and phages by PCR. PCR was used to screen 

for a total of 26 genes. Single PCR was applied for the detection of 16SrRNA, gyrase 

(gyr), methicillin resistance (mecA), PVL (luk-PV) and exfoliative toxin etb. Six sets of 

multiplex PCRs were applied to amplify I) sea, seh, sec and tst, II) sed, etd, eta and sek, III) 

see, seb, sem, sel and seo, IV) sen, seg, seq and sej, V) sei, ser, seu and sep and VI) agr types 

1-4 as previously reported (12). Single and multiplex PCRs were performed with the 

GoTaq Flexi DNA polymerase system (Promega, Mannheim, Germany) as previously 

described (12). All PCR products were resolved by electrophoresis in 1.5% agarose gels 

(1x TBE buffer), stained with Etbr and visualised under UV light. Positive controls 
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included DNA from SAg gene-positive S. aureus reference strains, while S. aureus strain 

8325-4 served as negative control. 

Multiplex PCR for the phage integrase genes Sa1int -Sa7int was performed as previously 

reported (17).  

Statistical analysis. Categorial variables were assessed using Person’s chi-square test. P 

values of <0.05 were considered statistically significant.  

 

RESULTS 

Study cohorts 

To identify virulence determinants in S. aureus furunculosis, we analysed the genotypes, 

virulence gene patterns and phage profiles of 74 S. aureus isolates from furunculosis 

patients and 108 nasal isolates from healthy carriers (Table 1).  

Table 1: Characteristics of the study cohorts. 

  furunculosis colonization 

No. of strains 74 108 

age (mean ± SD) 26.6 ± 11.7 29.4 ± 9.4 

% male 48.6 88.0 

time of sampling 2002 - 2008 march 2006 

1 patient’s age unknown for 21/74 samples 

2 patient’s gender unknown for 9/74 samples 

 

Spa-defined clonal lineages 

To clarify the role of the core genome in furunculosis, we performed spa typing on the 

furunculosis and nasal isolates. This revealed 91 different spa types, which were 

assigned to 10 CCs and 4 sequence types (ST) by BURP clustering. Singletons, i.e. spa 

types which could not be assigned to a CC or ST, occurred among nasal (9/108) and 

furunculosis strains (1/74). Nine strains were excluded from BURP clustering, because 

the spa repeats were too short, and two strains were spa-negative.  

As expected, the nasal strains showed a highly diverse population structure (Figure 1). 

The major lineages (containing more than 5% of the isolates) included CC30 (26%), 
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CC15 (17%), CC45 (10%) and CC25 (6%), whereas CC5, 8, 12, 121 and ST7, 59 and 109 

were detected rarely.  

In sharp contrast, 55.4% (41/74; P<0.001) of all furunculosis strains belonged to the 

lineage CC121 (Figure 1). Notably, this lineage was rare among nasal strains (3.7%; 

4/108) (Figure 1). Spa types were diverse within this lineage: Among the 41 

furunculosis-associated CC121 isolates we observed 14 different spa types, t159 (13 

isolates) and t435 (8 isolates) being the most prevalent. The four commensal CC121 

strains all belonged to different spa types. Moreover, CC22 was overrepresented among 

furunculosis strains (14.9% vs. 3.7%, P < 0.01). Together, CC121 and CC22 accounted for 

70.3% of all furunculosis isolates, and, accordingly, the prevalence of other lineages such 

as CC15, 25, and 30 was significantly reduced. 

Nasal strains were available from 11 of the 74 patients. In all cases, furunculosis and 

nasal strains were clonally identical (Suppl. table 1). This confirms an earlier study, 

which reported the same phage type in the nose and the lesion in the majority of 

furunculosis patients (3).  

 

Fig. 1: Prevalence of spa-defined CCs among A) furunculosis strains and B) colonizing strains. 

CC121 and CC22 together accounted for 70.3% of furunculosis strains but only for 8% of the 

colonizing isolates. Spa types were clustered into 10 CCs and 4 STs by BURP analysis. MLST-CC 

nomenclature was deduced from spa-CCs using the Ridom SpaServer database. Chi-Square test. 

* P < 0.05, ** P < 0.01, *** P < 0.001 

 

Virulence gene repertoire 

To address the contribution of virulence factors to furunculosis, we next determined the 

genes encoding the methicillin resistance (mecA), PVL toxin (luk-PV), SAgs (sea-seu, tst), 

exfoliative toxins A, B and D (eta, etb, etd), and agr types 1-4. 
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Methicillin resistance: Except for two isolates, all furunculosis and nasal isolates were 

methicillin-sensitive. Among the nasal strains we detected one MRSA (SZ148) which 

belonged to CC45, a known MRSA lineage. Moreover, one furunculosis and one nasal 

isolate (H5391, SZ179) belonged to ST59 and were mecA- and luk-PV-positive, which is 

characteristic for CA-MRSA. 
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Fig. 2: Distribution of virulence genes and phages within spa-defined CCs among A) 

furunculosis strains and B) colonizing strains. Luk-PV genes were detected in 85% of 

furunculosis strains, while their prevalence among nasal strains was below 1%. Furunculosis and 

colonizing strains did not differ in their SAg gene pattern. For a reliable construction of the consensus 

tree, some reference spa types were included in the BURP clustering (shaded in grey). Virulence 

genes (SAg genes, agr, eta, etb, etd, luk-PV, mecA) genes and phage types were determined by PCR. 

Staphylococcal enterotoxins (SEs) are indicated by single letters (a _ sea, etc.).  

 

PVL: The genes encoding the PVL-toxin were a characterizing feature of the furunculosis 

strains but almost absent from nasal isolates. In total, 85.1 % (64/74) of the furunculosis 

strains, but only one nasal isolate were luk-PV-positive (P < 0.001; Figure 2, 3). The 

phage-encoded luk-PV genes were widely distributed among the different lineages. All 

CC5, CC8, CC22, CC30, CC121 and ST59 isolates were luk-PV-positive, whereas strains 

belonging to CC1, CC15, CC45 and ST20 lacked the luk-PV genes (Figure 3, upper panel). 

SAg: SAg genes were more or less tightly linked to staphylococcal lineages, which is in 

agreement with previous studies (Figure 2) (12, 31, 32). For example, egc SAgs, which 

are encoded on the genomic island vSAβ, were strictly linked to CC5, ST20, CC22, CC30, 

CC45 and CC121. Other SAg with strong CC linkages were tst (CC30), sea (CC30), sec and 

sel (CC45), sep (ST7) and seb (CC121) (Fig 2). However, within certain CCs and even 

within the same spa type there was remarkable variation of SAg gene patterns. This 

suggests that horizontal transmission of SAg-encoding mobile genetic elements occurs 

frequently within lineages, but might be limited between lineages.  

To avoid a bias caused by the uneven distribution of CCs among furunculosis and nasal 

strains, we next compared the SAg gene patterns for each CC separately. The SAg gene 

seb was significantly more frequent among furunculosis-associated than among nasal 

CC121 strains (23/41 vs. 0/4; P < 0.05). Except for seb, furunculosis and nasal strains 

did not differ in their SAg gene patterns. Earlier studies also found no particular 

association of enterotoxin genes with impetigo or furunculosis (9, 21, 33). 

Exfoliative toxins: Exfoliative toxins ETA and ETB but probably not ETD are strongly 

associated with bullous impetigo and staphylococcal scalded skin syndrome, but absent 

from furunculosis strains (21, 34). In line with this, eta, etb and etd were rare among our 

furunculosis and nasal strains. The etd gene was strictly linked to CC25 (Figure 2), a 

lineage which contained only nasal strains. This confirms microarray data by Monecke 
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et al. who detected the pathogenicity island comprising edinB and etd exclusively in 

CC25 strains (13, 31).  

 

 

 

 

Fig 3: Distribution of luk-PV genes and the 

PVL-encoding phage Sa2int within the spa-

defined CCs among A) furunculosis and B) 

colonizing strains. Luk-PV-positive phages 

characterized furunculosis strains, whereas 

their luk-PV-negative counterparts were 

frequent in colonizing strains. The total number 

of strains per CC is represented by the overall 

height of the bar, whereas the number of strains 

positive for luk-PV or Sa2int phage is 

represented by stripes or grey shading, 

respectively.  

 

Accessory gene regulator (Agr): Agr is a global regulator of virulence gene expression, 

and four different agr types, agr1-4, are known. The agr locus belongs to the core 

variable genome and is thus strictly linked to CCs (15). In agreement with other studies 

(12, 31, 32), we observed that agr1 was linked to CC8, CC22, CC45, ST7, and ST59, agr2 

was present in CC5, CC12, CC15 and ST109, agr3 was associated with CC1 and CC30, and 

agr4 was detected in CC121. 

Based on our PCR analyses we could define the virulence gene signature of furunculosis 

CC121 isolates as follows: mecA-, luk-PV+, egc+, frequently seb+, and agr 4. CC22 

furunculosis strains were characterized by mecA-, luk-PV+, egc+, and agr1. 

 

Phages 

Several S. aureus virulence factors, including PVL, ETA, and the SAgs SEA, SEP, SEK and 

SEQ are encoded by staphylococcal phages. To correlate the observed virulence gene 

profile with the prevalence of phages, we applied a multiplex-PCR for the phage-specific 
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integrase genes Sa1int – Sa7int which was recently described by Goerke et al. (17). 

Almost all strains carried phages (96.7%), usually between one and three. Sa3int phages 

were by far the most prevalent, followed by Sa2int, Sa1int, Sa6int, Sa5int, and Sa7int 

(Table 2). The phage profiles of the 108 nasal strains are very similar to the frequencies 

reported by Goerke and coworkers for nasal isolates from Germany, except for Sa1int 

and Sa6int which were more abundant in the Polish strain collection (17).  

 

Table 2: Prevalence of phages among furunculosis and colonizing strains. 

 No. (%) of positive isolates  

 
Furunculosis 

(n=74) 

Colonization 

(n=108) 
P value1 

Sa1int 15 (20.3) 19 (17.6)  

Sa2int 64 (86.5) 36 (33.3) *** 

Sa3int 69 (93.2) 80 (74.1) *** 

Sa4int 0 (0.0) 0 (0.0)  

Sa5int 2 (2.7) 12 (11.1) * 

Sa6int 6 (8.1) 25 (23.1) ** 

Sa7int 1 (1.4) 10 (9.3) * 

No phage 0 (0)   6 (5.5) * 

1 Chi-Square test. * P < 0.05, ** P < 0.01, *** P < 0.001 

 

The prophage prevalence was linked with the spa-defined clonal background. For 

example, Sa2int phages were highly abundant among CC25 and CC30 isolates, but absent 

from all CC45 and CC5 isolates (Table 2). Similarly, the highly prevalent Sa3int phages 

were present in all CC5, CC22, CC25, and CC45 strains, but rare among CC15 isolates. 

This linkage between phage groups and clonal lineages was previously reported by 

Goerke at al. and indicates that the spread of phages in the S. aureus population is at 

least partially restricted (17). 

Phage patterns of furunculosis and nasal strains were remarkably different, which can 

be partially explained by a bias in CC prevalences. Furunculosis strains carried on 

average more phages per strain (2.12 vs. 1.69). Sa2int and Sa3int phages were more 

frequent among furunculosis strains, while phages Sa5int, Sa6int and Sa7int were more 

often detected among nasal strains (Table 2). 

However, the most striking difference concerned Sa2int. In our strain collection we 

observed luk-PV-positive and luk-PV-negative variants of this phage group. While luk-
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PV-positive Sa2int phages were found in 81% of the furunculosis strains but only in one 

nasal isolate (P < 0.001), its luk-PV-negative counterpart was present in one third of the 

nasal strains but only in 5% of the isolates associated with furunculosis (P < 0.001; 

Figure 3). Remarkably, CC30 (and CC8) strains from furunculosis patients harboured 

luk-PV-positive Sa2int phages, whereas commensal strains belonging to the same clonal 

lineage contained its luk-PV-negative variant. All furunculosis-associated isolates from 

the typical lineages CC121 and CC22 harboured luk-PV-positive Sa2int, while the 

commensal CC121 and CC22 isolates did not contain this phage at all and were therefore 

luk-PV-negative. This very strong association of luk-PV genes with furunculosis indicates 

an important pathogenetic role for the PVL toxin.  

 

DISCUSSION 

SSTI are the most common diseases caused by S. aureus in the community, and the 

recent spread of PVL-positive CA-MRSA has spurred scientific and public interest in this 

neglected disease. In the US, the CA-MRSA clone USA300 causes around 60% of severe 

SSTI among patients presenting to US American emergency departments (25, 27). 

However, in Europe the large majority of SSTI is caused by MSSA and PVL-positive CA-

MRSA are still uncommon, accounting for fewer than 1% of all MRSA isolates (35). The 

prevalence was also low in our study: only one CA-MRSA (ST59) was isolated from a 

furunculosis patient.  

A major finding of our study is that only two lineages, CC121 and CC22, accounted for 

70% of the furunculosis MSSA strains. Notably, all were luk-PV-positive, while their 

colonizing counterparts never harbored luk-PV genes. The pronounced genetic diversity 

of the CC121 (16 spa types) and CC22 (6 spa types) isolates from patients and controls 

cannot be explained by clonal outbreaks but suggests long time endemic persistence and 

diversification of these lineages. CC121 and CC22 differed in agr types but had similar 

virulence gene signatures: egc SAg genes, in CC121 isolates frequently seb, but no other 

SAg genes and no exfoliative toxin genes. 

SSTI caused by luk-PV-positive CC121 MSSA have been reported from Saxony and 

Brandenburg in Germany as well as from hospitals in Russia showing that this CC has a 

world-wide distribution (31, 36-38). Similar strains also caused highly lethal CA-
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pneumonia and severe sepsis with progressive metastatic soft tissue infection (38, 39), 

demonstrating the virulence potential of this lineage.  

A different subclass of CC121 isolates harbors eta and/or etb genes but lacks the luk-PV 

locus. These strains commonly cause staphylococcal scalded skin syndrome and bullous 

impetigo (40, 41), toxin-mediated staphylococcal diseases, which are associated with eta 

or etb in 65-100% of the cases (9, 21, 22, 42, 43). One such CC121 clone, characterized 

by ST123 and spa type t171, is notorious as “epidemic European fusidic acid resistant 

impetigo clone (EEFIC)” (41, 44-48). This suggests that within a given clonal 

background, i.e. CC121, the virulence gene repertoire can shape the clinical symptoms. 

In spite of the high selection pressure exerted by the frequent antibiotic treatment of 

patients with severe skin infection, CC121 strains apparently have not acquired the 

SCCmec cassette (49) (personal communication U. Nübel, Robert Koch Institute, 

Wernigerode, Germany), suggesting restraints on resistance gene transfer. However, 

considering the wide distribution of SCCmec among diverse S. aureus clonal lineages, 

this might change in the future and CC121 might emerge as highly virulent CA-MRSA.  

In our molecular-epidemiological study, we further consolidated the role of PVL in 

furunculosis. Generally, the potent PVL toxin is epidemiologically associated with 

furunculosis, abscesses, and skin lesions, but absent from isolates causing impetigo, 

blisters or staphylococcal scalded skin syndrome (16, 50). In our cohort 85% of MSSA 

isolates from patients with furunculosis harbored luk-PV genes. Others have reported 

frequencies between 30 to 97% in SSTI (9, 16, 21, 31, 50). In striking contrast, the luk-PV 

prevalence among colonizing S. aureus strains was below 1%, again in agreement with 

previous studies (12, 13). However, it must be emphasized that not all furunculosis-

associated strains harbored the PVL gene, implying that additional factors, either host or 

pathogen derived, affect the development of furuncles.  

For example, the SAg gene seb was significantly more frequent among furunculosis-

associated than among nasal CC121 strains. However, around half of these CC121 strains 

were seb-negative. Moreover, while PVL was distributed over a broad range of 

staphylococcal lineages, seb was detected only in CC121, CC1 and ST59. This suggests 

that SEB might contribute to the disease process in CC121 isolates, but its linkage with 

furunculosis is much weaker than that of PVL.   
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The present study highlights the genetic diversity of luk-PV-positive MSSA strains. Luk-

PV genes were detected in isolates belonging to CC5, 8, 22, 30, 121 and ST59, confirming 

and extending findings in Saxony, Germany, that have been reported by Monecke et al. 

(31). Similarly, the luk-PV genes were demonstrated in a range of MRSA isolates 

worldwide, which belonged to ten different MLST sequence types (ST1, 5, 8, 22, 30, 

59/359, 80/583, 88, 93 and 152) (26, 32, 51). This diversity suggests a dominant role 

for PVL above the clonal background in the pathogenesis of furunculosis. Moreover, it 

indicates frequent and independent luk-PV gene acquisition events by S. aureus (31, 32). 

The high genetic mobility of luk-PV can be attributed to its localization on phages of 

group Sa2int, which transduce PVL genes within the species S. aureus (17, 52). However, 

there appear to be restrictions in the transfer of phages between lineages since we and 

others (almost) never observed Sa2int phages in CC45 (17, 31). The phage group Sa2int 

comprises eleven closely related luk-PV-positive and luk-PV-negative phages (17). In our 

study, only the luk-PV-positive Sa2int phages were closely linked to furunculosis strains, 

whereas luk-PV-negative variants were frequent in colonizing strains. Remarkably, this 

was also the case when furunculosis-associated and colonizing strains belonged to the 

same lineage, CC30 and CC8, underlining the very strong association of luk-PV with 

chronic furunculosis. 

The importance of PVL as a virulence factor in S. aureus infection is currently under 

debate, because studies addressing its role in mouse models of skin and lung infection 

produced contradictory results (53-56). This study shows a very tight epidemiological 

linkage between luk-PV and furunculosis, which can be separated from the genetic 

background of the S. aureus strain as well as from the gene make-up of the luk-PV-

transducing phage. The findings, therefore, lend support to the notion of a causative role 

for PVL in human furunculosis.  

However, this does not explain the strong overrepresentation of CC121 and CC22 among 

the furunculosis isolates, which indicates that PVL and the core genome act in synergy, 

as has been proposed by Fan and coworkers (57). Apart from bacterial virulence factors, 

host disposition, such as immune suppression and gene polymorphisms, exposition and 

personal hygiene might play an important role (58, 59). 

Our results have consequences for the diagnosis and therapy of S. aureus infections. Luk-

PV genes are recognized worldwide as markers for epidemic CA-MRSA (26, 32, 60). This 

study and work by others from the recent years, have demonstrated that in Europe SSTI 
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with luk-PV-positive MSSA are common (32, 35). As shown in this study, SSTI-associated 

strains will in most cases be characterized by PVL and/or a permissive genetic 

background and exhibit particular virulence. Thus, PVL-associated symptoms might be 

frequently encountered, even in settings, where CA-MRSA is rare. The implementation of 

a luk-PV test in the diagnosis of S. aureus infection would therefore provide important 

information for the treating clinician. Our findings are also relevant for therapy, because 

we and others have shown that the vast majority of patients with chronic furunculosis 

(87-100%) are nasal carriers of their infecting S. aureus strain (7-9). To prevent 

repeated re-infection, the elimination of this S. aureus strain from the whole body as well 

as the patient’s environment should be the therapeutic aim in chronic furunculosis (36, 

61). 
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SUPPLEMENTAL MATERIAL 

Suppl. table 1: Furunculosis and colonizing isolates from the same patient belonged to on S. aureus clone.  

 

 

 

   spa typing  virulence genes  phages 

patient ID source   
spa 

type ID 
spa CC 

MLST 

CC 
  

m
e

cA
 

p
v

l 

a
g

r
 

non-egc 

SAg 
egc SAg 

eta,  

etb, 

etd 

  S
a

1
 

S
a

2
 

S
a

3
 

S
a

4
 

S
a

5
 

S
a

6
 

S
a

7
 

H108 pus  t127 CC127 CC1  - - 3 a h k q - -  - + + - - - + 

H108 nose  t127 CC127 CC1  - - 3 a h k q - -  - + + - - - - 

H1463 pus  t015 CC015 CC45  - - 1 - g i  m n o -  - - + - - - - 

H1463 nose  t015 CC015 CC45  - - 1 - g i  m n o -  - - + - - - - 

H1627 pus  t284 CC159 CC121  - + 4 - g i m n o u -  + + + - - - - 

H1627 nose  t284 CC159 CC121  - + 4 - g i m n o u -  + + + - - - - 

H3176 pus  t3372 CC318 CC30  - + 3 - g i  m n o u -  - + + - + - - 

H3176 nose  t3372 CC318 CC30  - + 3 - g i  m n o u -  - + + - + - - 

H3318 pus  t435 CC159 CC121  - + 4 - g i  m n o u -  + + + - - - - 

H3318 nose  t435 CC159 CC121  - + 4 - g i  m n o u -  + + + - - - - 

H3699 pus  t159 CC159 CC121  - + 4 b g i m n o u -  - + + - - - - 

H3699 nose  t159 CC159 CC121  - + 4 b g i m n o u -  - + + - - - - 

H6147 pus  t162 CC159 CC121  - + 4 b g i m n o u -  - + + - - - - 

H6147 nose  t162 CC159 CC121  - + 4 b g i m n o u -  - + + - - - - 

H694 pus  t4509 CC005 CC22  - + 1 - g i m n o -  - + + - - - - 

H694 nose  t4509 CC005 CC22  - + 1 - g i m n o -  - + + - - - - 

H709 pus  t1193 CC159 CC121  - + 4 b g i  m n o u -  - + + - - - - 

H709 nose  t1193 CC159 CC121  - + 4 b g i  m n o u -  - + + - - - - 

H8034 pus  t005 CC005 CC22  - + 1 - g i m n o -  - + + - - - - 

H8034 nose  t005 CC005 CC22  - + 1 - g i m n o -  - + + - - - - 

H3163 pus  t068 CC008 CC8  - + 1 k q - -  - + + - - - - 

H3163 nose  t068 CC008 CC8  - + 1 k q - -  - + + - - - - 
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Anti-Staphylococcal Humoral Immune Response in
Persistent Nasal Carriers and Noncarriers of
Staphylococcus aureus

Nelianne J. Verkaik,1 Corné P. de Vogel,1 Hélène A. Boelens,1 Dorothee Grumann,4 Theo Hoogenboezem,3

Cornelis Vink,3 Herbert Hooijkaas,2 Timothy J. Foster,5 Henri A. Verbrugh,1 Alex van Belkum,1 and
Willem J. B. van Wamel1

Departments of 1Medical Microbiology and Infectious Diseases and 2Immunology and 3Laboratory of Pediatrics, Erasmus Medical Center,
Rotterdam, the Netherlands; 4Department of Immunology, University of Greifswald, Greifswald, Germany; 5Department of Microbiology, Moyne
Institute of Preventive Medicine, Trinity College, Dublin, Ireland

Background. Persistent carriers have a higher risk of Staphylococcus aureus infections than noncarriers but a
lower risk of bacteremia-related death. Here, the role played by anti-staphylococcal antibodies was studied.

Methods. Serum samples from 15 persistent carriers and 19 noncarriers were analyzed for immunoglobulin (Ig)
G, IgA, and IgM binding to 19 S. aureus antigens, by means of Luminex technology. Nasal secretions and serum
samples obtained after 6 months were also analyzed.

Results. Median serum IgG levels were significantly higher in persistent carriers than in noncarriers for toxic
shock syndrome toxin (TSST)–1 (median fluorescence intensity [MFI] value, 11,554 vs. 4291; P � .001) and staph-
ylococcal enterotoxin (SE) A (742 vs. 218; P � .05); median IgA levels were higher for TSST-1 (P � .01), SEA, and
clumping factor (Clf) A and B (P � .05). The in vitro neutralizing capacity of anti–TSST-1 antibodies was correlated
with the MFI value (R2 � 0.93) and was higher in persistent carriers (90.6% vs. 70.6%; P � .05). Antibody levels were
stable over time and correlated with levels in nasal secretions (for IgG, R2 � 0.87; for IgA, R2 � 0.77).

Conclusions. Antibodies to TSST-1 have a neutralizing capacity, and median levels of antibodies to TSST-1, SEA,
ClfA, and ClfB are higher in persistent carriers than in noncarriers. These antibodies might be associated with the
differences in the risk and outcome of S. aureus infections between nasal carriers and noncarriers.

Staphylococcus aureus is an important pathogen that

causes superficial skin infections (furuncles and impe-

tigo) as well as invasive infections that result in ab-

scesses, endocarditis, and bacteremia [1]. Persistent car-

riers of S. aureus, comprising �20% of the healthy

population [2, 3], have an increased risk of developing

such infections [4 – 6], including a 3-fold higher risk of

acquiring S. aureus bacteremia. Surprisingly, the risk of

death in carriers with bacteremia is significantly lower

than that in noncarriers with bacteremia [5, 7]. An ex-

planation for this observation has not yet been provided,

although a role for the immune system has been pro-

posed. Genotyping has revealed that 80% of strains that

cause bacteremia in persistent carriers are endogenous

[5, 8]. Because of long-time exposure to their colonizing

strain, carriers may have developed antibodies that pro-

tect them from bacteremia-related death. Otherwise,

noncarriers may harbor antibodies that protect them

from nasal colonization [9], and they therefore remain

at lower risk of acquiring S. aureus bacteremia. Anti-

staphylolysin titers were found to be higher in carriers

than in noncarriers [10], but the 2 groups had similar

concentrations of antibodies to teichoic acid [11].

Recently, a higher level of IgG in noncarriers than in

carriers was reported for �-hemolysin, major autolysin,

iron-responsive surface determinant (Isd) A and H, im-

munodominant secretory antigen A (IsaA), major his-

tocompatibility complex class II analogue protein w

(Map-w), and clumping factor (Clf) B [9, 12]. These
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latter studies focused mainly on antibodies to microbial sur-

face components recognizing adhesive matrix molecules

(MSCRAMMs), proteins that are generally considered im-

portant for host colonization [13, 14].

At present, little is known about the humoral immune re-

sponse to staphylococcal enterotoxins (SEs) and immune-

modulating proteins in persistent carriers and noncarriers. SEs

are superantigens and, therefore, potent proinflammatory

agents [15]. They have been implicated in the pathogenesis of

toxic shock [15, 16]. The immune modulators staphylococcal

complement inhibitor (SCIN) and extracellular fibrinogen-

binding protein (Efb) are potent complement inhibitors that

lead to diminished phagocytosis and killing by human neutro-

phils [17, 18]. Chemotaxis inhibitory protein of S. aureus

(CHIPS) impairs the response of neutrophils and monocytes to

formylated peptides and C5a [19]. Consequently, both the SEs

and the immune-modulating proteins might play a role in S.

aureus carriage and disease.

In the present study, we determined levels of antibodies to 9

MSCRAMMs, 7 SEs, and 3 immune-modulating proteins in se-

rum samples and nasal secretions from well-defined persistent

carriers and noncarriers and measured the stability of anti-

staphylococcal antibody levels over time.

METHODS

Serum samples, nasal secretions, and nasal swab samples. At the

beginningofthestudy,allvolunteerscompletedaquestionnaireonage,

sex,weight,height,nationality,occupation,smokinganddrinkinghab-

its, medication (including antibiotic usage), and medical history. Cri-

teria for exclusion were diabetes mellitus, renal insufficiency, chronic

obstructive pulmonary disease, heart disease, immunocompromised

status, immunosuppressant use, antibiotic use in the last 4 weeks, and

skin diseases (such as impetigo and eczema). All 40 participants (me-

dian age, 36.9 years; age range, 21–60 years) fulfilled the inclusion cri-

teriaanddidnotsuffer fromapparent staphylococcal infectionsduring

thestudyperiod.Venousbloodsamplesandat least3consecutivenasal

swab samples (at 2-week intervals) were obtained for each of the 40

healthy volunteers. After 6 months, a second blood sample and 2 addi-

tional nasal swab samples were collected from 11 of these volunteers.

Nasalswabsampleswereprocessedasdescribedelsewhere[2].Subjects

were classified as persistent carriers when all nasal swab cultures were

positive for S. aureus, as intermittent carriers when 1 or 2 nasal swab

cultures were positive, and as noncarriers when all nasal swab cultures

werenegative.Nasal secretions from13volunteerswerecollectedat the

beginning of the study by vacuum-aided suction without chemical

stimulation and processed as described elsewhere [20, 21]. The col-

lected fluid was sonicated in a water bath to disrupt the mucoprotein

aggregates and facilitate reproducible handling. The secretions and se-

rum samples were stored at �80°C until use. Human pooled serum

(HPS) from 36 healthy donors of unknown S. aureus nasal carriage

state was used as a standard during Luminex experiments. Volunteers

provided written informed consent, and the local medical ethics com-

mittee of the Erasmus Medical Center Rotterdam approved the study

(MEC-2007-106).

Antigens. The MSCRAMMs ClfA and ClfB, S. aureus sur-

face protein (Sas) G, IsdA and IsdH, fibronectin-binding protein

A and B, and serine-aspartate dipeptide repeat proteins (Sdr) D

and E were expressed with a His tag in Escherichia coli XL1-blue

strain and purified under denaturing conditions with nickel–

nitrilotriacetic acid agarose (Qiagen) recognizing the His tag;

quality control was done using SDS-PAGE and mass spectrom-

etry (Ultraflex MALDI-TOF; Bruker Daltonics). Staphylococcal

enterotoxin (SE) A was purchased from Sigma. Recombinant

proteins SEB, SEI, SEM, SEO, SEQ, and toxic shock syndrome

toxin (TSST)–1 were provided by Dr. S. Holtfreter and D. Gru-

mann (University of Greifswald) [16]. Dr. S. Rooijakkers (Uni-

versity Medical Center Utrecht) provided the recombinant pro-

teins CHIPS and SCIN. Prof. J. I. Flock (Karolinska Institutet)

supplied the Efb [22–25].

Coupling methods. To quantify antibodies directed against

the 19 S. aureus proteins simultaneously, the recently introduced

microsphere (bead)–based flow cytometry technique (xMAP; Lu-

minex) was applied. The purified proteins were coupled to Sero-

MAP beads, a carboxylated bead type developed for serological ap-

plications. The coupling procedure was performed as described

elsewhere [26, 27]. In brief, 25 �g of protein was added to

5.0 � 106 microspheres. This amount of protein was found to

be optimal. As an activation buffer, we used 100 mmol/L mono-

basic sodium phosphate (pH 6.2). To activate the carboxyl

groups on the surface of the beads, 10 �L of 50 mg/mL

N-hydroxysulfosuccinimide and 1-ethyl-3-(3-dimethylamino-

propyl) carbodiimide was used (Pierce Biotechnology). The

coupling buffer consisted of 50 mmol/L 2-(N-morpholino)-

ethanesulfonic acid (pH 5.0; Sigma-Aldrich). The final concen-

tration of microspheres was adjusted to 4000 beads/�L with

blocking-storage buffer (PBS-BN; PBS, 1% bovine serum albu-

min, and 0.05% sodium azide [pH 7.4]). The microspheres were

protected from light and stored at 4°C until use. For control

beads, the coupling procedure was done in the absence of S.

aureus protein. In each experiment, control beads were included

to determine nonspecific binding. In case of nonspecific bind-

ing, the median fluorescence intensity (MFI) values were sub-

tracted from the antigen-specific results. As a negative control,

PBS-BN was included.

Multiplex S. aureus antibody assay. The multiplex assay

(serum incubated with the different fluorescence-colored antigen-

coupled beads mixed in 1 well) was validated by comparing the

MFI values for HPS obtained with this multiplex assay with the

results for HPS obtained with singleplex assays (serum incu-

bated with each different color of antigen-coupled beads in sep-

arate wells). After validation, the different antigen-coupled

microspheres were mixed to a working concentration of 4000

beads per color per well. The procedure was the same as de-
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scribed elsewhere [26]. Serum samples were diluted 1:100 in

PBS-BN for measurement of antigen-specific IgG and IgA and

1:25 for measurement of IgM. Fifty microliters per diluted sam-

ple was incubated with the microspheres in a 96-well filter mi-

crotiter plate (Millipore) for 35 min at room temperature on a

Thermomixer plate shaker (Eppendorf). The plate was washed

twice with assay buffer (PBS-BN) that was aspirated by vacuum

manifold. The microspheres were resuspended in 50 �L of assay

buffer. In separate wells, 50 �L of a 1:200 dilution of R-

phycoerythrin (RPE)– conjugated AffiniPure goat anti– human

IgG and IgA and 50 �L of a 1:50 dilution of RPE-conjugated

donkey anti– human IgM (Jackson Immuno Research) were

added. The plate was incubated for 35 min at room temperature

on the plate shaker and washed. The microspheres were resus-

pended in 100 �L of assay buffer. Measurements were per-

formed on the Luminex 100 instrument (BMD) using Luminex

IS software (version 2.2). Tests were performed in triplicate, and

the MFI values, reflecting quantitative antibody levels, were av-

eraged. The coefficient of variation (CV) was calculated for each

serum sample and averaged per protein and antibody isotype.

For nasal secretions, the procedure was identical. Nasal secre-

tions were diluted 1:20, and RPE-conjugated goat anti– human

IgG and IgA were diluted 1:50.

TSST-1 neutralization assay. The in vitro TSST-1 neutral-

ization assay was performed as described elsewhere [16, 28]. Ini-

tially, the concentration of recombinant TSST-1 that elicited

submaximal T cell proliferation was determined (10 pg/mL).

Subsequently, 10 pg/mL TSST-1 was incubated with serial dilu-

tions (1:50 to 1:6250) of heat-inactivated serum from the 40

healthy volunteers. At higher serum dilutions, maximal inhibi-

tion could no longer be obtained. As a control, TSST-1 was in-

cubated with RPMI 1640 supplemented with 10% fetal bovine

serum. After 20 min, 1 � 105 peripheral blood mononuclear

cells from healthy blood donors were added to test for TSST-1

neutralizing antibodies. T cell proliferation was determined by

the incorporation of [3H]-thymidine after 72 h, quantified by

calculating the area under the proliferation curve, and expressed

as a percentage of the control without human serum. All mea-

surements were performed in triplicate and repeated in 2 inde-

pendent experiments.

Statistical analysis. The Mann-Whitney U test was used to

compare median differences in anti-staphylococcal antibody

levels and the median neutralizing capacities of serum from per-

sistent carriers and noncarriers. To compare the antibody levels

in the first and second serum samples from an individual, paired

t tests were used. Correlations between antigen-specific IgG and

IgA in serum and nasal secretions were assessed using Pearson’s

correlation coefficient. Nonlinear regression was used to de-

scribe the relation between MFI value and neutralizing capacity.

Differences were considered statistically significant when 2-

sided P values were �.05.

RESULTS

Control of the multiplex assay and reproducibility. First, the

multiplex assay was validated. The MFI values obtained for HPS

with the multiplex assay were between 93% and 116% (median,

100%) of those obtained with the singleplex assays, so it was

valid to use the multiplex assay. Serum incubated with control

beads (beads without protein coupled on their surface) resulted

in median MFI values for IgG, IgA, and IgM of 14 (range, 6 – 82),

6 (range, 3–22), and 75 (range, 3–957), respectively. This indi-

cates that there was low nonspecific binding (with the exception

of IgM in 1 sample). The negative control (PBS-BN) incubated

with protein-coupled beads resulted in low MFI values (�10).

Interassay variation was calculated from MFI values obtained

from serum samples (n � 40) run in 3 separate assays and was

averaged per protein and antibody isotype. For IgG, the median

CV was 15%, and the range was 5% (CHIPS) to 25% (SEO); for

IgA, the median CV was 20%, and the range was 7% (Efb) to

25% (SdrD, SEB, SEI, and SasG); and for IgM, the median CV

was 16% and the range was 7% (ClfA) to 43% (SEO; relatively

high CV due to MFI values close to 0). Earlier studies found

equal CVs for interassay variation [26, 29 –31].

Differences in antigen-specific antibodies in serum from per-

sistent carriers and noncarriers. Nineteen volunteers were clas-

sified as noncarriers (48%), 6 as intermittent carriers (15%), and 15

as persistent carriers (38%). The MFI valued reflecting serum anti-

body levels for each person and antibody isotype are shown in figure

1. For most of the antigens there was no apparent quantitative dif-

ference in antibody level between persistent carriers and noncarri-

ers. However, the median serum levels of IgG directed against

TSST-1 and SEA were significantly higher in persistent carriers than

in noncarriers (MFI value, 11,554 vs. 4291 [P � .001] and 742 vs.

218 [P � .05], respectively). Additionally, the median IgA se-

rum level was significantly higher in persistent carriers than in

noncarriers for TSST-1 (973 vs. 155; P � .01), SEA (127 vs. 32;

P � .05), ClfA (1661 vs. 441; P � .05), and ClfB (792 vs. 356;

P � .05). The MFI values reflecting IgG levels were highest for

CHIPS, SCIN, and TSST-1; those for IgA were highest for

CHIPS, SCIN, and Efb; and those for IgM the were highest for

ClfA and SasG.

Stability of anti-staphylococcal antibody levels in serum. To

study the stability of the level of S. aureus antigen–specific antibod-

ies over time, a second serum sample and 2 more nasal swab sam-

ples were collected after 6 months from 11 volunteers. None of these

volunteers reported suffering from an apparent S. aureus infection

between these time points. One of the volunteers (volunteer 2) was

classified as an intermittent carrier instead of a noncarrier because

of a single positive nasal swab culture after 6 months. For all volun-

teers, the levels of IgG and IgA to the 19 S. aureus proteins did not

change significantly during the 6-month period (P � .05). Figure

2 shows representative results for the stability of IgG levels for 4

S. aureus proteins.
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Correlation between anti-staphylococcal antibody levels in

serum and nasal secretion. To determine the correlation be-

tween anti-staphylococcal antibodies in serum and nasal secre-

tions, these samples were collected simultaneously from 13 vol-

unteers, and the mean IgG and IgA levels (reflected by MFI

values) in these samples were calculated for each protein. The

correlation coefficient for the comparison between serum and

nasal secretions was 0.87 for IgG and correlation 0.77 for IgA

(figure 3).

TSST-1 neutralization assay. The neutralizing capacity of

TSST-1–specific antibodies in the 40 human samples was deter-

mined. The median neutralizing capacity was significantly

higher in persistent carriers than in noncarriers (90.6% vs.

70.6%; P � .05) (figure 4A). The level of IgG binding to TSST-1

is highly related to the neutralizing capacity of the serum samples

(R2 � 0.93) (figure 4B).

DISCUSSION

We developed an S. aureus multiplex immunoassay that enables

simultaneous quantification of antibodies to 19 antigens in small

serum volumes. This assay is therefore more informative and less

time- and serum-consuming than the conventional ELISA tech-

nique. The methods was used to determine the levels of antigen-

specific IgG, IgA, and IgM in serum samples from persistent

carriers, intermittent carriers, and noncarriers of S. aureus. An

important message of our analyses is that anti-staphylococcal

antibody levels showed extensive interindividual variability (fig-

ure 1), probably owing to the variable number of previous en-

counters with different S. aureus strains of diverse antigenicity as

well as interindividual differences in the ability to mount an

antigen-specific humoral immune response. In the group of per-

sistent carriers, differences in carrier strain type (as determined

by pulsed-field gel electrophoresis [PFGE]; data not shown)

might also contribute to the diversity in antibody levels. Thirteen

different PFGE types were found; only 3 of 15 persistent carriers

carried the same strain.

The most striking difference between persistent carriers and

noncarriers was the median level of IgG to TSST-1 (P � .001).

An earlier study showed that individuals harboring TSST-1–

producing strains had significantly higher levels of serum anti-

body to TSST-1 than did individuals who carried strains without

TSST-1 or who did not carry S. aureus at all [32]. In our study, 5

(33%) of the 15 persistent carriers carried a TSST-1–positive

strain (as determined by polymerase chain reaction; data not

shown), which indicates that current carriage of a TSST-1–pos-

itive strain does not fully explain the higher antibody levels in

persistent carriers. It is likely that the number of previous en-

counters with such strains also plays a role. We have shown that

the level of anti–TSST-1 IgG is highly correlated with the neu-

tralizing capacity of these antibodies (R2 � 0.93) (figure 4B).

This implies that these anti–TSST-1 antibodies are functional. It

Figure 1. Median fluorescence intensity (MFI) values reflecting levels
of antigen-specific IgG, IgA, and IgM for 19 Staphylococcus aureus
antigens in 40 volunteers. Each symbol represents a single volunteer; red
triangles represent persistent carriers, green diamonds represent inter-
mittent carriers, and blue squares represent noncarriers. Horizontal lines
indicate median levels of anti-staphylococcal antibodies for persistent
carriers and noncarriers, and arrows indicate statistically significant
differences in median values (persistent carriers vs. noncarriers, Mann-
Whitney U test). For IgG, differences were significant for toxic shock
syndrome toxin (TSST)–1 (11,554 vs. 4291; P � .001) and staphylococcal
enterotoxin (SE) A (742 vs. 218; P � .05); for IgA, differences were
significant for TSST-1 (973 vs. 155; P � .01), SEA (127 vs. 32; P � .05),
and clumping factor (Clf) A and B (for ClfA, 1661 vs. 441; for ClfB, 792 vs.
356; P � .05). CHIPS, chemotaxis inhibitory protein of S. aureus; Efb,
extracellular fibrinogen-binding protein; Fnbp, fibronectin-binding protein;
Isd, iron-responsive surface determinants; Sas, S. aureus surface protein;
SCIN, staphylococcal complement inhibitor; Sdr, serine-aspartate dipep-
tide repeat protein.
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is known that humans with high anti–TSST-1 antibody levels do

not develop toxic shock syndrome when they become infected

with a TSST-1– expressing S. aureus strain [33]. As stated else-

where, it is also known that carriers have a 3-fold higher risk of

acquiring S. aureus bacteremia than do noncarriers but a signif-

icantly lower risk of S. aureus bacteremia–related death [5].

Therefore, a possible explanation for this observation is that per-

sistent carriers are protected from toxic shock syndrome because

they have a high level of TSST-1–neutralizing antibodies and,

consequently, a lower risk of death than noncarriers. These ob-

servations should be verified by studying persistent carriers and

noncarriers with bacteremia; their anti–TSST-1 antibody levels

should be determined and correlated with the outcomes of in-

fection (work in progress).

Other significant differences between persistent carriers and

noncarriers were found for IgG directed against SEA (P � .05)

and IgA directed against TSST-1 (P � .01), SEA, ClfA, or ClfB

(P � .05). These levels were found to be higher in persistent

carriers than in noncarriers. Two other studies focusing on anti-

staphylococcal antibodies showed higher IgG levels for major

autolysin, ClfB, IsdA, IsdH, IsaA, Map-w, and �-hemolysin in

noncarriers than in persistent carriers [9, 12]. Although these

authors did not measure anti-enterotoxin antibodies or anti-

bodies to immune-modulating proteins, the differences found

between persistent carriers and noncarriers differed from our

data. One possible explanation for this apparent discrepancy is

that the carrier state was less well defined in these studies. Dryla

et al. [12] defined persistent carriers and noncarriers as individ-

uals who tested culture positive or negative at least twice, but

they did not report whether the carrier state was based on nasal

or pharyngeal swab samples (or both) or at what intervals these

swab samples were collected. Clarke et al. [9] defined carriers

and noncarriers as individuals who were culture positive or neg-

ative for S. aureus on the basis of just a single nasal swab sample,

which cannot reliably distinguish between the different carrier

states. Thus, the differences in anti-staphylococcal antibody lev-

els observed in these studies might be explained by the fact that

carriage was not defined according to a precise and validated

“culture rule,” which is based on 2 nasal swab samples and quan-

titative culture data [2]. In the present study, we used at least 3

nasal swab samples collected at 2-week intervals to define the

carrier state.

Figure 2. Stability of IgG levels, reflected by median fluorescence intensity (MFI) values for Staphylococcus aureus proteins in serum samples from
11 healthy volunteers (1–11) at 0 and 6 months (t � 0 and t � 6). Error bars represent SEs. CHIPS, chemotaxis inhibitory protein of S. aureus; Clf,
clumping factor; Isd, iron-responsive surface determinant; TSST, toxic shock syndrome toxin.

Figure 3. Correlation between IgG and IgA levels in serum and nasal
secretions. Mean IgG and IgA levels in serum and nasal secretions,
reflected by median fluorescence intensity values, were calculated for
each protein. Pearson’s correlation coefficient was used. CHIPS, chemo-
taxis inhibitory protein of S. aureus; Clf, clumping factor; Efb, extracel-
lular fibrinogen-binding protein; Isd, iron-responsive surface determinant;
SCIN, staphylococcal complement inhibitor; TSST, toxic shock syndrome
toxin.
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The observed IgG and IgA MFI values were highest for CHIPS

and SCIN, indicating that these staphylococcal proteins are quite

immunogenic. The IgM values were highest for SasG, ClfA, and

IsdA. This can be due to a primary immune response to recent

exposure to these antigens or to so-called natural IgM antibodies

that appear in the absence of stimulation by specific antigens and

that are secreted by long-lived, self-renewing B cells belonging to

the B1 subset [34]. These natural antibodies are commonly

polyspecific and play an important role in the antimicrobial re-

sponse in humans [35]. Even though the measured IgM antibod-

ies may not be antigen specific, they were directed mostly to

MSCRAMMs. This implies that MSCRAMMs are structures that

are recognized in an early phase by the immune system and that

natural IgM antibodies recognize antigens in a very economic

way [34]. Antigen-specific IgG and IgA levels for all volunteers

and to all 19 antigens were stable over a period of 6 months.

Another study also showed antibody levels to 4 S. aureus proteins

(IsdH, Map-w, SA0688, and SA2505) remaining stable over time

[36]. Stability is the result of humoral memory. Humoral mem-

ory is assumed to rely on long-lived plasma cells, which even

without antigenic contact will secrete antibodies for many years,

and memory B cells, which can be (re)activated by antigen

and/or polyclonal stimuli [37].

Components of nasal secretions that complement the innate

host defense include IgG and IgA [21, 38]. Therefore, antigen-

specific IgG and IgA levels in nasal secretions were determined.

IgG and IgA values were highest for CHIPS. Anti-staphylococcal

antibody levels in nasal secretions correlated with levels in se-

rum, although for antigen-specific IgA in serum and nasal secre-

tions the correlation was somewhat lower (R2 � 0.77) than that

for IgG (R2 � 0.87) (figure 3). There might be an explanation

for this observation. In blood, IgA is found predominantly as a

monomer, and the ratio of IgA1 to IgA2 is �4:1. In mucosal

secretions, IgA is produced almost exclusively as a dimer, and the

ratio of IgA1 to IgA2 is �3:2 [39, 40]. Therefore, although IgG

simply diffuses from the vascular department into the tissues

and similarly distributed antigen-specific IgG molecules are

measured in blood and nasal secretions, for IgA this is not the

case.

In the present study, we focused on nasal carriage. In the ab-

sence of nasal carriage, the likelihood of being a throat carrier is

12.6% [41]; a rectal carrier, 3.2% [42, 43]; and an axilla carrier,

2% [44]. In our study, this would mean that only a few of the

intermittent and noncarriers would be reclassified into different

S. aureus carriage types, which would not affect the results sig-

nificantly. However, it does show the importance of reporting

the culture sites when defining the S. aureus carriage state.

Although our study was focused exclusively on antibodies di-

rected against S. aureus proteins, it should be noted that cell-wall

components (such as capsular polysaccharide 5 and 8 [45], pep-

tidoglycan [46] and lipoteichoic acid [47]) are also immuno-

genic. Therefore, including these cell-wall components in future

studies is important; this is the topic of our current methodolog-

ical investigations.

We have developed a novel high-throughput, low-volume

method for detecting levels of antibodies to a wide range of

staphylococcal proteins. We showed that anti-staphylococcal

antibody levels in serum are highly variable, are stable over time,

and correlate well with antibody levels in nasal secretions. Anti-

bodies to TSST-1 have a neutralizing capacity, and median levels

of antibodies to TSST-1, SEA, ClfA, and ClfB are higher in per-

sistent carriers than in noncarriers. These antibodies might be

associated with the risk of developing S. aureus infections and

might be responsible for the lower risk of mortality observed in

S. aureus carriers with bacteremia than in S. aureus noncarriers

with bacteremia [5].
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ABSTRACT 

Background: Staphylococcus aureus superantigens (SAgs) are highly potent T cell 

mitogens. Antibodies against non-enterotoxin gene cluster (egc) SAgs are common in 

healthy adults, whereas neutralizing antibodies against egc SAgs are rare. We 

investigated the anti-SAg antibody response during S. aureus bacteremia (SAB). 

Methods: This prospective clinical study (www.clinicaltrials.gov, NCT00548002) 

included 43 injection drug users (IDUs) and 44 group matched nonaddicts with SAB. Spa 

genotypes and SAg gene patterns (multiplex PCR) of the S. aureus isolates were 

determined. The neutralizing capacity of sera obtained at the acute phase and the 

convalescent phase of SAB was tested against the SAg cocktail of the respective infecting 

strain and a panel of recombinant SAgs.  

Results: The lineages CC59 and CC30 were more prevalent among bacteremia strains 

from IDUs than from nonaddicts. SAg gene patterns in isolates from IDUs and nonaddicts 

were similar. At the acute phase of bacteremia, IDUs had more neutralizing antibodies 
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against non-egc SAgs than nonaddicts. Antibody titers frequently increased during 

infection. Interestingly, antibodies against egc SAgs were absent at the acute phase and 

not induced by SAB. 

Conclusions: SAB triggers an antibody response only against non-egc SAgs. 

Preimmunization in IDU patients is probably due to previous exposure to the infecting 

strain.  

 

INTRODUCTION 

Staphylococcus (S.) aureus is a major human pathogen that causes a wide spectrum of 

infections, such as toxin-mediated diseases, and systemic infections, for instance, 

bacteremia and endocarditis. At the same time, S. aureus is a commensal that colonizes 

approximately 35% of the healthy population in the nose (1, 2).  

Among the numerous toxins of S. aureus are the 21 known staphylococcal superantigens 

(SAgs): the toxic shock syndrome toxin (TSST-1), the staphylococcal enterotoxins (SEA-

SEE, SEG-SEJ) and the staphylococcal enterotoxin-like toxins (SElK- SElU) (3-7). They 

are encoded on mobile genetic elements, like phages and pathogenicity islands (8). SAgs 

are the causative agents of food poisoning and toxic shock syndrome, but their role in 

bacteremia is not well defined (5, 9). They can activate a large fraction of T lymphocytes 

by directly cross-linking certain T cell receptor Vβ domains with conserved structures 

on major histocompatibility complex class II (MHC II) molecules. This results in a 

polyclonal T cell activation and massive cytokine release.  

The more recently described enterotoxin gene cluster (egc) harbors five to six SAg genes 

(seg, sei, selm, seln, selo and sometimes selu), which cluster on a staphylococcal 

pathogenicity island (νSaβ) (10, 11). The egc genes are the most prevalent SAg genes in 

commensal and invasive S. aureus isolates with frequencies ranging between 52 and 

66% (12-14). 

We previously reported that SAg genes are not randomly distributed, but rather strongly 

associated with the clonal lineages (14). Thus, each lineage is characterized by a typical 

SAg gene profile. However, within each lineage, most SAg genes are mobile (except for 

egc SAgs). Therefore, several SAg genotypes can occur within one clonal complex (CC). 
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In addition to their superantigenicity, SAgs, like other proteins, also act as conventional 

antigens and induce a specific antibody response. Antibodies against non-egc SAgs (e.g., 

TSST-1, SEA, SEB, SEC) are common in the healthy population (15-18). In S. aureus 

carriers, these antibodies are highly specific for the SAgs of the colonizing strain and 

they effectively neutralize their mitogenic effects (19). Surprisingly, neutralizing 

antibodies against egc SAgs are very rare, even among carriers of egc-positive S. aureus 

strains (18) (and unpublished observations). This “egc gap” in the antibody response of 

healthy individuals was unexpected because of the high prevalence of egc SAg genes in 

clinical S. aureus isolates (12-14). A comparison of recombinant egc and non-egc SAgs 

revealed that they do not differ in any of the studied aspects of T cell activation 

including: gene regulation, cytokine secretion or induction of T cell proliferation (20). 

Remarkably, egc SAgs are secreted by S. aureus during logarithmic growth in vitro, 

whereas non-egc superantigens – like most virulence factors – are expressed during 

stationary growth (20, 21).   

The aim of our study was to test whether the differentially regulated egc SAgs and non-

egc SAg elicit an antibody response during systemic infection. In particular, we wanted 

to investigate the role of egc SAgs in S. aureus bacteremia (SAB) among nonaddicts 

previously less exposed to S. aureus and among injection drug users (IDUs) with more 

frequent contact to it. 

In a prospective clinical study, we (i) determined the genotype and SAg gene patterns in 

bacteremia isolates from IDUs and matched nonaddicts and (ii) compared the SAg-

neutralizing capacity of sera obtained at the acute phase of bacteremia and in the 

convalescent phase.  

 

MATERIALS AND METHODS 

Patient population. We prospectively collected 430 adult patients with blood culture 

positive for methicillin-sensitive S. aureus (MSSA). Twelve university or central hospitals 

in Finland participated in this study between January 1999 and May 1999, and between 

January 2000 and August 2002 (22). In this study, 43 IDUs and 44 group matched 

nonaddicts as controls were included (Table 1) (23). For each IDU with endocarditis 

(n=19), we chose a nonaddict with preferably definite endocarditis (n=20; 16 definite 
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and 4 possible cases). For each IDU without endocarditis (n=24), we chose an age (± 15 

years) and sex matched nonaddict, whose randomization time was the nearest possible. 

Written informed consent was obtained from all patients or their representatives. The 

study was approved by the ethics committees of all study sites, and was conducted in 

accordance with the Declaration of Helsinki.  

 

Table I. Characteristics of IDUs and nonaddicts with methicillin-sensitive S. aureus bacteremia 

(n=87). 

Characteristics    Injection drug users  Nonaddicts 

      (n = 43)    (n = 44) 

Age (years, mean ± SD)   29 ± 8    50 ± 19 

Male sex     32 (74.4)   28 (63.6) 

Previous S. aureus infectiona   7 (16)    8 (18.2) 

Underlying disease 

 Liver disease    36 (83.7)   5 (11.4) 

 HIV positive    6 (13.9)    0 (0.0) 

 Diabetes    3 (7.0)    12 (27.3) 

 Coronary artery diseases  0 (0.0)    8 (18.2) 

 Chronic renal failure   0 (0.0)    6 (13.6) 

 Malignancy    0 (0.0)    4 (9.1) 

McCabe´s classificationb   

 Healthy or nonfatal disease  43 (100)   33 (75.0) 

 Ultimately or rapidly fatal disease 0 (0)    11 (25.0) 

Endocarditisc    19 (44.2)   20 (45.5) 

Outcome 

 Death within 3 months   2 (4.7)    4 (9.1) 

NOTE. Data are presented no. (%) of patients, unless otherwise indicated. 

asuperficial S. aureus infections or S. aureus bacteremia (only IDUs). 

bPrognosis or severity of underlying diseases classified according to the criteria of McCabe and 

Jackson. 

cClassified as definite or possible by using the modified Duke criteria. 

 

S. aureus identification and DNA isolation. Routine bacteriological methods were 

used to detect S. aureus grown in blood (22). Total S. aureus DNA was isolated with the 

Promega Wizard® DNA purification kit (Promega, Mannheim, Germany) according to the 

manufacturer’s instructions. 
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Serum samples. After the first positive culture for S. aureus, serum samples were 

collected at days 2 to 7 (acute phase) and at days 22 to 28 (convalescent phase) (23). 

Sera were stored at -20°C for further analysis. Both samples were available from 27 of 

43 IDUs and from 37 of 44 nonaddicts. In the other 16 IDUs and 6 nonaddicts, one or 

both serum samples were missing. 

spa genotyping. PCR for amplification of the S. aureus protein A (spa) repeat region was 

performed according to the published protocols (24, 25). PCR products were purified 

with the QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany) and sequenced using 

both amplification primers by a commercial supplier (MWG Biotech, Ebersberg, 

Germany). The forward and reverse sequence chromatograms were analyzed with the 

Ridom StaphType software Version 1.99.11 (Ridom GmbH, Würzburg, Germany). With 

the BURP algorithm (Ridom GmbH), spa types were clustered into different groups (the 

parameter calculated cost between members of a group was set at less than or equal to 

five). Spa types shorter than five repeats were not grouped, because they do not allow 

the reliable deduction of ancestries. Since spa typing and multilocus-sequence typing 

(MLST) are highly concordant (26), spa typing data could be easily mapped on MLST 

types by using the SpaServer database (www.spaserver.ridom.de). 

Virulence gene detection by PCR. PCR was used to screen for a total of 25 virulence 

genes. Single and multiplex-PCR were applied for the detection of gyrase (gyr), 

methicillin resistance (mecA), Panton-Valentine-leukocidin (pvl), staphylococcal 

enterotoxins (sea-seu), toxic shock syndrome toxin 1 (tst), exfoliative toxins (eta, etd), 

and agr group 1-4 as previously reported (14). 

Neutralization assay. Neutralization assays were performed as described before (18, 

19, 27). Initially, the concentrations of bacterial supernatants (post-exponential growth 

phase) and recombinant SEB, SEC, SElQ, TSST-1 and SEI which elicited submaximal 

proliferation were determined in T cell proliferation assays (between 1 and 100 pg/ml). 

They were performed in RPMI 1640 supplemented with 10% fetal bovine serum (FBS). 

Afterwards, the appropriate concentrations of supernatant or recombinant SAgs were 

incubated in the presence of heat-inactivated patient sera serially diluted in RPMI 

1640/10% FBS. For control, supernatants or recombinant SAgs were incubated without 

human serum. After twenty minutes, 105 peripheral blood mononuclear cells (PBMCs) 

from third-party healthy blood donors were added to measure mitogenic potency and 

neutralizing serum capacity. T cell proliferation was determined by the incorporation of 
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[3H]thymidine after 72h, quantified by calculating the area under the proliferation curve 

(AUC), and expressed as a percentage of the control without human serum. All 

measurements were performed in triplicates. Two IDU patients (T-29359, T-37698) 

were excluded, because their invasive S. aureus isolate was SAg-negative. 

Statistical analysis. Differences in the spa genotype and virulence gene pattern 

between IDUs and nonaddicts were assessed using the Chi-square test. The Mann-

Whitney test was used to compare the neutralizing capacity of serum from IDUs and 

nonaddicts. The neutralizing capacities of the acute and convalescent serum samples 

from the bacteremic patients were compared with the paired t-test. P values ≤ 0.05 were 

considered statistically significant. 

 

RESULTS 

Genotype of SAB isolates from IDUs and nonaddicts 

Among the SAB isolates from 43 IDUs and 44 nonaddicts we found 46 different spa 

types, which were assigned to 12 CCs (CC1, 5, 8, 9, 12, 15, 20, 22, 25, 30, 45, and 59). 

Moreover, we observed six singletons. Eight isolates could not be clustered by BURP 

analysis, because clustering parameters excluded spa types shorter than five repeats, 

and two strains were non-typable by spa PCR. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Clonal distribution of SAB isolates from A) IDUs and B) nonaddicts. Spa types were 

clustered into 12 CCs by BURP analysis. MLST-CC nomenclature was deduced from spa-CCs using 

the Ridom SpaServer database. CC59 and CC30 were overrepresented among SAB isolates from 

IDUs. Chi-Square test. *P ≤ 0.05, **P ≤ 0.01. 
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The genetic diversity of SAB strain collections from IDUs and nonaddicts was similar, 

but CC59 and CC30 were significantly overrepresented among isolates from IDUs in 

comparison to nonaddicts (CC59: 20.9% vs. 2.3%, P ≤ 0.01, and CC30: 20.9% vs. 4.5%, 

P ≤ 0.05, respectively) (Figure 1). No CC or spa type was associated with endocarditis.  

A)

strain ID
spa type 

ID
repeat succession spa CC

deduced 

MLST CC

non-egc 

SAgs
egc SAgs

eta, 

etd
pvl agr

T-72730
a

t012 15-12-16-02-16-02-25-17-24-24 CC021 CC30 a g i m n o u - - 3

T-34115
b

t012 15-12-16-02-16-02-25-17-24-24 CC021 CC30 tst g i m n o u - - 3

T-29165
a,b

t021 15-12-16-02-16-02-25-17-24 CC021 CC30 a tst g i m n o u - - 3

T-37389
a,b

t342 15-12-16-02-16-02-25-17 CC021 CC30 tst g i m n o u - - 3

T-34353
a,b

t342 15-12-16-02-16-02-25-17 CC021 CC30 tst g i m n o u - - 3

T-31257
a,b

t298 15-12-16-02-17-24 CC021 CC30 tst g i m n o u - - 3

T-36500
a,b

t096 15-12-16-16-02-17-24 CC021 CC30 c l tst o - - 3

T-32571
a,b

t2785 35-16-02-25-17-24-24 CC021 CC30 a tst g i m n o u - - 3

T-36895
a,b

t2786 08-16-02-25-17-24-24-17 CC021 CC30 a tst g i m n o u - - 3

reference t019 08-16-02-16-02-25-17-24 CC021 CC30

reference t138 08-16-02-25-17-24 CC021 CC30

T-37576
b

t451 11-12-05-17-34-24-34-22-25 CC451 CC8 a b k q - - - 1

reference t008 11-19-12-21-17-34-24-34-22-25 CC451 CC8

T-71400
a

t015 08-16-02-16-34-13-17-34-16-34 CC065 CC45 c l g i m n o - - 1

T-36476
a,b

t015 08-16-02-16-34-13-17-34-16-34 CC065 CC45 c l g i m n o - - 1

T-31859 t2784 08-16-02-16-13-17-34-16-13 CC065 CC45 c l g i m n o - - 1

T-33510
b

t715 09-02-16-34-13-17-34 CC065 CC45 - g i m n o - - 1

reference t065 09-02-16-34-13-17-34-16-34 CC065 CC45

T-31253
b

t078 04-21-12-41-20-17-12-12-17 CC078 CC25 b g i m n o etd + 1

reference t167 04-12-41-20-17-12-12-17 CC078 CC25

reference t216 04-20-17-20-17-31-16-34 CC172 CC59

T-31648
b

t172 04-20-17-45-16-34 CC172 CC59 a b k q - - - 1

T-31236
b

t172 04-20-17-45-16-34 CC172 CC59 a b k q - - - 1

T-29195 t172 04-20-17-45-16-34 CC172 CC59 b k q - - - 1

T-72830 t172 04-20-17-45-16-34 CC172 CC59 a b k q - - - 1

T-71404 t172 04-20-17-45-16-34 CC172 CC59 a b k q - - - 1

T-31385
a,b

t172 04-20-17-45-16-34 CC172 CC59 a b k q - - - 1

T-31610
a,b

t172 04-20-17-45-16-34 CC172 CC59 a b k q - - - 1

T-36780
a,b

t172 04-20-17-45-16-34 CC172 CC59 a b k q - - - 1

T-71405
a

t172 04-20-17-45-16-34 CC172 CC59 a b k q - - - 1

reference t085 07-23-12-34-34-12-23-02-12-23 CC084 CC15

T-29359 t084 07-23-12-34-34-12-12-23-02-12-23 CC084 CC15 - - - - 2

T-37698 t803 07-23-02-12-23 singleton singleton - - - - 2

reference t045 26-17-20-17-12-17-16 CC002 CC5

T-35732
b

t002 26-23-17-34-17-20-17-12-17-16 CC002 CC5 - g i m n o - - 2

T-31560 t2730 07-23-178-21-17-34-33-16-16-16-23 singleton singleton - - - - 1

T-36462
b

t127 07-23-21-16-34-33-13 CC127 CC1 h - - - 3

reference t128 07-23-23-21-16-34-33-13 CC127 CC1

T-30900
b

t2133 07-23-21-33-22-17 CC2133 CC12 b - - - 2

T-29325
b

t2133 07-23-21-33-22-17 CC2133 CC12 b p - - - 2

T-36342
b

t1137 07-23-12-33-22-22-17 CC2133 CC12 c l p - - - 2

T-33421 t888 07-23-21-24-33-17 CC2133 CC12 b p - - - 2

T-35093
b

t160 07-23-21-24-33-22-17 CC2133 CC12 b p - - - 2

T-34163
a

t160 07-23-21-24-33-22-17 CC2133 CC12 b p - - - 2

T-36750
a,b

t160 07-23-21-24-33-22-17 CC2133 CC12 b p - - - 2

T-31202
a

t160 07-23-21-24-33-22-17 CC2133 CC12 - - - - 2

T-27360
a

t160 07-23-21-24-33-22-17 CC2133 CC12 b p - - - 2

T-31485 t026 08-16-34 n.d. n.d. c l g i m n o - - 1

T-31028
a

t519 04-20-17-25 n.d. n.d. - i m n o u - - 4

T-71385 t519 04-20-17-25 n.d. n.d. - i m n o u - - 4

T-35456 t779 08 n.d. n.d. c l g i m n o - - 1

T-27350
b

no PCR product - - b k q - - - 1

virulence genesspa  typing

0 .0 00 .050 .1 00 . 15
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B)

strain ID
spa type 

ID
repeat succession spa CC

deduced 

MLST CC

non-egc 

SAgs
egc SAgs

eta, 

etd
pvl agr

T-72914
b

t1642 15-16-02-25-17-24-24 CC021/012 CC30 a q tst g i m n o u - - 3

reference t012 15-12-16-02-16-02-25-17-24-24 CC021/012 CC30

T-32202
a,b

t1414 15-12-16-02-16-02-25-24 CC021/012 CC30 q tst g i m n o u - - 3

T-29551
b

t219 15-12-16-16-02-17-24-24-24 singleton singleton q o - - 3

T-71451
a,b 

t024 11-12-21-17-34-24-34-22-25 CC024 CC8 a - - - 1

T-71452
a,b

t008 11-19-12-21-17-34-24-34-22-25 CC024 CC8 a d j r - - - 1

T-31384
a,b

t008 11-19-12-21-17-34-24-34-22-25 CC024 CC8 d j r - - - 1

T-29211
a,b

t078 04-21-12-41-20-17-12-12-17 CC078 CC25 - g i m n o etd - 1

reference t167 04-12-41-20-17-12-12-17 CC078 CC25

T-32662
a

t3302 08-21-17-34-24-33-34 singleton singleton - - - - 1

T-32183
b

t172 04-20-17-45-16-34 CC172 CC59 a b q - eta - 1

reference t216 04-20-17-20-17-31-16-34 CC172 CC59

T-31149
b

t015 08-16-02-16-34-13-17-34-16-34 CC116/015 CC45 c l g i m n o - - 1

T-33333
a,b

t015 08-16-02-16-34-13-17-34-16-34 CC116/015 CC45 c l g i m n o - - 1

T-30803
a,b

t015 08-16-02-16-34-13-17-34-16-34 CC116/015 CC45 c l g i m n o - - 1

T-76071
a,b

t073 08-16-02-16-13-17-34-16-34 CC116/015 CC45 c l g i m n o - - 1

T-35124
b

t116 08-16-02-16-13-13-17-34-16-34 CC116/015 CC45 c l g i m n o - - 1

T-29035
b

t620 08-16-02-16-34-13-17-34 CC116/015 CC45 c l g i m n o - - 1

T-71442
a,b

t1122 09-02-16-34-34-17-34-16 CC116/015 CC45 - g i m n o - - 1

T-30293
b

t004 09-02-16-13-13-17-34-16-34 CC116/015 CC45 - g i m n o - - 1

reference t065 09-02-16-34-13-17-34-16-34 CC116/015 CC45

T-34788
a

t084 07-23-12-34-34-12-12-23-02-12-23 CC084 CC15 - - - - 2

T-34238 t084 07-23-12-34-34-12-12-23-02-12-23 CC084 CC15 - - - - 2

T-31264 t084 07-23-12-34-34-12-12-23-02-12-23 CC084 CC15 - - - - 2

T-30869 t084 07-23-12-34-34-12-12-23-02-12-23 CC084 CC15 - - - - 2

T-30224
a

t085 07-23-12-34-34-12-23-02-12-23 CC084 CC15 - - - - 2

T-72806
a,b

t002 26-23-17-34-17-20-17-12-17-16 CC002 CC5 d j p r g i m n o - - 2

T-36108
b

t002 26-23-17-34-17-20-17-12-17-16 CC002 CC5 p tst g i m n o - - 2

T-30198
a,b

t242 26-23-17-13-17-20-17-12-17-16 CC002 CC5 d j r g i m n o - - 2

T-24960
b

t067 26-23-17-34-17-20-17-12-17 CC002 CC5 p g i m n o - - 2

T-72949
a,b

t539 26-23-17-34-17-12-17-16 CC002 CC5 p g i m n o - - 2

reference t045 26-17-20-17-12-17-16 CC002 CC5

T-72942
b

t160 07-23-21-24-33-22-17 CC2133/888 CC12 b p - - - 2

T-72805
a,b

t160 07-23-21-24-33-22-17 CC2133/888 CC12 p - - - 2

T-32130
a,b

t160 07-23-21-24-33-22-17 CC2133/888 CC12 b p - - - 2

T-30221
a,b

t160 07-23-21-24-33-22-17 CC2133/888 CC12 b p - - - 2

T-32558
a,b

t888 07-23-21-24-33-17 CC2133/888 CC12 b p - - - 2

T-36979
b

t2133 07-23-21-33-22-17 CC2133/888 CC12 b p - - - 2

T-71453
b

t1045 26-23-02-12-23-34-34 CC1045 CC9 - g i m n o - - 2

reference t100 26-23-02-12-23-02-34-34 CC1045 CC9

T-30602
b

t3303 07-17-23-02-34-34 singleton singleton - g i m n o - - 2

T-33904 t2186 07-23-12-21-17-17-34 singleton singleton - - - - 1

reference t195 07-06-17-21-34-34 CC164 CC20

T-31809
b

t164 07-06-17-21-34-34-22-34 CC164 CC20 - g i m n o - - 1

T-31263
b

t164 07-06-17-21-34-34-22-34 CC164 CC20 b p g i m n o - - 1

reference t005 26-30-17-34-17-13-17-12-17-16 CC3304 CC22

T-37613
a,b

t3304 26-23-20-31-05-17-25-17-25-16-28 CC3304 CC22 - g i m n o - - 1

T-29575
b

t026 08-16-34 n.d. n.d. c l g i m n o - - 1

T-37342
b

t026 08-16-34 n.d. n.d. c l g i m n o - - 1

T-71932
b

t026 08-16-34 n.d. n.d. c l g i m n o - - 1

T-29349
b

t3301 09-02-17-34 n.d. n.d. - g i m n o - + 1

T-32666
b

no PCR product - - - g i m n - - 1

spa  typing virulence genes

 FR41 spa 5 t1642 4 spa CC 012

 t012 4 spa CC 012

 FR23 spa 5 t1414 4 spa CC 012

 FR8 spa 5 t219 1

 FR37 spa 5 t024 9 no founder

 FR3 spa 5 t008 9 no founder

 FR20 spa 5 t008 9 no founder

 FR6 spa 5 t078 10 no founder

 t167 10 no founder

 FR25 spa 5 t3302 3

 FR22 spa 5 t172 8 no founder

 t216 8 no founder

 FR17 spa 5 t015 1 spa CC 116 015

 FR27 spa 5 t015 1 spa CC 116 015

 FR15 spa 5 t015 1 spa CC 116 015

 FR44 spa 5 t073 1 spa CC 116 015

 FR31 spa 5 t116 1 spa CC 116 015

 FR5 spa 5 t620 1 spa CC 116 015

 FR36 spa 5 t1122 1 spa CC 116 015

 FR13 spa 5 t004 1 spa CC 116 015

 t065 1 spa CC 116 015

 FR30 spa 5 t084 11 no founder

 FR29 spa 5 t084 11 no founder

 FR19 spa 5 t084 11 no founder

 FR16 spa 5 t084 11 no founder

 FR12 spa 5 t085 11 no founder

 FR40 spa 5 t002 2 spa CC 002

 FR32 spa 5 t002 2 spa CC 002

 FR10 spa 5 t242 2 spa CC 002

 FR2 spa 5 t067 2 spa CC 002

 FR43 spa 5 t539 2 spa CC 002

 t045 2 spa CC 002

 FR42 spa 5 t160 3 spa CC 2133 888

 FR39 spa 5 t160 3 spa CC 2133 888

 FR1 spa 5 t160 3 spa CC 2133 888

 FR11 spa 5 t160 3 spa CC 2133 888

 FR24 spa 5 t888 3 spa CC 2133 888

 FR33 spa 5 t2133 3 spa CC 2133 888

 FR38 spa 5 t1045 6 no founder

 t100 6 no founder

 FR14 spa 5 t3303 4

 FR28 spa 5 t2186 2

 t195 5 no founder

 FR21 spa 5 t164 5 no founder

 FR18 spa 5 t164 5 no founder

 t005 7 no founder

 FR35 spa 5 t3304 7 no founder

0 .0 00 .0 50 . 1 00 .1 50 . 2 0

 

Figure 2. Distribution of virulence genes within spa-defined CCs among SAB isolates from A) 

IDUs and B) nonaddicts. For construction of the phylogenetic tree, several reference strains were 

included in the BURP clustering (shaded in grey). Virulence genes (SAg genes, agr, eta, etd, mecA 

and pvl genes) were determined by multiplex PCR. SAB strains from IDUs and nonaddicts did not 

differ in their virulence gene pattern. Staphylococcal enterotoxins (SEs) are indicated by single 

letters (a = sea, etc.). tst = toxic shock syndrome toxin, egc = enterotoxin gene cluster, eta, etd = 

exfoliative toxins a and d, agr = accessory gene regulator, pvl = Panton-Valentine leukocidin (lukPV). 

a) Patients with infective endocarditis. b) Serum analyzed in neutralization assays. 
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Virulence gene repertoire of SAB isolates from IDUs and nonaddicts 

To test whether SAB isolates from IDUs and nonaddicts differ in their virulence gene 

pattern, we next determined the accessory gene regulator (agr) type, SAg genes, PVL 

and exfoliative toxin genes. The agr is a global regulator of virulence gene expression 

and four different agr subgroups, agr 1-4, are known. In agreement with previous 

studies (14, 28-31), we observed a strict linkage of agr subgroups with the spa-derived 

lineages (Figure 2). PVL and exfoliative toxin genes (eta and etd) occurred only rarely. 

Multiplex-PCR was applied to detect 19 SAg genes. SAg genes were highly prevalent 

among SAB isolates from both collections (IDUs: 90.7%, nonaddicts: 84.1%) and SAg 

gene patterns differed remarkably. As previously reported, SAg genes were linked to 

staphylococcal lineages (14).  

The egc SAg genes were by far the most prevalent (IDUs: 44.2%, nonaddicts: 61.4%). Seb 

and sea were overrepresented among IDU isolates (seb: 44.2% vs. 15.9%, P ≤ 0.01; sea: 

30.2% vs. 9.1%, P ≤ 0.05), but this was due to the high prevalence of sea/seb-positive 

CC59 and sea-positive CC30 isolates among IDU strains. This emphasizes the importance 

of a simultaneous analysis of virulence genes and genetic background. The comparison 

of SAg patterns within certain CCs revealed no major differences between isolates from 

IDUs and nonaddicts. Furthermore, we found no association of SAg genes with 

endocarditis. 

 

Neutralizing serum antibodies in IDUs and nonaddicts  

To test whether egc SAgs elicit an antibody response during infection, we analyzed the 

neutralizing antibody response of SAB patients against (i) the supernatant of their 

infecting strain and (ii) against representative recombinant SAgs. 

At onset of bacteremia, many patients already possessed neutralizing serum antibodies 

against the SAg cocktail produced by their infecting strain (Figure 3, Figure 4A). While 

this neutralizing capacity was mostly low in nonaddicts, IDUs already showed high 

antibody titers at the acute phase. This suggests that they were preimmunized with the 

SAgs of their infecting strain. In several cases, we observed a rise in antibody 

concentrations during SAB, again especially among IDUs (Figure 3, Figure 4). In some 

individuals, titers increased more than 100-fold (T-30900, and T-35093 (figure 3, A2)). 

However, this was different in patients infected with CC59 strains. These S. aureus 
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isolates harbored a number of non-egc SAgs (sea, seb, sek, selq) and their supernatants 

were strongly mitogenic. IDUs infected with these strains had neutralizing antibodies at 

diagnosis of SAB, but serum concentrations did not further increase thereafter. 

 

Figure 3. SAg-neutralizing capacity of selected SAB sera from A) IDUs and B) nonaddicts. The 

neutralizing capacity of SAB sera (acute phase, convalescent phase) against (i) the supernatant from 

the infecting strain and (ii) representative recombinant SAgs was determined. Graph depicts the SAg-

induced proliferation in the presence of serum, expressed as percentage of the control without 

human serum. In contrast to nonaddicts, most IDUs had neutralizing antibodies already at the acute 

phase of SAB and antibody titers increased more frequently. In general, neutralizing antibodies 

against egc SAgs were absent and were not induced. Representative data sets are depicted (IDUs: 

7/25; nonaddicts: 6/37). 

The SAg cocktails in the S. aureus culture supernatants maybe close to the clinical 

situation, but their SAg composition is not known. For molecular definition, we 

complemented analysis by neutralization assays with recombinant SAgs (TSST-1, SEB, 
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SEC, SElQ, and SEI), which in most patients confirmed the results obtained with bacterial 

supernatants. Sera from six patients neutralized recombinant SAgs but not the bacterial 

supernatants (e.g., Figure 3: B3). The neutralizing effect against individual SAgs was 

probably obscured by the mitogenic effects of others that were also present in the 

supernatant. 

Notably, neutralizing antibodies against egc SAgs were rare exceptions at the acute 

phase of SAB and such antibodies were not induced during bacteremia. The findings 

were similar for supernatants from egc-positive strains (Figure 3: A6, B5; Figure 4) and 

for recombinant SEI (Figure 3: A4, A6, B4-B5; Figure 4B). High titer anti-SEI antibodies 

were present in only two of the 62 tested patient sera (T-31257 and T-36476, Figure 3: 

A3, A5). Both patients were IDUs and their anti-SEI antibody serum concentrations did 

not increase during SAB. 

 

Figure 4. SAg-neutralizing capacity of SAB sera from IDUs and nonaddicts. A) The neutralizing 

capacity of SAB sera (acute phase, convalescent phase) against the SAg cocktail produced by the 

infecting strain. SAg-induced proliferation in the presence of serum, quantified by calculating the 

area under the proliferation curve (AUC) and expressed as percentage of the control without 

human serum, for all datasets (IDUs: 25; nonaddicts: 37). In contrast to nonaddicts, most IDUs 

showed an effective antibody response already at the onset of bacteremia. B) Fold-change of the 

neutralizing capacity of SAB sera (acute phase, convalescent phase) against the S. aureus culture 

supernatants and representative recombinant SAgs. The ratio of the AUC from both serum samples 

of one patient was calculated. IDUs frequently showed an increase in neutralizing antibody titers 

against the SAg cocktail and recombinant non-egc SAgs. In general, neutralizing capacity against egc 

SAgs (triangle=SAB isolates which were only egc-positive) was very low or absent and not triggered 

during bloodstream invasion. P values were calculated using the paired t-test (acute phase vs. 

convalescent phase) or the Mann-Whitney test (IDUs vs. nonaddicts); median values are indicated. 

*P ≤ 0.05, *** P ≤ 0.001 
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DISCUSSION 

Neutralizing antibodies against non-egc SAgs are common in healthy adults (15-17), 

whereas neutralizing antibodies against egc SAgs are very rare (18). Remarkably, the 

regulation of SAg release differs fundamentally between both groups of SAgs (20, 21). 

These findings raised the question, how this differential regulation of egc and non-egc 

SAg affects the anti-SAg antibody response during SAB. Comparison of SAB isolates from 

IDUs and nonaddicts revealed a high prevalence of CC59 and CC30 strains among IDUs, 

but no differences in SAg gene patterns. We observed a boost of neutralizing antibody 

titers against non-egc SAgs during bloodstream infection. In contrast, egc SAgs did not 

elicit a boost or de novo generation of antibodies. 

SAB strains from IDUs and nonaddicts had a highly diverse population structure. In total 

12 different staphylococcal lineages and some singletons were observed. The variability 

of genotypes appeared to be lower among addicts, where the two lineages CC30 and 

CC59 accounted for over 40% of all strains. While the prevalence of CC30 among IDU 

isolates was in the same range that was reported for S. aureus colonization (16 - 27%) 

(14, 32-34), CC59 strains are rare in healthy European carriers. Prevalences range from 

0% to 4.5% in nasal isolates from the UK, Poland, the Netherlands, and Germany (14, 32-

35). However, in IDUs from the UK, methicillin sensitive S. aureus strains isolated from 

abscesses and soft tissue infections frequently belonged to CC59 (30), indicating that 

this lineage spreads in the internationally connected community of IDUs. We found no 

correlation of certain clonal lineages or SAg gene patterns with endocarditis.   

We previously reported that every S. aureus clonal lineage is characterized by a 

consensus repertoire of agr subgroup and virulence genes (14). The SAB isolates in the 

present study fit well into this picture. In some CCs, the frequencies of the typical SAg 

genotypes differed between Finland and Germany (14). 

Neutralizing antibodies against non-egc SAgs are frequent in the healthy population (15-

18), and in the present study, this was also found to be the case in SAB patients at the 

acute phase of bacteremia. However, neutralizing antibody titers were low in most 

nonaddicts. A possible explanation would be that the majority of them suffered from 

exogenous infections (19). Unfortunately, the carrier status of our patient cohort is not 

known. The SAg-neutralizing capacity was much higher in IDUs, suggestive of intensive 

exposure to S. aureus, probably even to the invasive strain. Repeated bacterial 
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inoculation could be the reason for this, because frequent injections, contaminated 

drugs, sharing of drug-use equipment and poor hygiene usually characterize the living 

conditions of IDUs (36, 37). In agreement with this, studies from the seventies showed 

higher colonization rates and more frequent endogenous infections in IDUs than in the 

general population (38, 39).  

In IDUs but not in nonaddicts, bacteremia increased the neutralizing serum capacity, 

extending earlier reports about staphylococcal infections (e.g., bacteremia and wound 

infection) (40, 41). While other groups measured antibody binding, we employed a 

functional assay, because it has been shown that SAg neutralizing antibodies can be 

protective in patients as well as in animal models (42-45). The high titers and rapid 

increases of SAg-neutralizing antibodies are indicative of a vigorous antibody response 

to many S. aureus antigens in IDUs (23). In addition to other factors, such as younger 

age, lack of pre-existing heart disease, and the predominance of the right-sided heart 

involvement (46-48), an efficient and protective antibody response might contribute to 

the more favorable outcome of S. aureus endocarditis in IDUs compared to the general 

population. Only a few nonaddicts responded to bacteremia with an increase of SAg 

neutralizing antibodies. It appears that bacteremia rarely primes high affinity antibody 

responses, which would be required for SAg neutralization, but it seems that this 

immune stimulus is strong enough to boost pre-existing B cell memory.  

Overall, the boost of neutralizing antibody titers clearly shows that the immune system 

is exposed to non-egc SAgs during S. aureus bloodstream invasion. This remains open for 

egc-encoded SAgs, which did not elicit a boost or de novo generation of specific 

antibodies, neither against supernatants of egc-positive strains nor against recombinant 

SEI. As we demonstrated previously, the immune cell-activating properties of egc and 

non-egc SAgs are very similar (induction of T cell proliferation, cytokine secretion, and 

gene regulation) and cannot explain the striking differences in the immune response to 

egc and non-egc SAgs (20). Because the amino acid sequences of the egc SAgs are more 

closely related to those of individual non-egc SAgs than to each other(10, 49), it also 

appears unlikely, that the two groups of SAgs differ systematically in their 

immunogenicity. Remarkebly, egc SAgs are secreted during logarithmic growth in vitro, 

whereas non-egc SAg – like most virulence factors – are expressed in stationary growth 

(20, 21). This egc gap in the anti-SAg antibody profile, which we observed in healthy 

adults, S. aureus carriers and noncarriers (18), and now also following bloodstream 
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invasion, shows that differential regulation of antigen expression has a strong impact on 

the immune response. 

 

ACKNOWLEDGMENTS 

This work was supported by the Deutsche Forschungsgemeinschaft (GRK840, “Host-

Pathogen Interactions in Generalized Bacterial Infections”, SFB-TR34) and the Alfried 

Krupp Wissenschaftskolleg Greifswald (“A Functional Genomics Approach to Infection 

Biology”). We thank the FINTROVA and FINLEVO study group investigators for their 

invaluable participation in patient collection. 

 

REFERENCES 

1. van Belkum, A., N. J. Verkaik, C. P. de Vogel, H. A. Boelens, J. Verveer, J. L. Nouwen, H. A. Verbrugh, 

and H. F. Wertheim. 2009. Reclassification of Staphylococcus aureus nasal carriage types. The 

Journal of infectious diseases 199:1820-1826. 

2. Wertheim, H. F., D. C. Melles, M. C. Vos, W. van Leeuwen, A. van Belkum, H. A. Verbrugh, and J. L. 

Nouwen. 2005. The role of nasal carriage in Staphylococcus aureus infections. The Lancet infectious 

diseases 5:751-762. 

3. Proft, T., and J. D. Fraser. 2003. Bacterial superantigens. Clinical and experimental immunology 

133:299-306. 

4. Lina, G., G. A. Bohach, S. P. Nair, K. Hiramatsu, E. Jouvin-Marche, and R. Mariuzza. 2004. Standard 

nomenclature for the superantigens expressed by Staphylococcus. The Journal of infectious 

diseases 189:2334-2336. 

5. Holtfreter, S., and B. M. Broker. 2005. Staphylococcal superantigens: do they play a role in sepsis? 

Arch Immunol Ther Exp (Warsz) 53:13-27. 

6. Schlievert, P. M., and G. A. Bohach. 2007. Staphylococcal and streptococcal superantigens: an 

update. In Superantigens: Molecular basis for their role in human diseases. M. Kotb, and J. Fraser, 

eds. ASM Press, Washington, DC. 

7. Ono, H. K., K. Omoe, K. Imanishi, Y. Iwakabe, D. L. Hu, H. Kato, N. Saito, A. Nakane, T. Uchiyama, and 

K. Shinagawa. 2008. Identification and characterization of two novel staphylococcal enterotoxins, 

types S and T. Infection and immunity 76:4999-5005. 

8. Lindsay, J. A., and M. T. Holden. 2006. Understanding the rise of the superbug: investigation of the 

evolution and genomic variation of Staphylococcus aureus. Functional & integrative genomics 

6:186-201. 

9. McCormick, J. K., J. M. Yarwood, and P. M. Schlievert. 2001. Toxic shock syndrome and bacterial 

superantigens: an update. Annu Rev Microbiol 55:77-104. 

92



SUPERANTIGENS IN STAPHYLOCOCCUS AUREUS BACTEREMIA 

 

10. Jarraud, S., M. A. Peyrat, A. Lim, A. Tristan, M. Bes, C. Mougel, J. Etienne, F. Vandenesch, M. 

Bonneville, and G. Lina. 2001. egc, a highly prevalent operon of enterotoxin gene, forms a putative 

nursery of superantigens in Staphylococcus aureus. J Immunol 166:669-677. 

11. Letertre, C., S. Perelle, F. Dilasser, and P. Fach. 2003. Identification of a new putative enterotoxin 

SEU encoded by the egc cluster of Staphylococcus aureus. J Appl Microbiol 95:38-43. 

12. Becker, K., A. W. Friedrich, G. Peters, and C. von Eiff. 2004. Systematic survey on the prevalence of 

genes coding for staphylococcal enterotoxins SElM, SElO, and SElN. Mol Nutr Food Res 48:488-495. 

13. Fueyo, J. M., M. C. Mendoza, M. A. Alvarez, and M. C. Martin. 2005. Relationships between toxin 

gene content and genetic background in nasal carried isolates of Staphylococcus aureus from 

Asturias, Spain. FEMS microbiology letters 243:447-454. 

14. Holtfreter, S., D. Grumann, M. Schmudde, H. T. Nguyen, P. Eichler, B. Strommenger, K. Kopron, J. 

Kolata, S. Giedrys-Kalemba, I. Steinmetz, W. Witte, and B. M. Broker. 2007. Clonal distribution of 

superantigen genes in clinical Staphylococcus aureus isolates. Journal of clinical microbiology 

45:2669-2680. 

15. Schroder, E., G. Kunstmann, H. Hasbach, and G. Pulverer. 1988. Prevalence of serum antibodies to 

toxic-shock-syndrom-toxin-1 and to staphylococcal enterotoxins A, B and C in West-Germany. 

Zentralbl Bakteriol Mikrobiol Hyg [A] 270:110-114. 

16. Kunstmann, G., E. Schroder, H. Hasbach, and G. Pulverer. 1989. Immune response to toxic-shock-

syndrome toxin-1 (TSST-1) and to staphylococcal enterotoxins A, B and C in Staphylococcus 

aureus infections. Zentralblb Bakteriol 271:486-492. 

17. Takei, S., Y. K. Arora, and S. M. Walker. 1993. Intravenous immunoglobulin contains specific 

antibodies inhibitory to activation of T cells by staphylococcal toxin superantigens [see comment]. 

J Clin Invest 91:602-607. 

18. Holtfreter, S., K. Bauer, D. Thomas, C. Feig, V. Lorenz, K. Roschack, E. Friebe, K. Selleng, S. Lovenich, 

T. Greve, A. Greinacher, B. Panzig, S. Engelmann, G. Lina, and B. M. Broker. 2004. egc-Encoded 

superantigens from Staphylococcus aureus are neutralized by human sera much less efficiently 

than are classical staphylococcal enterotoxins or toxic shock syndrome toxin. Infection and 

immunity 72:4061-4071. 

19. Holtfreter, S., K. Roschack, P. Eichler, K. Eske, B. Holtfreter, C. Kohler, S. Engelmann, M. Hecker, A. 

Greinacher, and B. M. Broker. 2006. Staphylococcus aureus carriers neutralize superantigens by 

antibodies specific for their colonizing strain: a potential explanation for their improved 

prognosis in severe sepsis. The Journal of infectious diseases 193:1275-1278. 

20. Grumann, D., S. S. Scharf, S. Holtfreter, C. Kohler, L. Steil, S. Engelmann, M. Hecker, U. Volker, and B. 

M. Broker. 2008. Immune cell activation by enterotoxin gene cluster (egc)-encoded and non-egc 

superantigens from Staphylococcus aureus. J Immunol 181:5054-5061. 

21. Munson, S. H., M. T. Tremaine, M. J. Betley, and R. A. Welch. 1998. Identification and 

characterization of staphylococcal enterotoxin types G and I from Staphylococcus aureus. Infection 

and immunity 66:3337-3348. 

22. Ruotsalainen, E., A. Jarvinen, I. Koivula, H. Kauma, E. Rintala, J. Lumio, P. Kotilainen, M. Vaara, J. 

Nikoskelainen, and V. Valtonen. 2006. Levofloxacin does not decrease mortality in Staphylococcus 

aureus bacteraemia when added to the standard treatment: a prospective and randomized clinical 

trial of 381 patients. Journal of internal medicine 259:179-190. 

93



SUPERANTIGENS IN STAPHYLOCOCCUS AUREUS BACTEREMIA 

 

23. Ruotsalainen, E., M. Karden-Lilja, P. Kuusela, J. Vuopio-Varkila, A. Virolainen-Julkunen, S. Sarna, V. 

Valtonen, and A. Jarvinen. 2008. Methicillin-sensitive Staphylococcus aureus bacteraemia and 

endocarditis among injection drug users and nonaddicts: host factors, microbiological and 

serological characteristics. The Journal of infection 56:249-256. 

24. Harmsen, D., H. Claus, W. Witte, J. Rothganger, H. Claus, D. Turnwald, and U. Vogel. 2003. Typing of 

methicillin-resistant Staphylococcus aureus in a university hospital setting by using novel software 

for spa repeat determination and database management. Journal of clinical microbiology 41:5442-

5448. 

25. Aires-de-Sousa, M., K. Boye, H. de Lencastre, A. Deplano, M. C. Enright, J. Etienne, A. Friedrich, D. 

Harmsen, A. Holmes, X. W. Huijsdens, A. M. Kearns, A. Mellmann, H. Meugnier, J. K. Rasheed, E. 

Spalburg, B. Strommenger, M. J. Struelens, F. C. Tenover, J. Thomas, U. Vogel, H. Westh, J. Xu, and 

W. Witte. 2006. High interlaboratory reproducibility of DNA sequence-based typing of bacteria in 

a multicenter study. Journal of clinical microbiology 44:619-621. 

26. Strommenger, B., C. Kettlitz, T. Weniger, D. Harmsen, A. W. Friedrich, and W. Witte. 2006. 

Assignment of Staphylococcus isolates to groups by spa typing, SmaI macrorestriction analysis, 

and multilocus sequence typing. Journal of clinical microbiology 44:2533-2540. 

27. Verkaik, N. J., C. P. de Vogel, H. A. Boelens, D. Grumann, T. Hoogenboezem, C. Vink, H. Hooijkaas, T. 

J. Foster, H. A. Verbrugh, A. van Belkum, and W. J. van Wamel. 2009. Anti-staphylococcal humoral 

immune response in persistent nasal carriers and noncarriers of Staphylococcus aureus. The 

Journal of infectious diseases 199:625-632. 

28. Peacock, S. J., C. E. Moore, A. Justice, M. Kantzanou, L. Story, K. Mackie, G. O'Neill, and N. P. Day. 

2002. Virulent combinations of adhesin and toxin genes in natural populations of Staphylococcus 

aureus. Infection and immunity 70:4987-4996. 

29. Jarraud, S., C. Mougel, J. Thioulouse, G. Lina, H. Meugnier, F. Forey, X. Nesme, J. Etienne, and F. 

Vandenesch. 2002. Relationships between Staphylococcus aureus genetic background, virulence 

factors, agr groups (alleles), and human disease. Infection and immunity 70:631-641. 

30. Monk, A. B., S. Curtis, J. Paul, and M. C. Enright. 2004. Genetic analysis of Staphylococcus aureus 

from intravenous drug user lesions. Journal of medical microbiology 53:223-227. 

31. Wright, J. S., 3rd, K. E. Traber, R. Corrigan, S. A. Benson, J. M. Musser, and R. P. Novick. 2005. The 

agr radiation: an early event in the evolution of staphylococci. Journal of bacteriology 187:5585-

5594. 

32. Donker, G. A., R. H. Deurenberg, C. Driessen, S. Sebastian, S. Nys, and E. E. Stobberingh. 2009. The 

population structure of Staphylococcus aureus among general practice patients from The 

Netherlands. Clin Microbiol Infect 15:137-143. 

33. Monecke, S., C. Luedicke, P. Slickers, and R. Ehricht. 2009. Molecular epidemiology of 

Staphylococcus aureus in asymptomatic carriers. Eur J Clin Microbiol Infect Dis 28:1159-1165. 

34. Fowler, V. G., Jr., C. L. Nelson, L. M. McIntyre, B. N. Kreiswirth, A. Monk, G. L. Archer, J. Federspiel, S. 

Naidich, B. Remortel, T. Rude, P. Brown, L. B. Reller, G. R. Corey, and S. R. Gill. 2007. Potential 

associations between hematogenous complications and bacterial genotype in Staphylococcus 

aureus infection. The Journal of infectious diseases 196:738-747. 

35. Masiuk, H., K. Kopron, D. Grumann, C. Goerke, J. Kolata, J. Jursa-Kulesza, S. Giedrys-Kalemba, B. M. 

Bröker, and S. Holtfreter. 2010. Recurrent furunculosis - associations with Panton-Valentine 

94



SUPERANTIGENS IN STAPHYLOCOCCUS AUREUS BACTEREMIA 

 

leukocidin and the genetic background of Staphylococcus aureus. Journal of clinical microbiology 

accepted. 

36. Bassetti, S., and M. Battegay. 2004. Staphylococcus aureus infections in injection drug users: risk 

factors and prevention strategies. Infection 32:163-169. 

37. Lowy, F. D., and M. Miller. 2002. New methods to investigate infectious disease transmission and 

pathogenesis--Staphylococcus aureus disease in drug users. The Lancet infectious diseases 2:605-

612. 

38. Tuazon, C. U., and J. N. Sheagren. 1974. Increased rate of carriage of Staphylococcus aureus among 

narcotic addicts. The Journal of infectious diseases 129:725-727. 

39. Tuazon, C. U., and J. N. Sheagren. 1975. Staphlococcal endocarditis in parenteral drug abusers: 

source of the organism. Annals of internal medicine 82:788-790. 

40. Kanclerski, K., B. Soderquist, M. Kjellgren, H. Homberg, and R. Mollby. 1996. Serum antibody 

response to Staphylococcus aureus enterotoxins and TSST-1 in patients with septicaemia. Journal 

of medical microbiology 44:171-177. 

41. Jozefczyk, Z. 1974. Specific human antibodies to enterotoxins A, B, and C1 of Staphylococcus: their 

increased synthesis in staphylococcal infection. The Journal of infectious diseases 130:1-7. 

42. Ulrich, R. G., M. A. Olson, and S. Bavari. 1998. Development of engineered vaccines effective against 

structurally related bacterial superantigens. Vaccine 16:1857-1864. 

43. Bavari, S., B. Dyas, and R. G. Ulrich. 1996. Superantigen vaccines: a comparative study of 

genetically attenuated receptor-binding mutants of staphylococcal enterotoxin A. The Journal of 

infectious diseases 174:338-345. 

44. Nilsson, I. M., M. Verdrengh, R. G. Ulrich, S. Bavari, and A. Tarkowski. 1999. Protection against 

Staphylococcus aureus sepsis by vaccination with recombinant staphylococcal enterotoxin A 

devoid of superantigenicity. The Journal of infectious diseases 180:1370-1373. 

45. LeClaire, R. D., R. E. Hunt, and S. Bavari. 2002. Protection against bacterial superantigen 

staphylococcal enterotoxin B by passive vaccination. Infection and immunity 70:2278-2281. 

46. Chambers, H. F., O. M. Korzeniowski, and M. A. Sande. 1983. Staphylococcus aureus endocarditis: 

clinical manifestations in addicts and nonaddicts. Medicine 62:170-177. 

47. Julander, I. 1985. Unfavourable prognostic factors in Staphylococcus aureus septicemia and 

endocarditis. Scandinavian journal of infectious diseases 17:179-187. 

48. Fowler, V. G., Jr., J. M. Miro, B. Hoen, C. H. Cabell, E. Abrutyn, E. Rubinstein, G. R. Corey, D. Spelman, 

S. F. Bradley, B. Barsic, P. A. Pappas, K. J. Anstrom, D. Wray, C. Q. Fortes, I. Anguera, E. Athan, P. 

Jones, J. T. van der Meer, T. S. Elliott, D. P. Levine, and A. S. Bayer. 2005. Staphylococcus aureus 

endocarditis: a consequence of medical progress. Jama 293:3012-3021. 

49. Thomas, D., S. Chou, O. Dauwalder, and G. Lina. 2007. Diversity in Staphylococcus aureus 

enterotoxins. Chem Immunol Allergy 93:24-41. 

 

 

95



 

 

Chapter 7 

 

Immune cell activation by enterotoxin gene cluster (egc)-encoded 

and non-egc superantigens from Staphylococcus aureus 

 

D. Grumann, S. S. Scharf, S. Holtfreter, C. Kohler, L. Steil, S. Engelmann, M. Hecker, 

U. Völker, and B. M. Bröker 

 

 

PUBLISHED IN: 

J Immunol 2008; 181:5054-5061 

 

 

 

 

 

 

 

 

 

96



Immune Cell Activation by Enterotoxin Gene Cluster
(egc)-Encoded and Non-egc Superantigens from
Staphylococcus aureus1

Dorothee Grumann,* Sandra S. Scharf,† Silva Holtfreter,* Christian Kohler,‡ Leif Steil,†

Susanne Engelmann,‡ Michael Hecker,‡ Uwe Völker,† and Barbara M. Bröker2*

The species Staphylococcus aureus harbors 19 superantigen gene loci, six of which are located in the enterotoxin gene cluster (egc).
Although these egc superantigens are far more prevalent in clinical S. aureus isolates than non-egc superantigens, they are not a
prominent cause of toxic shock. Moreover, neutralizing Abs against egc superantigens are very rare, even among carriers of
egc-positive S. aureus strains. In search of an explanation, we have tested two non-exclusive hypotheses: 1) egc and non-egc
superantigens have unique intrinsic properties and drive the immune system into different directions and 2) egc and non-egc
superantigens are released by S. aureus under different conditions, which shape the immune response. A comparison of three
egc (SEI, SElM, and SElO) and three non-egc superantigens (SEB, SElQ, and toxic shock syndrome toxin-1) revealed that both
induced proliferation of human PBMC with comparable potency and elicited similar Th1/Th2-cytokine signatures. This was
supported by gene expression analysis of PBMC stimulated with one representative superantigen from each group (SEI and SEB).
They induced very similar transcriptional changes, especially of inflammation-associated gene networks, corresponding to a very
strong Th1- and Th17-dominated immune response. In contrast, the regulation of superantigen release differed markedly between
both superantigen groups. Egc-encoded proteins were secreted by S. aureus during exponential growth, while non-egc superan-
tigens were released in the stationary phase. We conclude that the distinct biological behavior of egc and non-egc superantigens
is not due to their intrinsic properties, which are very similar, but caused by their differential release by S. aureus. The Journal
of Immunology, 2008, 181: 5054–5061.

S taphylococcus aureus is both a successful colonizer and an
important pathogen in humans. These bacteria cause a wide
spectrum of infectious diseases including several toxin-me-

diated diseases. Among the numerous toxins of S. aureus are the
19 known staphylococcal superantigens (SAgs)3: the toxic shock
syndrome toxin (TSST-1), the staphylococcal enterotoxins (SEA-
SEE, SEG-SEJ), and the staphylococcal enterotoxin-like toxins
(SElK-SElR and SElU) (1–4). SAgs are the causative agents of
toxic shock syndrome, and might also contribute to septic shock
(3, 5). They directly cross-link conserved regions of the variable
domains of the TCR �-chain (TCR V�) with MHC class II mole-
cules (outside the peptide-binding cleft) on APCs. This results in
a strong stimulation of T cells that express the matching TCR V�

element on their surface. Activated T cells respond with prolif-
eration and massive cytokine release. In this way, SAgs activate up
to 20% of all T cells. In contrast, conventional Ags only stimulate
around 0.001% of T cells. They require uptake by APCs, process-
ing into peptides, loading onto MHC-II molecules, and presenta-
tion on the cell surface, where their specific recognition is medi-
ated by the hypervariable loops of TCR �- and �-chains.

The recently described enterotoxin gene cluster (egc) harbors 5
to 6 SAg genes (seg, sei, selm, seln, selo, and sometimes selu),
which cluster on a staphylococcal pathogenicity island (�Sa�) (6,
7). The egc-genes are the most prevalent SAg genes in commensal
and invasive S. aureus isolates; frequencies between 52 and 66%
have been reported (8–10). However, they appear to cause toxic
shock only very rarely (11). In fact, egc SAgs are significantly
more frequent in commensal strains than in invasive isolates, and
their presence is negatively correlated with severity of S. aureus
sepsis (12, 13). Because of this, it was suggested that SAgs might
differ in their pro-inflammatory potential, and Dauwalder et al.
(14) reported that in PBMC from healthy donors the non-egc SAg
SEA induces a stronger Th1-response than the egc SAg SEG.

In addition to their superantigenicity, SAgs, like other proteins,
also act as conventional Ags and induce a specific Ab response.
Abs against non-egc SAgs (e.g., TSST-1, SEA, SEB, SEC) are
common in the healthy population (15–18). In S. aureus carriers,
these Abs are highly specific for the SAgs of the colonizing strain
and very effectively neutralize their SAg effects (19). In contrast,
neutralizing Abs against egc SAgs are very rare, even among car-
riers of egc-positive S. aureus strains (18) (and unpublished ob-
servations). This “egc-gap” in the Ab response of healthy individ-
uals was unexpected, because of the high prevalence of egc SAg
genes in clinical S. aureus isolates (8–10).

*Institute for Immunology and Transfusion Medicine, University of Greifswald, Greifs-
wald, Germany; †Institute for Genetics and Functional Genomics, University of Greifs-
wald, Greifswald, Germany; and ‡Institute for Microbiology, University of Greifswald,
Greifswald, Germany

Received for publication April 29, 2008. Accepted for publication August 1, 2008.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This work was financially supported by the Deutsche Forschungsgemeinschaft
(GRK-840, SFB-TR34).
2 Address correspondence and reprint requests to Dr. Barbara M. Bröker, Ernst-
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In search of an explanation for these counterintuitive observa-
tions, we have tested two non-exclusive hypotheses: 1) egc and
non-egc SAgs have unique intrinsic properties and drive the im-
mune response into different directions and 2) egc and non-egc
SAgs are released by S. aureus under different conditions, which
shape the immune response to them. To test these hypotheses, we
compared the effects of egc and non-egc SAgs on human blood
cells. Their T cell-mitogenic potencies, the elicited cytokine pro-
files as well as their impact on gene expression were highly sim-
ilar. Both egc and non-egc SAgs induced a very strong pro-inflam-
matory response. In contrast, the regulation of SAg release by S.
aureus differed markedly between egc and non-egc SAgs.

Materials and Methods
Bacteria

We used four clinical S. aureus isolates from a strain collection from hos-
pitals in Northeast Germany that were investigated previously (18). Their
SAg gene repertoire was determined by multiplex-PCR (pSA17: seb, selp;
pSA20: sec, sell, selp; aSA2: seg, sei, selm, seln, selo, selu; aSA4: seg, sei,
selm, seln, selo) as described before (10).

Purification of recombinant SAgs

SEB, SElQ, TSST-1, SEI, SElM, and SElO were produced by recombinant
gene technology. The gene sequences were amplified from the sequenced
S. aureus strains N315 (tst, sei, selm, selo) and COL (seb, selq) using
primers containing BsaI restriction sites (underlined) (Table I). PCR pro-
ducts were purified with the Qiagen Quick PCR Purification Kit (Qiagen),
digested with BsaI and introduced into the Escherichia coli plasmid pPR-
IBA1 with Strep-tag II (IBA). The resulting plasmids were amplified in E.
coli DH5� and then transfected into E. coli BL21 pLysS for overexpres-
sion. Recombinant proteins were purified with Strep-Tactin Superflow col-
umns according to the manufacturer’s instructions (IBA). The purity of the
recombinant SAgs was assessed by SDS-PAGE stained with colloidal Coo-
massie Brilliant Blue. Protein concentrations were determined with the
BCA Protein Assay Kit (Pierce). LPS concentrations were determined with
a limulus amebocyte lysate assay (QCL1000, Lonza). Contaminating LPS
was very efficiently removed by two rounds of LPS depletion with the
EndoTrap red columns (Profos). In our proliferation and cytokine secretion
assays, the final LPS concentrations ranged between 0.4 (0.004 EU/ml) and
31.6 pg/ml (0.316 EU/ml). The final concentrations of LPS in the stimu-
lation experiments for microarray analysis were always below 31.6 fg/ml
(3.14 � 10�4 EU/ml).

T cell proliferation assay

T cell proliferation was assessed after 72 h culture by incorporation of
[3H]thymidine. Human PBMC (105/well) were stimulated with recombi-
nant SAgs titrated over a broad concentration range (0.1 pg/ml to 1 �g/ml)
as described previously (18, 19). A control protein (S. aureus anti-� factor
RsbW), which was overexpressed and purified in parallel to the recombi-
nant SAgs, did not induce T cell activation. To analyze the growth phase-
dependent secretion of SAgs, we cultured two S. aureus strains with egc
SAg genes (aSA2, aSA4) and two strains with non-egc SAg genes (pSA17,
pSA20) in Luria broth medium. Cultures were sampled at optical densities

(OD600) of 0.05, 0.15, 0.4, 1.0, 2.0, 3.0, 4.0, 5.0, and 5.5. Culture super-
natants were adjusted by dilution in cell culture medium to OD600 0.05 of
the S. aureus culture. Their T cell-mitogenic potency was assessed by
incubating 105 human PBMC/well with 1000-fold dilutions of the adjusted
bacterial culture supernatants in 96-well flat-bottom plates in the presence
of RPMI 1640 supplemented with 10% FBS.

Cytokine measurement

Human PBMC (105/well) were stimulated with recombinant SAgs at con-
centrations 10-fold above the lowest concentration, which triggered the
maximal proliferation (100 pg/ml to 100 ng/ml). Culture supernatants were
tested for cytokines after 72 h. The concentrations of IL-2, IL-4, IL-5,
IL-10, TNF-�, and IFN-� were measured with the BD Cytometric Bead
Assay Human Th1/Th2 Cytokine Kit (BD Biosciences) according to the
manufacturer’s instructions.

Statistical analysis of T cell proliferation and cytokine data

Differences between egc and non-egc SAgs were assessed using the
Kruskal-Wallis test. For T cell proliferation assays, the SAg concentrations
inducing maximal proliferation were compared. The p values below 0.05
were considered statistically significant. Median values are depicted in all
images.

RNA isolation and microarray analysis

PBMC from three different blood donors were stimulated with increasing
concentrations of the recombinant SAgs SEI and SEB. After 6 h of stim-
ulation, 107 PBMC were lysed with TRIzol (Invitrogen) followed by pu-
rification of total RNA using an RNeasy Micro Kit (Qiagen) and subse-
quent precipitation with sodium acetate. RNA concentration and quality
were assessed using a Nanodrop ND-1000 (NanoDrop Technologies) and
an RNA 6000 Nano LabChip on the Bioanalyzer 2100 (Agilent Technol-
ogies). In parallel, the lowest SAg concentrations which elicited maximal
responses in 72 h proliferation assays were determined for each case, and
RNA samples obtained by stimulation with 10-fold higher (plateau) SAg
concentrations (10 to 100 pg/ml) were selected for microarray analysis.

Starting with 2.5 �g of total RNA, labeling was performed using the
One-Cycle Target Labeling protocol according to the manufacturer’s in-
structions (Affymetrix). Size distribution of biotin-labeled amplified RNA
was analyzed using the Bioanalyzer 2100 and concentration was measured
with the Nanodrop ND-1000. Gene expression arrays (GeneChip Human
Genome U133 Plus 2.0) were used applying standard protocols (Af-
fymetrix) and arrays were scanned on a GeneChip Scanner 3000
(Affymetrix).

Analysis of array data

The Affymetrix GeneChips used in this study analyze the expression of
54,675 probe sets. Affymetrix array image data were processed with the
GeneChip Operation Software (GCOS, Version 1.4, Affymetrix) with the
MAS5.0 algorithm and default settings. Expression raw data were trans-
ferred to the GeneSpring GX software package version 7.3.1 (Agilent
Technologies). Very low raw signal intensities were raised to the threshold
level of 10 U to avoid artificially high ratios in the subsequent calculations.
Expression values were then subjected to a “per chip” and “per gene”
median normalization. Statistical analysis was restricted to probe sets
flagged present or marginal by GCOS software in at least two of the three

Table I. Cloning primers

Gene Primer Sequences (5�3 3�)a

seb-strepII 5-ATGGTAGGTCTCAAATGGAGAGTCAACCAGATCCTAAACC
3-ATGGTAGGTCTCAGCGCTCTTTTTCTTTGTCGTAAGATAAACTTC

selq-strepII 5-ATGGTAGGTCTCAAATGGATGTAGGGGTAATCAACCTTAGA
3-ATGGTAGGTCTCAGCGCTTTCAGTCTTCTCATATGAAATCTCTA

tst-strepII 5-ATGGTAGGTCTCAAATGTCTACAAACGATAATATAAAGGATTTG
3-ATGGTAGGTCTCAGCGCTATTAATTTCTGCTTCTATAGTTTTTATTT

sei-strepII 5-ATGGTAGGTCTCAAATGCAAGGTGATATTGGTGTAGGTAAC
3-ATGGTAGGTCTCAGCGCTGTTACTATCTACATATGATATTTCGAC

selm-strepII 5-ATGGTAGGTCTCAAATGGATGTCGGAGTTTTGAATCTTAGG
3-ATGGTAGGTCTCAGCGCTACTTTCGTCCTTATAAGATATTTCTAC

selo-strepII 5-ATGGTAGGTCTCAAATGAATGAAGAAGATCCTAAAATAGAGAG
3-ATGGTAGGTCTCAGCGCTTGTAAATAAATAAACATCAATATGATAGT

a BsaI restriction sites are underlined.
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samples (different blood donors), in untreated controls and/or in samples
stimulated with SEI or SEB.

To identify differentially expressed probe sets, intensity ratios be-
tween SAg stimulated and untreated cells were calculated for each do-
nor and each SAg. These ratios (PBMC stimulated with SEI vs un-
treated controls or PBMC stimulated with SEB vs untreated controls)
were used for statistical analysis performed with the rank products
method (20), which is especially suited for ratio comparison
in experiments with small numbers of replicates (21). Data un-
derwent rank product statistics with 1,000 iterations resulting for
each probe set in values for the average ratio and two false discovery
rates (FDR) (22), one for up-regulation and one for down-regulation.

Probe sets with an FDR value less than 0.05 for either up- or down-
regulation were considered to represent significant changes in gene
transcription.

The signal intensities of all probe sets displaying significant differences
in intensity between untreated controls and samples stimulated with SEI or
SEB were used for clustering of samples using Pearson correlation; the
intensity ratios of the same probe sets were also subjected to a principal
component analysis (PCA). Both analyses were performed with Gene-
Spring GX (Agilent Technologies). The data discussed in this publication
have been deposited in NCBIs Gene Expression Omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series ac-
cession number GSE11281.

FIGURE 1. Similar T cell-mitogenic po-
tencies of egc and non-egc SAgs. PBMC
from healthy blood donors were stimulated
with serial dilutions of recombinant egc
(SEI, SElM and SElO; filled symbols) and
non-egc SAgs (SEB, SElQ and TSST-1;
empty symbols). Proliferation was assessed
after 72 h by [3H]thymidine incorporation.
Two representative data sets of nine are
depicted.

FIGURE 2. Similar cytokine pro-
files induced by egc and non-egc
SAgs. We compared the release of
pro- and anti-inflammatory cytokines
by human PBMC after 72 h of stim-
ulation with recombinant egc (SEI,
SElM and SElO; filled symbols) and
non-egc SAgs (SEB, SElQ and
TSST-1; empty symbols). The T cell
mitogen PHA (filled circles) and un-
stimulated cells (medium; empty cir-
cles) served as control. The median
values are indicated.

5056 IMMUNE CELL ACTIVATION BY egc SAgs



Results
Comparison of T cell-mitogenic properties of egc and non-egc
SAgs

To compare the T cell-mitogenic activity of egc and non-egc SAgs,
we stimulated human PBMC from nine healthy blood donors with
three egc SAgs (SEI, SElM, and SElO) and three non-egc SAgs
(SEB, SElQ, and TSST-1) and measured their proliferation. All six
SAgs induced very strong T cell proliferation in a dose-dependent
manner with some interindividual variations in the maximal re-
sponse to single SAgs (Fig. 1). This likely reflects heterogeneity in
the TCR V� family composition of the T cell pools from our
healthy probands as well as MHC gene polymorphisms, which
may affect SAg binding. With the exception of SElO, all SAgs
induced strong proliferation already in the pg/ml concentration
range. We then determined the SAg concentrations inducing half-
maximal proliferation to be �7 pg/ml for SEB, 1.5 pg/ml for
SElQ, 1 pg/ml for TSST-1, 0.5 pg/ml for SEI, 20 pg/ml for SElM,
and 2200 pg/ml for SElO (data not shown). Hence, except for
SElO ( p � 0.00009), we found no significant differences between
the T cell-mitogenic potencies of egc and non-egc SAgs.

Comparison of cytokine profiles induced by egc and non-egc
SAgs

Non-egc SAgs are notorious for their ability to induce a massive
cytokine response in T cells and APCs. Therefore, we next inves-
tigated egc SAgs for their ability to trigger the release of pro- and
anti-inflammatory cytokines by PBMC and compared this with the
effects of non-egc SAgs. Human PBMC from seven different blood
donors were stimulated for 72 h with recombinant SAgs and the
cytokine concentrations in the supernatants were determined. We
used the SAgs at concentrations just above those which elicited
maximal proliferation (plateau concentrations) (Fig. 1). All SAgs
induced the secretion of large amounts of pro-inflammatory
(IFN-�, TNF-�, IL-2) and anti-inflammatory (IL-4, IL-5, IL-10)
cytokines (Fig. 2). There was considerable interindividual varia-
tion in strength of the cytokine response: Some individuals re-
leased high amounts of all measured cytokines, while in others the
concentrations were uniformly low. Notably, individual recombi-
nant SAgs were as potent as the mitogen PHA.

The dominating cytokine was IFN-�, the lead cytokine of Th1
cells, with median concentrations between 7570 (SElQ) and 21610

FIGURE 3. Similar gene expres-
sion profiles induced by SEI and SEB.
Gene expression of human PBMC
was analyzed after 6 h of stimulation
with SEI and SEB. Probe sets were
filtered for an FDR � 0.05 by rank
test. A, Venn graphs of the up-regu-
lated (upper panel) and down-regu-
lated (lower panel) genes. Probe sets
representing the same gene were com-
bined (see supplemental material Ta-
bles I and II). There was a high over-
lap of genes regulated by SEI and
SEB. B, Hierarchical clustering (con-
dition tree) of the 511 probe sets with
an FDR � 0.05. Expression is shown
as deviation from the mean expres-
sion value of the probe set over all
samples. Samples are grouped based
on the similarity of their expression
data. C, PCA based on the expression
values of the 511 probe sets with an
FDR � 0.05, normalized to the cor-
responding control sample (The vari-
ances of the axes are: x-axis 41.7%,
y-axis 24.9%, and z-axis 20.4%). In-
terindividual differences outweighed
the differences between the stimulat-
ing SAgs (B and C).
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pg/ml (SEI). High levels of TNF-� and IL-2 were also found.
Besides these proinflammatory cytokines, SAgs also induced se-
cretion of the Th2-cytokines IL-5 (91.5pg/ml) and IL-4 (11.8pg/
ml), though at much lower concentrations. In addition, large
amounts of the immunosuppressive cytokine IL-10 were detected,
which ranged from median values of 170 (TSST-1) to 450 pg/ml
(SEB). As shown in Fig. 2, we observed no significant differences
between the cytokine profiles triggered by egc and non-egc SAgs.

Effects of the SAgs SEI and SEB on PBMC gene expression

For a comprehensive view of the SAg response, we next selected
the egc SAg SEI and the non-egc SAg SEB and used them to
stimulate PBMC from three different donors. After 6 h of stimu-
lation, the cells were harvested and their transcription profiles an-
alyzed with Affymetrix expression arrays. The gene expression
data showed that 391 genes (511 probe sets, FDR � 0.05) were
influenced by stimulation of PMBC with SEI and/or SEB. As
shown in Fig. 3A, two-thirds of these genes (262 genes) were up-
regulated and one-third was down-regulated (129 genes). The vast
majority of genes was influenced to a similar extent by SEI and
SEB (supplemental Tables I and II).4 In general, the stimulation
with SEI was slightly stronger than with SEB, so that more of the
observed changes in gene expression reached significance (350
genes vs 249 genes). This fits to the observation that 91% (171 of
188 genes) of all SEB-induced genes were also significantly in-
duced by SEI, while only 17 genes were significantly up-regulated
only by SEB (Fig. 3A, upper panel). Repression of gene expression
was generally less impressive, but still more than half of the genes
influenced by SEB (61%, 37/61 genes) were also significantly af-

fected by SEI. Notably, no gene was regulated in opposite direc-
tions by SEI and SEB (data not shown). The complete list of reg-
ulated genes is documented in supplemental Tables I and II.

We then conducted a hierarchical clustering analysis of all probe
sets significantly affected by SEI and/or SEB to group samples
based on the similarity of their expression data. Fig. 3B illustrates
the results of this analysis as a condition tree. As expected, un-
stimulated and SAg-stimulated samples clustered separately. Strik-
ingly, the SAg-exposed samples of the three healthy blood donors
clustered separately, but not the two SAgs used for stimulation as
one would have expected, if SEI and SEB had different effects on
PBMC. Thus, the condition tree clearly shows that interindividual
differences between the blood donors outweighed the differences
between the stimulating SAgs.

In an independent approach, the data were submitted to a PCA.
This PCA was based on the ratios between the probe set signals of
stimulated and non-stimulated PBMC, which had been calculated
separately for each donor and each SAg. PCA converges the ma-
jority of statistical variables of complex data sets to three infor-
mative dimensions (principal components), which are visualized in
Fig. 3C. Similar to the hierarchical clustering, the PCA grouped
our samples into three pairs, which comprised the SEI- and SEB-
stimulated samples of each donor. Therefore, both analysis tools
show that the effects of SEI and SEB on PBMC gene expression
were very similar, so that differences between them had less im-
pact than the interindividual variation between the blood donors.

Table II displays those genes, whose transcription was induced
�10-fold by SAg treatment. No gene was repressed by a factor of
10 or more. Among the most strongly induced genes were those
encoding for IL-2 (SEI: 318.4fold; SEB: 166.1-fold), IFN-� (SEI:
165.8-fold; SEB: 127.2-fold) and IL-17A (SEI: 98.5-fold; SEB:4 The online version of this article contains supplemental material.

Table II. Genes regulated �10-fold by SAg treatment

Gene Symbola Encoded Protein NCBI Accession Number SEI Fold Changeb SEB Fold Changeb

IL2 IL-2 NM_000586 318.4 166.1
CXCL9 CXCL9, Mig NM_002416 196.5 159.8
UBD Ubiquitin D NM_006398 175.7 122.1
IFNG IFN-� M29383 165.8 127.2
CXCL11c CXCL11, I-TAC AF030514 112.7 90.2
IL22c IL-22 AF279437 109.3 65.0
ANKRD22c Ankyrin repeat domain 22 AI925518 106.2 89.3
IL17A IL-17A Z58820 98.5 57.0
IL31RAc IL-31 receptor �-chain AI123586 74.3 46.7
FAM26Fc Family with sequence similarity 26, member F AV734646 50.6 37.5
CXCL10 CXCL10, IP-10 NM_001565 45.6 47.3
IL3 IL-3 NM_000588 45.6 22.4
SLAMF8c SLAM family member 8 NM_020125 38.9 33.5
LOC729936 Similar to guanylate binding protein 3 BC013288 35.6 38.7
XCL1/XCL2 XCL1, lymphtactin/XCL2, SCM-1� NM_003175 26.4 17.1
SERPING1 Serpin peptidase inhibitor, clade G (C1 inhibitor), member 1,

(angioedema, hereditary)
NM_000062 26.0 21.7

SUCNR1 Succinate receptor 1 AF348078 25.2 13.0
IL27 IL-27 NM_145659 24.9 15.4
XCL2 XCL2, SCM-1� U23772 23.8 16.3
APOL4 Apolipoprotein L, 4 AF305226 22.2 19.2
FCGR1B Fc�RI (CD64), �-chain L03419 18.6 17.8
FCGR1A Fc�RI (CD64), �-chain X14355 16.9 15.7
SECTM1 Secreted and transmembrane 1 BF939675 16.8 13.1
CCL8 CCL8, MCP-2 AI984980 15.7 14.5
IL17F IL-17F AL034343 15.0 10.9
BATF2 Basic leucine zipper transcription factor, ATF-like 2 AW083820 14.7 15.2
GBP5c Guanylate binding protein 5 BG545653 14.4 16.5
ETV7c Ets variant gene 7 (TEL2 oncogene) AF218365 14.3 11.9

a Genes upregulated �10-fold by SEI and SEB (FDR values � 0.0001). No gene was 10-fold down-regulated.
b Mean fold change of three blood donors.
c Gene represented by more than one probe set; the probe set with the highest fold change is displayed.
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57.0-fold), indicative of a very strong Th1- and Th17-response.
But also the cytokines IL-22, IL-3, and IL-27, the chemokines
CXCL9, CXCL10, CXCL11, XCL2, and CCL8 as well as the T
cell activation marker CD64 were strongly induced. These findings
are in good agreement with the results of our T cell proliferation
and cytokine measurements (Figs. 1 and 2). The T cell activation
marker genes CD69, CD40L, and CD25; the cell cycle genes cy-
clin D2 and cyclin-dependent kinase 6 as well as the transcripts for
the cytokines IL-4, IL-5, and TNF-� were also significantly in-
duced by both SEI and SEB but �10-fold (see supplementary
Table I). The only discrepancy concerns IL-10, where protein se-
cretion was detected by cytokine measurements but no induction
of gene transcription by SEI or SEB was observed. However,
IL-10 is typically produced in the later phase of the immune re-
sponse, while in this study the gene expression patterns were as-
sessed already after 6 h of stimulation.

Growth phase-dependent secretion of egc and non-egc SAgs

In search of an explanation for the lack of neutralizing Abs against
egc SAgs even in carriers of egc-positive S. aureus strains, we
finally focused on the regulation of the SAg release by S. aureus.
It has been reported that the egc-operon is transcribed in the ex-
ponential but not in the stationary growth phase, as it is typical for
non-egc SAgs (6, 23). We cultured two clinical S. aureus strains
exclusively with egc (aSA2: seg, sei, selm, seln, selo, selu; aSA4:
seg, sei, selm, seln, selo) and two strains with only non-egc SAgs
genes (pSA17: seb, selp; pSA20: sec, sell, selp) and sampled su-
pernatants at optical densities (OD600) between 0.05 and 5.5. To

correct for the higher cell densities and resulting higher concen-
trations of secreted products at the late growth phase, all samples
were adjusted to OD600 0.05 by dilution in cell culture medium
(Fig. 4). These normalized bacterial supernatants from different
growth phases of the S. aureus isolates were then used at 1/1000
dilutions to assess their T cell-mitogenic potency in a proliferation
assay. Supernatants from S. aureus strains pSA17 and pSA20
showed mitogenic activity only at high OD600 (�OD600 3.0), in-
dicating that these non-egc SAg proteins are secreted primarily in
the late stationary growth phase of S. aureus. In contrast, egc SAgs
were released during exponential growth but secretion stopped at
higher bacterial densities. The SAgs were not degraded (data not
shown), but on a per cell basis their concentration decreased to
submitogenic levels with increasing bacterial densities.

Discussion
Egc SAgs are by far the most prevalent staphylococcal SAgs (18, 24).
Despite this, they are not a prominent cause of toxic shock syndrome
(4, 11, 25) but their presence appears to be associated mainly with
symptom-free carriage and inversely correlated with the severity of S.
aureus infection (12, 26). Astonishingly, neutralizing anti-egc serum
Abs are very uncommon in healthy individuals (18). In search of an
explanation for these counterintuitive observations, we proposed two
hypotheses: 1) egc and non-egc SAgs have unique intrinsic properties
and drive the immune system into different directions and 2) egc and
non-egc SAgs are released by S. aureus under different conditions,
which shape the immune response to them. Our results lend support
only to the latter.

FIGURE 4. Bacterial growth phase-dependent secretion of egc and non-egc SAgs. Two S. aureus strains with egc SAg genes (aSA2, aSA4; upper panel)
and two strains with non-egc SAg genes (pSA17, pSA20; lower panel) were cultured in Luria broth medium. Cultures were sampled at OD600 of 0.05, 0.15,
0.4, 1.0, 2.0, 3.0, 4.0, 5.0, and 5.5. Culture supernatants were normalized to OD600 0.05 by dilution in cell culture medium. Their T cell-mitogenic potency
was assessed by incubating human PBMC with 1000-fold dilutions. T cell proliferation was measured after 72 h by [3H]thymidine incorporation. One
representative data set of three is depicted.

5059The Journal of Immunology



Our purified and rigorously LPS-depleted recombinant egc (SEI
and SElM) and non-egc SAgs (TSST-1, SEB, SElQ) were of sim-
ilarly high mitogenic potency, inducing half-maximal proliferation
at concentrations between �0.5 and 20 pg/ml. Only the egc SAg
SEIO was significantly less potent (�2200 pg/ml). These findings
corroborate and extend earlier studies where mitogenic concentra-
tions for non-egc staphylococcal SAgs were determined to be in the
pg/ml or even fg/ml range (27–29). To date, the mitogenic potency of
the other egc SAgs, SEG, SElN, and SElU, has not been determined
in a human T cell proliferation assay. The group of Munson et al. (23)
reported that concentrations of 1.84 nM SEG (�40 ng/ml) were nec-
essary to induce maximal proliferation in murine splenocytes, but mu-
rine cells are less susceptible to SAg stimulation than human PBMC
by several orders of magnitude (25, 30).

If intrinsic properties of egc and non-egc SAgs were responsible
for the different response of the immune system, one might expect
them to elicit contrasting cytokine profiles. However, we observed
no systematic differences between egc and non-egc SAgs. Both
groups induced the release of high amounts of pro-inflammatory
(IFN-�, TNF-�, IL-2) and lower concentrations of anti-
inflammatory (IL-4, IL-5, IL-10) cytokines. IFN-� was the lead
cytokine in our panel, reaching average concentrations of �17
ng/ml after 72 h. Others have also reported induction of Th1- and
Th2-cytokines after stimulation with a number of non-egc staph-
ylococcal and streptococcal SAgs (31–33). In contrast, Dauwalder
and coworkers (14) recently reported that stimulation of human
PBMC with very high concentrations (100 ng/ml) of SEA and the
egc SAg SEG did not elicit anti-inflammatory cytokine (IL-10) and
chemokine (TARC) secretion. Moreover, only SEA but not SEG
induced the release of TNF-� and the Th1-chemokine MIP-1� in
their system. This suggests that SEG might have unique properties
among the egc SAgs, but differences in the SAg concentrations
and/or SAg production and purification procedures should also be
considered as an explanation (34).

These differences prompted us to aim for a comprehensive pic-
ture of the response of blood cells to SAg stimulation. We used
transcriptional profiling to compare one egc SAg (SEI) with one
non-egc SAg (SEB). Stimulation with SEI and/or SEB changed the
transcription of 391 genes, two thirds of which were up-regulated.
This is in agreement with Mendis and coworkers (35), who also
treated PBMC with SEB. Stimulation with SEI was slightly stron-
ger than with SEB, probably because this SAg activates a larger
fraction of T cells. But the hierarchy of induced genes was very
similar, and not a single gene was regulated in opposite directions
by the two SAgs. In fact, there were interindividual variations of
the blood donors in their SAg response, as has also been reported
by others (32, 33), and these outweighed the differences between
the transcription profiles induced by SEI and SEB. Among the
most strongly induced genes were proinflammatory mediators of
Th1- as well as cytotoxic T cell-responses: IL-2 and IFN-� were
up-regulated more than 100-fold, supporting our observations on
the protein level. Fitting the same response profile, CD40L, lym-
photoxin-�, granzymes A and B, TNF-�, IL-12 (p35) and IL-27
were also highly induced. Additionally, we noticed highly in-
creased transcription levels of IL-17A and IL-17F that indicate
activation of Th17 cells. We interpret these findings to represent an
extremely strong proinflammatory in vitro reaction to both SAgs.

However, in agreement with our cytokine measurements, the
Th2-cytokine genes IL-4 and IL-5 were also induced. As expected,
the T cell activation marker genes (CD69, CD40L, and CD25) and
cell cycle genes (cyclin D2 and cyclin-dependent kinase 6) were
up-regulated, and the transcription of chemokines guiding the mi-
gration of activated T cells, CXCL9, CXCL11, CXCL10, and
CCL8 was also increased (36). In addition, we found enhanced

transcription levels of the apoptosis-related genes trail, fas,
casp10, casp7, which is not surprising, because very strong T cell
stimulation may drive activation-induced cell death, and the elim-
ination of SAg-reactive T cell subpopulations is considered to be
a hallmark of SAg action (37). In summary, the egc SAg SEI and
the non-egc SAg SEB induced very similar gene expression pat-
terns corresponding to an extremely strong activation of T cells
and APCs such as one might expect from SAgs.

Taken together, the immune cell-activating properties of egc and
non-egc SAgs, their superantigenicity, proved very similar in ev-
ery aspect studied and cannot explain the striking differences in the
immune response to egc and non-egc SAgs, with a high prevalence
of neutralizing Abs specific for non-egc but not for egc SAgs
(15–18).

Because the amino acid sequences of the egc SAgs are more
closely related to those of individual non-egc SAgs than to each
other (6, 38), it also appears unlikely, that the two groups of SAgs
differ systematically in their immunogenicity.

We found only one important aspect, in which egc and non-egc
SAgs were fundamentally different: S. aureus strains harboring egc
SAg genes secreted these toxins during early exponential growth,
while strains with non-egc SAgs released them mainly in the late
stationary phase. Similar observations have been reported on the
RNA-level: The polycistronic egc-mRNA accumulated maximally
during exponential growth (Refs. 6, 23, and unpublished data),
while most non-egc SAg genes were transcribed in the postexpo-
nential growth phase.

Considering the extraordinary stability of SAg proteins, why did
the egc-related T cell proliferation drop away so rapidly with in-
creasing bacterial density? Presumably transcription of the egc-
operon was shut down in the late exponential growth phase, so that
the concentration of the egc SAgs did not further increase with
increasing bacterial cell numbers in culture. This would lead to a
rapid decline in mitogenic potency of bacterial supernatants on a
per cell basis. We have no evidence for proteolytic degradation of
the egc SAgs, not very surprisingly, because SAg proteins have
been shown to be exquisitely stable.

Why the egc-operon is selectively transcribed during early ex-
ponential growth, is not understood. The regulation of staphylo-
coccal SAgs is complex, and to date, besides the accessory gene
regulator, the staphylococcal accessory regulator, the alternative �
factor, and the regulator of toxins also have been shown to play a
role (39–43). However, this information has been obtained by
investigation of S. aureus gene regulation in bacterial cell culture.
The challenge will now be to elucidate, which of these processes
are effective during the interactions of the microorganism with its
host. There is first evidence that the regulatory circuits S. aureus
employs during infection (and probably also colonization) differ
from those characterized in vitro (44, 45). It remains to be seen,
how this affects the release of egc and non-egc SAgs in vivo and
the immune response against them.

At this stage, the high prevalence of neutralizing serum Abs
against non-egc SAgs (18) allows the conclusion that most healthy
adults have been exposed to these toxins during their encounters
with S. aureus. For egc SAgs, it remains an open question whether
they are 1) expressed in vivo, 2) in which quantities, and 3) under
which conditions. In vitro data suggest that egc SAgs are generally
produced in very small amounts (46). Because S. aureus secrets
egc and non-egc SAgs in distinct functional states, they are likely
released during different phases of its interaction with the human
host. Colonization may not be the same as invasion. Consequently
it is possible that the cell populations, which are exposed to egc-
vs non-egc SAgs, differ, and that only in the case of non-egc SAgs
they are able to orchestrate an efficient adaptive immune response.

5060 IMMUNE CELL ACTIVATION BY egc SAgs



In summary, egc and non-egc SAgs were very similar in all studied
aspects of immune cell activation: gene regulation, cytokine secretion
and induction of T cell proliferation, but their release from the bacteria
was regulated in a fundamentally different manner.
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    SEI SEB 

Gene 

Symbola 

Gene Title NCBI 

Accession No 

probe set ID mean 

fold 

changeb 

FDR mean 

fold 

changeb 

FDR 

IL2 interleukin 2 NM_000586 207849_at 318.4 < 0.0001 166.1 < 0.0001 

CXCL9 chemokine (C-X-C motif) ligand 9 NM_002416 203915_at 196.5 < 0.0001 159.8 < 0.0001 

UBD ubiquitin D NM_006398 205890_s_at 175.7 < 0.0001 122.1 < 0.0001 

IFNG interferon, gamma M29383 210354_at 165.8 < 0.0001 127.2 < 0.0001 

CXCL11c chemokine (C-X-C motif) ligand 11 AF030514 210163_at 112.7 < 0.0001 90.2 < 0.0001 

IL22c interleukin 22 AF279437 222974_at 109.3 < 0.0001 65.0 < 0.0001 

ANKRD22c ankyrin repeat domain 22 AI925518 238439_at 106.2 < 0.0001 89.3 < 0.0001 

IL17A interleukin 17A Z58820 216876_s_at 98.5 < 0.0001 57.0 < 0.0001 

IL31RAc interleukin 31 receptor A AI123586 243541_at 74.3 < 0.0001 46.7 < 0.0001 

FAM26Fc family with sequence similarity 26, member 

F 

AV734646 229390_at 50.6 < 0.0001 37.5 < 0.0001 

CXCL10 chemokine (C-X-C motif) ligand 10 NM_001565 204533_at 45.6 < 0.0001 47.3 < 0.0001 

IL3 interleukin 3 (colony-stimulating factor, 

multiple) 

NM_000588 207906_at 45.6 < 0.0001 22.4 < 0.0001 

SLAMF8c SLAM family member 8 NM_020125 219386_s_at 38.9 < 0.0001 33.5 < 0.0001 

LOC729936 Similar to guanylate binding protein 3 BC013288 1570541_s_at 35.6 < 0.0001 38.7 < 0.0001 

XCL1 /// 

XCL2 

chemokine (C motif) ligand 1 /// 

chemokine (C motif) ligand 2 

NM_003175 214567_s_at 26.4 < 0.0001 17.1 < 0.0001 

SERPING1 serpin peptidase inhibitor, clade G (C1 

inhibitor), member 1, (angioedema, 

hereditary) 

NM_000062 200986_at 26.0 < 0.0001 21.7 < 0.0001 

SUCNR1 succinate receptor 1 AF348078 223939_at 25.2 < 0.0001 13.0 < 0.0001 

IL27 interleukin 27 NM_145659 1552995_at 24.9 < 0.0001 15.4 < 0.0001 

XCL2 chemokine (C motif) ligand 2 U23772 206366_x_at 23.8 < 0.0001 16.3 < 0.0001 

APOL4 apolipoprotein L, 4 AF305226 1555600_s_at 22.2 < 0.0001 19.2 < 0.0001 

FCGR1B Fc fragment of IgG, high affinity Ib, receptor 

(CD64) 

L03419 214511_x_at 18.6 < 0.0001 17.8 < 0.0001 

FCGR1A Fc fragment of IgG, high affinity Ia, receptor 

(CD64) 

X14355 216950_s_at 16.9 < 0.0001 15.7 < 0.0001 

SECTM1 secreted and transmembrane 1 BF939675 213716_s_at 16.8 < 0.0001 13.1 < 0.0001 

CCL8 chemokine (C-C motif) ligand 8 AI984980 214038_at 15.7 < 0.0001 14.5 < 0.0001 

ZBED2 zinc finger, BED-type containing 2 NM_024508 219836_at 15.5 < 0.0001 8.0 0.0006 

IL17F interleukin 17F AL034343 234408_at 15.0 < 0.0001 10.9 < 0.0001 

BATF2 basic leucine zipper transcription factor, 

ATF-like 2 

AW083820 228439_at 14.7 < 0.0001 15.2 < 0.0001 

GBP5c guanylate binding protein 5 BG545653 229625_at 14.4 < 0.0001 16.5 < 0.0001 

ETV7c ets variant gene 7 (TEL2 oncogene) AF218365 224225_s_at 14.3 < 0.0001 11.9 < 0.0001 

--- Transcribed locus, weakly similar to 

XP_001117086.1  similar to Olfactory 

receptor 10T2 (Olfactory receptor OR1-3) 

[Macaca mulatta] 

AI694413 235229_at 14.0 < 0.0001 11.0 0.0001 

PEG10c paternally expressed 10 AL582836 212094_at 12.7 0.0002 7.4 0.0004 

IL21 interleukin 21 NM_021803 221271_at 11.6 < 0.0001 6.4 0.0005 

CD40LG CD40 ligand (TNF superfamily, member 5, 

hyper-IgM syndrome) 

NM_000074 207892_at 10.2 0.0002 6.2 0.0005 

DACT1 dapper, antagonist of beta-catenin, homolog 

1 (Xenopus laevis) 

NM_016651 219179_at 10.1 0.0002 6.8 0.0005 

XCL1 chemokine (C motif) ligand 1 NM_002995 206365_at 10.1 0.0004 6.9 0.0006 

GBP1c guanylate binding protein 1, interferon-

inducible, 67kDa 

AW014593 231578_at 9.2 0.0003 10.0 < 0.0001 

APOL6c apolipoprotein L, 6 AW026509 241869_at 9.0 0.0010 8.2 0.0014 

LTA lymphotoxin alpha (TNF superfamily, 

member 1) 

NM_000595 206975_at 8.9 0.0004 7.7 0.0005 

CISHc cytokine inducible SH2-containing protein D83532 223961_s_at 8.4 0.0005 7.8 0.0004 

IL4c interleukin 4 NM_000589 207538_at 8.2 0.0003 4.6 0.0018 

NDFIP2c Nedd4 family interacting protein 2 AW290956 224799_at 7.8 0.0005 3.2 0.0162 

PDCD1LG2c programmed cell death 1 ligand 2 AF329193 224399_at 7.7 0.0006 5.3 0.0015 
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KCTD12c potassium channel tetramerisation domain 

containing 12 

AA551075 212188_at 7.6 0.0004 6.8 0.0004 

LOC730249 similar to Immune-responsive protein 1 BG236136 240287_at 7.2 0.0006 7.2 0.0004 

EGR1c Early growth response 1 AI459194 227404_s_at 7.2 0.0005 6.8 0.0004 

MUC1 mucin 1, cell surface associated AI610869 213693_s_at 7.0 0.0007 5.8 0.0014 

GOLM1 golgi membrane protein 1 NM_016548 217771_at 6.7 0.0009 4.7 0.0016 

--- CDNA: FLJ20968 fis, clone ADSU00702 AK024621 1561738_at 6.6 0.0008 9.6 0.0001 

ENPP3c Ectonucleotide 

pyrophosphatase/phosphodiesterase 3 

AV691872 244044_at 6.6 0.0013 5.0 0.0017 

GBP4c guanylate binding protein 4 AW392952 235574_at 6.6 0.0007 5.1 0.0010 

CEACAM1c carcinoembryonic antigen-related cell 

adhesion molecule 1 (biliary glycoprotein) 

X16354 209498_at 6.6 0.0006 5.5 0.0009 

CD200R1 CD200 receptor 1 NM_138939 1552875_a_at 6.4 0.0007 3.7 0.0050 

PTGER3c prostaglandin E receptor 3 (subtype EP3) AW242315 213933_at 6.2 0.0008 4.8 0.0016 

JAK2c Janus kinase 2 (a protein tyrosine kinase) BC043187 1562031_at 6.1 0.0013 6.9 0.0005 

WARSc tryptophanyl-tRNA synthetase M61715 200628_s_at 6.0 0.0010 4.9 0.0014 

SLAMF1c signaling lymphocytic activation molecule 

family member 1 

NM_003037 206181_at 6.0 0.0013 3.2 0.0128 

CD200c CD200 molecule AF063591 209583_s_at 5.9 0.0012 2.7 0.0461 

VAMP5 vesicle-associated membrane protein 5 

(myobrevin) 

NM_006634 204929_s_at 5.9 0.0013 4.6 0.0018 

HAPLN3 hyaluronan and proteoglycan link protein 3 BE348293 227262_at 5.9 0.0013 4.4 0.0025 

APOL3 apolipoprotein L, 3 NM_014349 221087_s_at 5.8 0.0013 4.7 0.0017 

CSF2 colony stimulating factor 2 (granulocyte-

macrophage) 

M11734 210229_s_at 5.8 0.0012 4.1 0.0036 

NR4A1 nuclear receptor subfamily 4, group A, 

member 1 

NM_002135 202340_x_at 5.6 0.0022 5.8 0.0008 

PRRG4c proline rich Gla (G-carboxyglutamic acid) 4 

(transmembrane) 

NM_024081 207291_at 5.6 0.0018 5.1 0.0015 

APOL1 apolipoprotein L, 1 AF323540 209546_s_at 5.6 0.0015 3.7 0.0064 

FCGR2B /// 

FCGR2C 

Fc fragment of IgG, low affinity IIb, receptor 

(CD32) /// Fc fragment of IgG, low affinity 

IIc, receptor for (CD32) 

M31933 210889_s_at 5.4 0.0037 3.8 0.0146 

P2RX7 purinergic receptor P2X, ligand-gated ion 

channel, 7 

NM_002562 207091_at 5.3 0.0021 4.5 0.0019 

LINCR likely ortholog of mouse lung-inducible 

Neutralized-related C3HC4 RING domain 

protein 

AL389981 232593_at 5.3 0.0019 4.6 0.0019 

CD40c CD40 molecule, TNF receptor superfamily 

member 5 

NM_001250 205153_s_at 5.3 0.0020 3.8 0.0044 

CD69 CD69 molecule L07555 209795_at 5.2 0.0021 4.4 0.0021 

FGD2 FYVE, RhoGEF and PH domain containing 2 AK024456 215602_at 5.2 0.0021 3.9 0.0044 

TAGAPc T-cell activation GTPase activating protein NM_138810 1552541_at 5.1 0.0022 3.6 0.0072 

--- Full length insert cDNA clone YT87E05 AF085978 1561654_at 5.1 0.0024 4.5 0.0019 

CTLA4c cytotoxic T-lymphocyte-associated protein 

4 

AI733018 236341_at 5.0 0.0025 3.4 0.0082 

CRTAM cytotoxic and regulatory T cell molecule NM_019604 206914_at 5.0 0.0035 4.4 0.0029 

FRMD4B FERM domain containing 4B AU145019 213056_at 4.9 0.0030 4.0 0.0036 

KREMEN1c kringle containing transmembrane protein 

1 

BF221745 227250_at 4.9 0.0031 4.8 0.0014 

SAMD4Ac sterile alpha motif domain containing 4A AB028976 212845_at 4.9 0.0028 3.3 0.0141 

--- --- BE466400 241237_at 4.8 0.0036 5.1 0.0014 

--- --- BF439675 237009_at 4.8 0.0031 3.5 0.0077 

KLF4c Kruppel-like factor 4 (gut) NM_004235 220266_s_at 4.7 0.0051 5.2 0.0013 

ARNT2 aryl-hydrocarbon receptor nuclear 

translocator 2 

NM_014862 202986_at 4.7 0.0034 4.0 0.0038 

BCL2c B-cell CLL/lymphoma 2 M13994 203684_s_at 4.7 0.0035 2.2 0.1593 

CMAHc cytidine monophosphate-N-

acetylneuraminic acid hydroxylase (CMP-N-

acetylneuraminate monooxygenase) 

AW205659 229604_at 4.6 0.0046 3.6 0.0064 

--- Clone FLB4630 AF113688 1570621_at 4.6 0.0040 2.1 0.1519 
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IL19 interleukin 19 NM_013371 220745_at 4.6 0.0072 3.0 0.0237 

E2F7 E2F transcription factor 7 AI341146 228033_at 4.6 0.0044 3.9 0.0053 

--- Full length insert cDNA clone YX74D05 AI655467 230741_at 4.5 0.0046 3.9 0.0039 

LAP3 leucine aminopeptidase 3 NM_015907 217933_s_at 4.5 0.0043 3.9 0.0042 

LIF leukemia inhibitory factor (cholinergic 

differentiation factor) 

NM_002309 205266_at 4.5 0.0044 4.6 0.0018 

PDSS1 prenyl (decaprenyl) diphosphate synthase, 

subunit 1 

NM_014317 220865_s_at 4.5 0.0045 2.7 0.0409 

JAG1c jagged 1 (Alagille syndrome) U73936 209099_x_at 4.4 0.0077 3.8 0.0061 

--- MRNA; cDNA DKFZp313C1812 (from clone 

DKFZp313C1812) 

AL832657 1562307_at 4.4 0.0045 3.3 0.0111 

C11orf75 chromosome 11 open reading frame 75 NM_020179 219806_s_at 4.4 0.0046 3.7 0.0066 

C1QB complement component 1, q 

subcomponent, B chain 

NM_000491 202953_at 4.3 0.0049 4.4 0.0020 

TRAFD1 TRAF-type zinc finger domain containing 1 NM_006700 202837_at 4.3 0.0055 2.6 0.0416 

SOCS2c suppressor of cytokine signaling 2 AB004903 203372_s_at 4.3 0.0051 3.2 0.0121 

TAP1 transporter 1, ATP-binding cassette, sub-

family B (MDR/TAP) 

NM_000593 202307_s_at 4.3 0.0048 3.9 0.0040 

TNFSF10c tumor necrosis factor (ligand) superfamily, 

member 10 

U57059 202687_s_at 4.3 0.0055 3.5 0.0093 

IL15c interleukin 15 Y09908 217371_s_at 4.2 0.0073 3.4 0.0099 

IL9 interleukin 9 NM_000590 208193_at 4.2 0.0088 1.7 0.3179 

INHBAc inhibin, beta A M13436 210511_s_at 4.2 0.0071 3.6 0.0066 

BCL2L14* BCL2-like 14 (apoptosis facilitator) AK000127 233464_at 4.2 0.0066 3.9 0.0044 

--- Transcribed locus R98767 240593_x_at 4.2 0.0066 3.4 0.0129 

TIFA TRAF-interacting protein with a forkhead-

associated domain 

AA195074 226117_at 4.2 0.0063 3.7 0.0056 

FAM92A1c family with sequence similarity 92, member 

A1 

AW960748 235391_at 4.2 0.0072 4.2 0.0026 

--- --- AW392551 238725_at 4.2 0.0068 4.2 0.0030 

TNFRSF21c tumor necrosis factor receptor superfamily, 

member 21 

BE568134 214581_x_at 4.1 0.0064 2.7 0.0365 

SOCS1c suppressor of cytokine signaling 1 AI056051 209999_x_at 4.1 0.0083 3.1 0.0177 

IRF8 interferon regulatory factor 8 AI073984 204057_at 4.1 0.0071 3.7 0.0051 

CDK6c cyclin-dependent kinase 6 AW194766 243000_at 4.1 0.0091 2.6 0.0592 

IL5 interleukin 5 (colony-stimulating factor, 

eosinophil) 

NM_000879 207952_at 4.0 0.0072 3.9 0.0039 

--- Transcribed locus AW628623 236785_at 4.0 0.0251 3.1 0.0425 

IRF4c interferon regulatory factor 4 NM_002460 204562_at 4.0 0.0076 2.9 0.0229 

IRF1 interferon regulatory factor 1 NM_002198 202531_at 4.0 0.0086 4.0 0.0038 

FASc Fas (TNF receptor superfamily, member 6) X83493 215719_x_at 4.0 0.0078 3.0 0.0186 

PLAT plasminogen activator, tissue NM_000930 201860_s_at 4.0 0.0077 2.5 0.0551 

LIMK2c LIM domain kinase 2 NM_005569 202193_at 3.9 0.0085 3.3 0.0106 

DPP4 dipeptidyl-peptidase 4 (CD26, adenosine 

deaminase complexing protein 2) 

M80536 203716_s_at 3.9 0.0086 2.3 0.0992 

PLEKHA7 pleckstrin homology domain containing, 

family A member 7 

AA758861 228450_at 3.9 0.0112 2.9 0.0415 

SLC31A2 solute carrier family 31 (copper 

transporters), member 2 

NM_001860 204204_at 3.9 0.0091 3.2 0.0146 

HAVCR2 hepatitis A virus cellular receptor 2 BC020843 1555629_at 3.9 0.0140 2.5 0.1158 

GZMA granzyme A (granzyme 1, cytotoxic T-

lymphocyte-associated serine esterase 3) 

NM_006144 205488_at 3.9 0.0091 1.7 0.3297 

LOC284417 hCG1651476 BC020862 1570225_at 3.8 0.0118 2.8 0.0291 

--- Homo sapiens, clone IMAGE:5170250, 

mRNA 

BC029255 1559125_at 3.8 0.0090 2.9 0.0265 

--- --- N65982 241750_x_at 3.8 0.0091 3.8 0.0054 

CD274 CD274 molecule AF233516 223834_at 3.8 0.0104 3.0 0.0209 

C4orf32 chromosome 4 open reading frame 32 AI110850 227856_at 3.8 0.0103 2.8 0.0292 

GBP3 guanylate binding protein 3 AL136680 223434_at 3.8 0.0099 3.5 0.0070 
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C9orf39 chromosome 9 open reading frame 39 AK098502 1559005_s_at 3.7 0.0108 2.4 0.0668 

IL12A interleukin 12A (natural killer cell 

stimulatory factor 1, cytotoxic lymphocyte 

maturation factor 1, p35) 

NM_000882 207160_at 3.7 0.0119 2.4 0.0713 

RHEBL1c Ras homolog enriched in brain like 1 BC014155 1570253_a_at 3.7 0.0122 3.1 0.0333 

EMP1c epithelial membrane protein 1 BC017854 1564796_at 3.7 0.0119 3.0 0.0197 

CD86c CD86 molecule NM_006889 205686_s_at 3.7 0.0117 2.8 0.0290 

SNFT Jun dimerization protein p21SNFT NM_018664 220358_at 3.7 0.0118 3.2 0.0135 

SAMHD1c SAM domain and HD domain 1 AF147427 1559883_s_at 3.7 0.0130 2.8 0.0292 

IL15RA interleukin 15 receptor, alpha NM_002189 207375_s_at 3.7 0.0118 3.3 0.0104 

CCND2 cyclin D2 AW026491 200951_s_at 3.6 0.0119 2.6 0.0476 

YES1c v-yes-1 Yamaguchi sarcoma viral oncogene 

homolog 1 

NM_005433 202932_at 3.6 0.0142 2.6 0.0467 

--- Full-length cDNA clone CS0DF024YN14 of 

Fetal brain of Homo sapiens (human) 

AW295340 243222_at 3.6 0.0195 2.3 0.1065 

CAMK2Dc Calcium/calmodulin-dependent protein 

kinase (CaM kinase) II delta 

AA809487 231042_s_at 3.6 0.0206 1.6 0.4270 

--- CDNA FLJ12055 fis, clone HEMBB1002049 AU146983 214967_at 3.6 0.0140 2.9 0.0318 

ALPK1 alpha-kinase 1 AI760166 227438_at 3.6 0.0124 2.7 0.0375 

KCTD14 potassium channel tetramerisation domain 

containing 14 

AI672101 58916_at 3.6 0.0136 2.7 0.0516 

C1orf150 chromosome 1 open reading frame 150 NM_145278 1552908_at 3.6 0.0124 2.7 0.0326 

CNDP2 CNDP dipeptidase 2 (metallopeptidase M20 

family) 

NM_018235 217752_s_at 3.6 0.0125 3.1 0.0159 

--- --- AI092511 237953_at 3.6 0.0140 2.7 0.0388 

TNF tumor necrosis factor (TNF superfamily, 

member 2) 

NM_000594 207113_s_at 3.5 0.0140 3.0 0.0231 

ASCL2 achaete-scute complex homolog 2 

(Drosophila) 

AI393930 229215_at 3.5 0.0130 2.7 0.0398 

LMNB1 lamin B1 NM_005573 203276_at 3.5 0.0138 2.7 0.0368 

HGF hepatocyte growth factor (hepapoietin A; 

scatter factor) 

X16323 209960_at 3.5 0.0140 3.2 0.0171 

MEFV Mediterranean fever NM_000243 208262_x_at 3.5 0.0139 3.1 0.0171 

RIPK2c receptor-interacting serine-threonine 

kinase 2 

AF027706 209544_at 3.5 0.0144 3.1 0.0172 

RNF125 ring finger protein 125 NM_017831 207735_at 3.4 0.0160 2.1 0.1561 

--- Full length insert cDNA clone YR04D03 AF085913 1565915_at 3.4 0.0231 3.1 0.0196 

LOC162073 hypothetical protein LOC162073 AI458417 227954_at 3.4 0.0163 2.5 0.0567 

--- Transcribed locus BE674703 241849_at 3.4 0.0163 2.7 0.0366 

INDO indoleamine-pyrrole 2,3 dioxygenase M34455 210029_at 3.4 0.0200 3.2 0.0145 

GBP2 guanylate binding protein 2, interferon-

inducible 

NM_004120 202748_at 3.4 0.0174 3.3 0.0099 

ZNRF1 zinc and ring finger 1 AI144394 225960_at 3.3 0.0195 2.9 0.0267 

MYO1B myosin IB BF432550 212364_at 3.3 0.0189 2.3 0.0992 

IL13 interleukin 13 NM_002188 207844_at 3.3 0.0198 2.3 0.0990 

MEOX1 mesenchyme homeobox 1 NM_004527 205619_s_at 3.3 0.0205 2.5 0.0566 

EGR3 early growth response 3 NM_004430 206115_at 3.3 0.0195 3.2 0.0138 

LIPA lipase A, lysosomal acid, cholesterol 

esterase (Wolman disease) 

AW961916 236156_at 3.3 0.0197 2.8 0.0290 

HLA-DPA1 major histocompatibility complex, class II, 

DP alpha 1 

AI128225 213537_at 3.3 0.0190 2.3 0.0861 

--- CDNA FLJ11041 fis, clone PLACE1004405 AI343467 227140_at 3.3 0.0239 2.3 0.0885 

C2 complement component 2 BC029781 1554533_at 3.3 0.0229 3.2 0.0174 

--- Transcribed locus, weakly similar to 

XP_001117086.1  similar to Olfactory 

receptor 10T2 (Olfactory receptor OR1-3) 

[Macaca mulatta] 

AI240943 238629_x_at 3.3 0.0249 1.6 0.4790 

KIAA0040 KIAA0040 T79953 203143_s_at 3.3 0.0197 2.5 0.0596 

--- Transcribed locus, strongly similar to 

XP_531234.1  hypothetical protein 

XP_531234 [Pan troglodytes] 

R14866 243328_at 3.3 0.0266 2.6 0.0544 

ANTXR2 anthrax toxin receptor 2 AU152178 225524_at 3.3 0.0206 2.7 0.0388 
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C1QC complement component 1, q 

subcomponent, C chain 

AI184968 225353_s_at 3.3 0.0332 3.1 0.0271 

C16orf7 chromosome 16 open reading frame 7 NM_004913 205781_at 3.2 0.0222 3.1 0.0171 

AYTL1 acyltransferase like 1 AA789296 239598_s_at 3.2 0.0207 2.5 0.0583 

GZMB granzyme B (granzyme 2, cytotoxic T-

lymphocyte-associated serine esterase 1) 

J03189 210164_at 3.2 0.0205 2.4 0.0703 

CIITA class II, major histocompatibility complex, 

transactivator 

NM_000246 205101_at 3.2 0.0259 2.7 0.0431 

FCER2 Fc fragment of IgE, low affinity II, receptor 

for (CD23) 

NM_002002 206759_at 3.2 0.0308 1.7 0.3358 

--- Full-length cDNA clone CS0DD001YA12 of 

Neuroblastoma Cot 50-normalized of Homo 

sapiens (human) 

BE673665 228573_at 3.2 0.0220 2.6 0.0480 

CASP10 caspase 10, apoptosis-related cysteine 

peptidase 

NM_001230 205467_at 3.2 0.0232 2.8 0.0297 

PPA1 pyrophosphatase (inorganic) 1 NM_021129 217848_s_at 3.2 0.0219 2.5 0.0626 

PDP2 pyruvate dehydrogenase phosphatase 

isoenzyme 2 

AB037769 232861_at 3.2 0.0232 1.1 1.0724 

LRRC8C leucine rich repeat containing 8 family, 

member C 

AL136919 223533_at 3.2 0.0239 2.4 0.0763 

C6orf150 chromosome 6 open reading frame 150 AK097148 1559051_s_at 3.2 0.0221 2.5 0.0553 

KCNJ15 potassium inwardly-rectifying channel, 

subfamily J, member 15 

U73191 210119_at 3.2 0.0303 2.8 0.0318 

NR4A2c nuclear receptor subfamily 4, group A, 

member 2 

S77154 216248_s_at 3.2 0.0232 3.1 0.0171 

TLR4c toll-like receptor 4 NM_138557 1552798_a_at 3.2 0.0240 2.4 0.0729 

FBXO6 F-box protein 6 AF129536 231769_at 3.2 0.0239 2.5 0.0575 

PRPS2 Phosphoribosyl pyrophosphate synthetase 

2 

AI392908 230352_at 3.2 0.0239 1.7 0.3180 

TEP1 telomerase-associated protein 1 NM_007110 205727_at 3.1 0.0358 2.4 0.0887 

GIMAP8 GTPase, IMAP family member 8 BE671843 240646_at 3.1 0.0251 1.4 0.4421 

BLVRAc biliverdin reductase A AA740186 203771_s_at 3.1 0.0259 2.2 0.1171 

EAF2 ELL associated factor 2 NM_018456 219551_at 3.1 0.0265 2.1 0.1362 

--- MRNA; cDNA DKFZp586E151 (from clone 

DKFZp586E151) 

AL050124 234276_at 3.1 0.0304 3.2 0.0160 

TRPM6c transient receptor potential cation channel, 

subfamily M, member 6 

AF350881 224412_s_at 3.1 0.0255 2.0 0.2239 

RGS16 regulator of G-protein signaling 16 BF304996 209324_s_at 3.1 0.0266 2.4 0.0793 

XIRP1 xin actin-binding repeat containing 1 AW755250 235042_at 3.1 0.0300 2.3 0.1543 

--- CDNA: FLJ21424 fis, clone COL04157 AK025077 215864_at 3.1 0.0272 1.9 0.2240 

KIAA1913 KIAA1913 AA088177 234994_at 3.1 0.0282 2.4 0.0795 

LRRK2 leucine-rich repeat kinase 2 AK026776 229584_at 3.1 0.0301 2.9 0.0210 

RGS1 regulator of G-protein signaling 1 NM_002922 202988_s_at 3.0 0.0304 2.3 0.0780 

MIRH1 microRNA host gene (non-protein coding) 1 AA256157 232291_at 3.0 0.0319 1.9 0.2373 

RHOBTB3c Rho-related BTB domain containing 3 NM_014899 202976_s_at 3.0 0.0392 3.4 0.0135 

--- Full length insert cDNA clone YA84A05 T56980 1559949_at 3.0 0.0325 2.1 0.1431 

SORT1 sortilin 1 BF447105 212807_s_at 3.0 0.0316 2.8 0.0289 

DCTN1 dynactin 1 (p150, glued homolog, 

Drosophila) 

NM_021196 204296_at 3.0 0.0318 2.5 0.0559 

IL2RAc interleukin 2 receptor, alpha K03122 211269_s_at 3.0 0.0339 2.3 0.0881 

SLAMF7c SLAM family member 7 AJ271869 234306_s_at 3.0 0.0327 2.3 0.0952 

RAPGEF2c Rap guanine nucleotide exchange factor 

(GEF) 2 

AL117397 215992_s_at 3.0 0.0324 2.7 0.0391 

IL1RL1 interleukin 1 receptor-like 1 NM_003856 207526_s_at 3.0 0.0816 3.1 0.0378 

P2RY14 purinergic receptor P2Y, G-protein coupled, 

14 

NM_014879 206637_at 3.0 0.0318 2.5 0.0594 

PPM2Cc protein phosphatase 2C, magnesium-

dependent, catalytic subunit 

BG542521 222572_at 3.0 0.0341 2.6 0.0486 

GEM GTP binding protein overexpressed in 

skeletal muscle 

NM_005261 204472_at 3.0 0.0376 2.0 0.1734 

CASP7 caspase 7, apoptosis-related cysteine 

peptidase 

NM_001227 207181_s_at 3.0 0.0333 2.8 0.0289 
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LASS6 LAG1 homolog, ceramide synthase 6 AI081356 235463_s_at 3.0 0.0323 1.9 0.2424 

--- Full-length cDNA clone CS0DK005YO12 of 

HeLa cells Cot 25-normalized of Homo 

sapiens (human) 

AI870951 228066_at 3.0 0.0392 2.1 0.1482 

--- Transcribed locus AW044663 230127_at 3.0 0.0372 2.7 0.0420 

APOL2 apolipoprotein L, 2 BC004395 221653_x_at 2.9 0.0357 2.9 0.0240 

OR52K3P olfactory receptor, family 52, subfamily K, 

member 3 pseudogene 

AF143328 232829_at 2.9 0.0356 2.3 0.0901 

--- --- AI608902 227458_at 2.9 0.0380 2.6 0.0392 

ARID5B AT rich interactive domain 5B (MRF1-like) AA150242 241969_at 2.9 0.0400 1.8 0.2846 

RHOH ras homolog gene family, member H NM_004310 204951_at 2.9 0.0373 2.5 0.0589 

--- Clone FLB4630 AF113688 1570622_at 2.9 0.0356 1.6 0.3347 

--- --- BF509371 242907_at 2.9 0.0373 3.0 0.0205 

--- Homo sapiens, clone IMAGE:4332461, 

mRNA 

R14890 232397_at 2.9 0.0394 2.9 0.0291 

RHOB ras homolog gene family, member B BI668074 1553962_s_at 2.9 0.0415 1.6 0.4464 

XRN1 5'-3' exoribonuclease 1 AY137776 1555785_a_at 2.9 0.0372 2.2 0.1058 

--- Transcribed locus BF196334 239963_at 2.9 0.0425 1.8 0.2686 

C9orf19 chromosome 9 open reading frame 19 AA284532 225604_s_at 2.9 0.0375 2.0 0.1734 

--- Full-length cDNA clone CS0DI067YM20 of 

Placenta Cot 25-normalized of Homo 

sapiens (human) 

AA603344 235964_x_at 2.9 0.0390 2.5 0.0658 

--- Homo sapiens, clone IMAGE:5581630, 

mRNA 

BC035773 1569666_s_at 2.9 0.0476 2.4 0.0930 

C19orf12 chromosome 19 open reading frame 12 BC004957 223983_s_at 2.9 0.0397 2.3 0.0948 

--- MRNA; cDNA DKFZp667K2218 (from clone 

DKFZp667K2218) 

AI125308 1557733_a_at 2.9 0.0408 1.6 0.4463 

HSPD1 heat shock 60kDa protein 1 (chaperonin) BF965447 241716_at 2.9 0.0389 1.8 0.3041 

NEDD9 neural precursor cell expressed, 

developmentally down-regulated 9 

AL136139 202149_at 2.9 0.0390 2.2 0.1106 

SNX10 sorting nexin 10 NM_013322 218404_at 2.9 0.0393 2.5 0.0566 

--- CDNA: FLJ21256 fis, clone COL01402 AK024909 216166_at 2.9 0.0391 2.7 0.0373 

--- Transcribed locus AA579773 243221_at 2.9 0.0437 2.4 0.0741 

C21orf71 chromosome 21 open reading frame 71 BU192089 1556414_at 2.8 0.0408 2.2 0.1014 

CSF1 colony stimulating factor 1 (macrophage) M37435 209716_at 2.8 0.0407 1.9 0.2061 

RNF24 ring finger protein 24 NM_007219 204669_s_at 2.8 0.0416 2.3 0.0988 

TFRC transferrin receptor (p90, CD71) N76327 237215_s_at 2.8 0.0461 1.5 0.5255 

--- Transcribed locus AI147211 235971_at 2.8 0.0475 2.8 0.0291 

--- Transcribed locus AA151917 230503_at 2.8 0.0430 3.4 0.0080 

--- --- AI377755 236203_at 2.8 0.0681 2.8 0.0366 

DOHH deoxyhypusine 

hydroxylase/monooxygenase 

NM_031304 208141_s_at 2.8 0.0475 2.3 0.0816 

STAMBPL1 STAM binding protein-like 1 AI638611 227607_at 2.8 0.0461 2.0 0.1559 

STAT2 signal transducer and activator of 

transcription 2, 113kDa 

S81491 217199_s_at 2.7 0.0500 1.9 0.2249 

TBC1D1 TBC1 (tre-2/USP6, BUB2, cdc16) domain 

family, member 1 

AI872403 1568713_a_at 2.7 0.0543 2.6 0.0494 

SLC6A12 solute carrier family 6 (neurotransmitter 

transporter, betaine/GABA), member 12 

U27699 206058_at 2.7 0.0625 2.9 0.0236 

TNFSF9 tumor necrosis factor (ligand) superfamily, 

member 9 

NM_003811 206907_at 2.6 0.0704 2.9 0.0240 

FHL1 four and a half LIM domains 1 AF220153 214505_s_at 2.5 0.0880 2.9 0.0273 

--- --- BC022885 1564656_at 2.4 0.0874 2.8 0.0317 

ZC3HAV1 zinc finger CCCH-type, antiviral 1 NM_020119 220104_at 2.3 0.1163 2.6 0.0417 

--- Transcribed locus BF431214 236065_at 2.3 0.1146 2.9 0.0256 

CCL18 chemokine (C-C motif) ligand 18 

(pulmonary and activation-regulated) 

AB000221 209924_at 2.2 0.1492 2.6 0.0483 

ROBO4 roundabout homolog 4, magic roundabout 

(Drosophila) 

NM_019055 220758_s_at 2.1 0.1797 3.3 0.0144 

NRP2 neuropilin 2 AF022859 211844_s_at 1.8 0.2115 3.1 0.0171 
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aAll upregulated genes with an FDR less than 0.05 with at least one of the stimuli. 

bMean fold change of three blood donors. 

cThe probe set with significant changes with both stimuli is shown. In cases where none fulfilled this criterion, 

the probe set showing the highest fold change value was selected.  

 

Gene expression of human PBMC analyzed after 6 h of stimulation with SEI and SEB. The vast majority of 

genes was influenced to a similar extend by SEI and SEB. 

        

--- CDNA FLJ13856 fis, clone THYRO1000988 AK023918 215595_x_at 1.6 0.5785 2.7 0.0374 

NMNAT3 nicotinamide nucleotide 

adenylyltransferase 3 

AW172570 243738_at 1.5 0.6179 2.6 0.0485 

SCUBE3 Signal peptide, CUB domain, EGF-like 3 BE674338 230253_at 1.4 0.7905 3.0 0.0175 

--- CDNA FLJ36965 fis, clone BRACE2006075 BU852182 1560755_at 1.3 0.8681 3.1 0.0191 

--- --- X76785 234882_at 1.2 1.0279 2.9 0.0269 
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    SEI SEB 

Gene Symbola Gene Title NCBI 

Accession No 

probe set ID mean 

fold 

changeb 

FDR mean 

fold 

changeb 

FDR 

HEY1c hairy/enhancer-of-split related with 

YRPW motif 1 

NM_012258 218839_at -6.2 < 0.0001 -3.9 0.0015 

ST3GAL6c ST3 beta-galactoside alpha-2,3-

sialyltransferase 6 

AI989567 213355_at -6.1 < 0.0001 -4.2 0.0005 

CXCL6 chemokine (C-X-C motif) ligand 6 

(granulocyte chemotactic protein 2) 

NM_002993 206336_at -5.7 < 0.0001 -4.8 0.0010 

NT5DC2 5'-nucleotidase domain containing 2 NM_022908 218051_s_at -5.6 < 0.0001 -2.6 0.0490 

MFI2 antigen p97 (melanoma associated) 

identified by monoclonal antibodies 

133.2 and 96.5 

BC001875 223723_at -5.3 < 0.0001 -3.7 0.0036 

VCANc versican BF590263 204619_s_at -4.6 0.0001 -5.2 0.0003 

--- Transcribed locus AI494347 240393_at -4.5 0.0003 -2.6 0.0413 

NOG Noggin AL575177 231798_at -4.5 0.0002 -2.6 0.0413 

HNMTc histamine N-methyltransferase BC005907 211732_x_at -4.2 0.0006 -3.2 0.0093 

LOC285181 hypothetical protein LOC285181 AA002166 1561334_at -4.1 0.0005 -2.9 0.0212 

OLIG1 oligodendrocyte transcription factor 

1 

AL355743 228170_at -3.9 0.0002 -3.8 0.0021 

TFPI Tissue factor pathway inhibitor 

(lipoprotein-associated coagulation 

inhibitor) 

AL080215 215447_at -3.8 0.0011 -3.2 0.0092 

C5AR1 complement component 5a receptor 

1 

NM_001736 220088_at -3.8 0.0012 -2.7 0.0418 

--- --- AA805633 230175_s_at -3.7 0.0011 -2.8 0.0326 

SIGLEC9 sialic acid binding Ig-like lectin 9 AF247180 210569_s_at -3.7 0.0011 -3.1 0.0136 

KCNE3 potassium voltage-gated channel, 

Isk-related family, member 3 

AI692703 227647_at -3.7 0.0012 -4.2 0.0005 

--- MRNA; cDNA DKFZp313E1515 

(from clone DKFZp313E1515) 

AL833097 1560034_a_at -3.7 0.0017 -2.3 0.1028 

VNN1c vanin 1 BG120535 1558549_s_at -3.6 0.0008 -3.4 0.0073 

STON2 stonin 2 AA632295 227461_at -3.6 0.0011 -2.4 0.0806 

TIMP2c TIMP metallopeptidase inhibitor 2 BE968786 231579_s_at -3.6 0.0015 -2.5 0.0600 

EPHA4c EPH receptor A4 T15545 228948_at -3.5 0.0015 -2.8 0.0297 

--- MRNA full length insert cDNA clone 

EUROIMAGE 85905 

AL080280 1559910_at -3.5 0.0016 -2.1 0.1945 

RNASEH2C ribonuclease H2, subunit C AI990526 227543_at -3.5 0.0024 -1.3 0.8072 

CXCL2 chemokine (C-X-C motif) ligand 2 BC005276 1569203_at -3.3 0.0031 -2.2 0.1344 

C4orf18 chromosome 4 open reading frame 

18 

AF260333 223204_at -3.3 0.0025 -4.0 0.0016 

OLIG2 oligodendrocyte lineage 

transcription factor 2 

AA757419 213825_at -3.3 0.0017 -2.8 0.0263 

--- Transcribed locus BF724178 229613_at -3.3 0.0015 -1.5 0.6611 

SLC16A6c solute carrier family 16, member 6 

(monocarboxylic acid transporter 7) 

AI873273 230748_at -3.3 0.0029 -2.5 0.0483 

--- Homo sapiens, clone 

IMAGE:4105785, mRNA 

BC016361 1558871_at -3.2 0.0064 -2.9 0.0293 

EREG epiregulin BC035806 1569583_at -3.2 0.0064 -2.4 0.0777 

HAS1 hyaluronan synthase 1 NM_001523 207316_at -3.2 0.0064 -4.7 0.0021 

DOCK5cd dedicator of cytokinesis 5 BF447954 230263_s_at -3.2 0.0052 -2.1 0.1649 

FPRL2c formyl peptide receptor-like 2 AW026543 230422_at -3.1 0.0061 -3.6 0.0025 

CYP27A1 cytochrome P450, family 27, 

subfamily A, polypeptide 1 

NM_000784 203979_at -3.1 0.0051 -2.6 0.0575 

HECTD1 HECT domain containing 1 BC016947 1570251_at -3.0 0.0084 -2.1 0.1259 

FLJ46446 Hypothetical gene supported by 

AK128305 

CA425190 1556402_at -3.0 0.0060 -2.0 0.1950 

--- --- AI694722 242397_at -3.0 0.0064 -2.9 0.0290 

PLK2 polo-like kinase 2 (Drosophila) NM_006622 201939_at -3.0 0.0060 -2.4 0.0770 

ZFP36L2c zinc finger protein 36, C3H type-like 

2 

AI356398 201367_s_at -3.0 0.0096 -3.0 0.0173 

--- Transcribed locus AI401017 244874_at -3.0 0.0068 -1.7 0.4029 

Supplemental Table II. Genes downregulated after stimulation with SEI and SEB. 
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SPON1 spondin 1, extracellular matrix 

protein 

AI885290 213993_at -3.0 0.0073 -1.4 0.8303 

TXLNB taxilin beta AL589605 227834_at -3.0 0.0074 -2.2 0.1358 

TNS1c tensin 1 AF116610 218864_at -3.0 0.0073 -2.7 0.0317 

FUCA1 fucosidase, alpha-L- 1, tissue NM_000147 202838_at -3.0 0.0109 -2.4 0.0781 

CD14 CD14 molecule NM_000591 201743_at -3.0 0.0085 -2.6 0.0475 

SULT1A3 /// 

SULT1A4 

sulfotransferase family, cytosolic, 1A, 

phenol-preferring, member 3 /// 

sulfotransferase family, cytosolic, 1A, 

phenol-preferring, member 4 

AI580112 222094_at -3.0 0.0073 -1.3 0.7235 

SLC24A4 solute carrier family 24 

(sodium/potassium/calcium 

exchanger), member 4 

W90718 243969_at -2.9 0.0114 -1.9 0.1951 

NPL N-acetylneuraminate pyruvate lyase 

(dihydrodipicolinate synthase) 

AI368358 240440_at -2.9 0.0074 -2.9 0.0214 

PER1 period homolog 1 (Drosophila) NM_002616 202861_at -2.9 0.0061 -2.2 0.1059 

C20orf117 chromosome 20 open reading frame 

117 

NM_015377 207711_at -2.9 0.0122 -2.9 0.0282 

LOC440934c Hypothetical gene supported by 

BC008048 

AW473883 244159_at -2.9 0.0094 -2.4 0.0848 

ETV5c ets variant gene 5 (ets-related 

molecule) 

NM_004454 203349_s_at -2.9 0.0099 -2.6 0.0607 

CSF1R colony stimulating factor 1 receptor, 

formerly McDonough feline sarcoma 

viral (v-fms) oncogene homolog 

NM_005211 203104_at -2.9 0.0104 -2.8 0.0324 

IGSF2 immunoglobulin superfamily, 

member 2 

NM_004258 207167_at -2.9 0.0159 -2.1 0.2000 

C5orf29 chromosome 5 open reading frame 

29 

NM_152687 1552386_at -2.8 0.0114 -2.3 0.1080 

PLD1 phospholipase D1, 

phosphatidylcholine-specific 

AA132961 232530_at -2.8 0.0098 -1.9 0.2779 

--- Transcribed locus AA573201 240099_at -2.8 0.0132 -1.8 0.3658 

ZBTB1 zinc finger and BTB domain 

containing 1 

NM_014950 205092_x_at -2.8 0.0103 -1.9 0.2764 

TNFRSF8 tumor necrosis factor receptor 

superfamily, member 8 

NM_001243 206729_at -2.8 0.0052 -2.1 0.1582 

PNKD paroxysmal nonkinesigenic 

dyskinesia 

AB033010 233177_s_at -2.8 0.0158 -2.8 0.0319 

LOC387763 hypothetical LOC387763 AW276078 227099_s_at -2.7 0.0159 -2.4 0.0750 

--- --- AI832594 244605_at -2.7 0.0256 -1.2 0.9150 

--- CDNA clone IMAGE:5787947 BC039553 1559544_s_at -2.7 0.0251 -1.8 0.3998 

TMEM45B transmembrane protein 45B AW242836 230323_s_at -2.7 0.0135 -2.2 0.1381 

VAMP1 vesicle-associated membrane 

protein 1 (synaptobrevin 1) 

NM_016830 207100_s_at -2.7 0.0200 -1.6 0.4263 

YPEL2 yippee-like 2 (Drosophila) AK097253 1556420_s_at -2.7 0.0156 -1.4 0.6977 

PASK PAS domain containing 

serine/threonine kinase 

U79240 216945_x_at -2.7 0.0248 -1.9 0.2779 

TTLL4 tubulin tyrosine ligase-like family, 

member 4 

NM_014640 203703_s_at -2.6 0.0218 -2.2 0.1415 

--- --- H94882 242936_at -2.6 0.0269 -2.2 0.1587 

DOK3 docking protein 3 BC004564 223553_s_at -2.6 0.0217 -2.5 0.0520 

FCAR Fc fragment of IgA, receptor for U56237 211306_s_at -2.6 0.0209 -2.3 0.0894 

RAB7B RAB7B, member RAS oncogene 

family 

AY094596 1553982_a_at -2.6 0.0217 -1.7 0.4212 

LDLRAP1 low density lipoprotein receptor 

adaptor protein 1 

AL545035 221790_s_at -2.6 0.0288 -1.5 0.5919 

HHEX hematopoietically expressed 

homeobox 

Z21533 215933_s_at -2.6 0.0359 -2.1 0.1948 

LY9cd lymphocyte antigen 9 AL582804 215967_s_at -2.6 0.0252 -2.3 0.0971 

TFPI2 tissue factor pathway inhibitor 2 AL574096 209277_at -2.6 0.0330 -1.8 0.2785 

NR5A2 nuclear receptor subfamily 5, group 

A, member 2 

AF228413 210174_at -2.6 0.0381 -2.1 0.1491 

ZNF587 zinc finger protein 587 AK055448 1558251_a_at -2.5 0.0311 -2.0 0.2417 

C20orf112 chromosome 20 open reading frame 

112 

AL034550 230954_at -2.5 0.0344 -2.7 0.0422 

NMT2 N-myristoyltransferase 2 AL134489 215743_at -2.5 0.0381 -1.9 0.2999 
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INSR insulin receptor AA485908 213792_s_at -2.5 0.0286 -2.3 0.0982 

--- CDNA FLJ12187 fis, clone 

MAMMA1000831 

AA572675 232286_at -2.5 0.0266 -2.1 0.1412 

RGS2 regulator of G-protein signaling 2, 

24kDa 

NM_002923 202388_at -2.5 0.0331 -2.2 0.1164 

SLC22A15 solute carrier family 22 (organic 

cation transporter), member 15 

AI279062 228497_at -2.5 0.0381 -1.5 0.6454 

CXCR7 chemokine (C-X-C motif) receptor 7 AI817041 212977_at -2.5 0.0356 -2.5 0.0715 

PTGFRN prostaglandin F2 receptor negative 

regulator 

BF311866 224937_at -2.5 0.0286 -2.0 0.1772 

CXCL5 chemokine (C-X-C motif) ligand 5 BG166705 215101_s_at -2.5 0.0378 -2.4 0.0911 

--- MRNA; cDNA DKFZp666P238 (from 

clone DKFZp666P238) 

AL833038 1563597_at -2.5 0.0286 -1.4 0.7700 

--- Homo sapiens, clone 

IMAGE:5205388, mRNA 

AW303397 229040_at -2.5 0.0361 -1.5 0.5746 

--- Transcribed locus AI733470 240821_at -2.5 0.0358 -1.2 0.9783 

GLCE glucuronic acid epimerase W87398 213552_at -2.5 0.0392 -1.5 0.5754 

--- CDNA clone IMAGE:4544718 BC014231 1570607_at -2.5 0.0347 -1.5 0.5624 

HOM-TES-103 hypothetical protein LOC25900 BC002857 209721_s_at -2.5 0.0395 -2.3 0.1110 

--- Mir-223 transcript variant 1 mRNA, 

complete sequence 

N39230 229934_at -2.4 0.0390 -1.7 0.4093 

TPST1 tyrosylprotein sulfotransferase 1 NM_003596 204140_at -2.4 0.0420 -3.3 0.0298 

CXCL3 chemokine (C-X-C motif) ligand 3 NM_002090 207850_at -2.4 0.0388 -1.8 0.3705 

SPIRE1 spire homolog 1 (Drosophila) BC016825 1554807_a_at -2.4 0.0415 -1.4 0.7458 

PTCH1 patched homolog 1 (Drosophila) BG054916 209815_at -2.4 0.0396 -2.3 0.1031 

--- Transcribed locus AA416756 244677_at -2.4 0.0425 -1.6 0.4845 

CD244 CD244 molecule, natural killer cell 

receptor 2B4 

NM_016382 220307_at -2.4 0.0424 -1.7 0.3877 

FRAT2 frequently rearranged in advanced 

T-cell lymphomas 2 

AB045118 209864_at -2.4 0.0387 -2.7 0.0312 

ARRDC2 arrestin domain containing 2 AK000689 226055_at -2.4 0.0423 -2.2 0.1087 

IRS2 insulin receptor substrate 2 AF073310 209185_s_at -2.4 0.0491 -2.1 0.1671 

--- --- AA808178 235743_at -2.4 0.0395 -1.5 0.5252 

SIGLEC10 sialic acid binding Ig-like lectin 10 AF301007 1552807_a_at -2.2 0.0705 -2.8 0.0421 

LY9cd lymphocyte antigen 9 AF244129 210370_s_at -2.2 0.0794 -2.9 0.0186 

GAS2L3 Growth arrest-specific 2 like 3 AI860012 238756_at -2.2 0.0799 -2.7 0.0460 

KLHL24 kelch-like 24 (Drosophila) AI961401 242088_at -2.1 0.0911 -2.7 0.0415 

DOCK5cd dedicator of cytokinesis 5 AK024569 222721_at -2.1 0.1225 -2.6 0.0454 

--- --- AW024087 239284_at -2.0 0.0461 1.1 1.0232 

SIGLEC5 sialic acid binding Ig-like lectin 5 NM_003830 220000_at -2.0 0.1785 -3.4 0.0036 

--- Transcribed locus AW016812 231644_at -2.0 0.1629 -2.8 0.0303 

MEGF9 multiple EGF-like-domains 9 BF110421 212831_at -1.8 0.2279 -2.7 0.0329 

HS3ST1 heparan sulfate (glucosamine) 3-O-

sulfotransferase 1 

NM_005114 205466_s_at -1.8 0.2294 -2.7 0.0414 

--- CDNA FLJ34016 fis, clone 

FCBBF2002541 

AI935334 235385_at -1.8 0.2627 -2.6 0.0481 

C1orf21 chromosome 1 open reading frame 

21 

NM_030806 221272_s_at -1.7 0.2910 -2.9 0.0145 

PDLIM7 PDZ and LIM domain 7 (enigma) BC023629 1569149_at -1.7 0.2875 -2.7 0.0309 

SFRS11 Splicing factor, arginine/serine-rich 

11 

T90915 236948_x_at -1.6 0.4361 -2.6 0.0449 

DECR2 2,4-dienoyl CoA reductase 2, 

peroxisomal 

NM_020664 219664_s_at -1.5 0.3851 -3.0 0.0221 

ARRB1 arrestin, beta 1 NM_004041 218832_x_at -1.5 0.4429 -3.4 0.0042 

CCPG1 cell cycle progression 1 AK022459 222156_x_at -1.5 0.4797 -2.6 0.0454 

LOC286254 hypothetical protein LOC286254 AI471954 1559765_a_at -1.5 0.4694 -2.6 0.0485 

PKIB protein kinase (cAMP-dependent, 

catalytic) inhibitor beta 

AF225513 223551_at -1.4 0.5512 -2.8 0.0309 

--- Transcribed locus AI935541 236220_at -1.4 0.4052 -3.0 0.0153 

TTC3 tetratricopeptide repeat domain 3 BC026260 1569472_s_at -1.3 0.7176 -2.6 0.0431 

FANK1 fibronectin type III and ankyrin AU143929 232968_at -1.3 0.7818 -2.7 0.0419 
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aAll downregulated genes with an FDR less than 0.05 with at least one of the stimuli. 

bMean fold change of three blood donors. 

cGene represented by more than one probe set. The probe set with significant changes following both stimuli 

is shown. If none fulfilled this criterion, the probe set showing the highest fold change was selected.  

dGene represented by two probe sets, which are both included in this table. 

Gene expression of human PBMC analyzed after 6 h stimulation with SEI and SEB. The vast majority of genes 

was influenced to a similar extend by SEI and SEB. 

 

repeat domains 1 

SOCS4 suppressor of cytokine signaling 4 NM_080867 1552792_at -1.2 0.8851 -2.9 0.0227 

PDPR pyruvate dehydrogenase 

phosphatase regulatory subunit 

NM_017990 220236_at -1.2 0.8907 -2.6 0.0468 

ARHGAP24 Rho GTPase activating protein 24 AI743534 223422_s_at -1.2 0.9224 -3.3 0.0042 

MVD mevalonate (diphospho) 

decarboxylase 

AI189359 203027_s_at -1.1 0.9687 -2.6 0.0429 

BPI bactericidal/permeability-increasing 

protein 

NM_001725 205557_at -1.1 0.9984 -2.6 0.0465 
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Summary and discussion 

S. aureus is both a ubiquitous human commensal and a frequent cause of clinically 

important infections. To date, S. aureus is the most common cause of nosocomial 

infections. The alarming global spread of MRSA has spurred efforts to develop active and 

passive anti-staphylocoocal vaccines. However, vaccine development is a challenging 

task, because both the species S. aureus and the host response that it induces are highly 

variable. 

Therefore, this thesis was focussed on i) bacterial virulence determinants, in particular 

SAgs, and ii) on the role of anti-SAg antibodies in the interaction between S. aureus and 

its host. First of all, we analyzed the prevalence of SAg genes and phages among 

colonizing and invasive S. aureus isolates and correlated this with their genetic 

background. In a second approach the presence and development of anti-SAg antibodies 

in S. aureus colonization and bacteremia were determined. Finally, we performed a 

comprehensive survey of the intrinsic properties and regulation of egc and non-egc 

SAgs, to elucidate the reasons for the selective lack of neutralizing serum antibodies 

specific for egc SAgs. 

 

8.1 WHAT DETERMINES STAPHYLOCOCCAL VIRULENCE? MOLECULAR-EPIDEMIOLOGY 

OF COLONIZING AND INVASIVE S. AUREUS ISOLATES 

In the recent years, huge efforts have been made to determine bacterial factors that are 

important for staphylococcal virulence. Since evidence for a decisive role of the core 

genome on S. aureus virulence is limited (1-3), it was suggested that virulence 

determinants encoded on MGEs may determine the virulence of an isolate (4). 

 

Each S. aureus clonal complex is characterized by a consensus repertoire of 

superantigen genes and phages 

Genotyping analyses, such as MLST and spa genotyping, demonstrated that the S. aureus 

population structure is highly clonal with 10 predominant CCs (1, 2, 5, 6). S. aureus 

strains harbor a broad and highly variable repertoire of virulence and resistance genes 

including the 21 different SAgs. SAgs are encoded on MGEs and can therefore be 

distributed by two distinct mechanisms: vertical transmission to daughter cells and 
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horizontal transfer by bacteriophages and conjugation (7, 8). In order to investigate 

whether SAg genes are randomly distributed among different CCs or rather linked to the 

clonal background, we determined spa genotypes and SAg gene patterns of about 300 

S. aureus isolates from Western Pomerania (Chapter 2). Additionally, the phage 

patterns of about 300 S. aureus isolates from different sources in Germany were 

analyzed by multiplex PCR for the seven most prominent S. aureus integrase families, 

Sa1int to Sa7int, and correlated with the clonal lineage (Chapter 3).  

Genotype and SAg gene patterns. As expected, we observed 10 predominant 

staphylococcal lineages (CC5, CC8, CC12, CC15, CC22, CC25, CC30, CC45, CC121 and 

CC395), which have successfully spread globally (Chapter 2) (1, 2, 5, 6). Interestingly, 

none of the SAg genes were randomly disseminated between the CCs (P ≤ 0.001; 

contingency table analysis) but rather strongly associated with the clonal background. 

For example, the egc-encoding genomic island νSAβ was strictly linked to CC5, CC22, and 

CC45. Other SAgs with strong CC linkages were the SaPI-encoded tst and sec-sel (CC45), 

or the plasmid-encoded sed-sej-ser (CC8). SAg genes with a broader distribution were 

the phage-encoded sea, and the SaPI-encoded seb. These findings of a clonal distribution 

of SAg genes are in good agreement with other studies on MSSA as well as MRSA isolates 

(5, 7, 9-14).  

To conclude, these results show that most SAg-carrying MGEs are predominantly 

transferred vertically. However, within a CC and even within the same spa type we also 

observed considerable variation of SAg gene patterns. This suggests that horizontal 

transfer of SAg-encoding MGEs occurs frequently within lineages, while horizontal 

transmission between the clonal lineages is limited. This phenomenon can be explained 

by the action of the lineage-specific restriction-modification systems, like SauI (15).  

Phage patterns. The characterization of the prophage content of 291 S. aureus isolates 

revealed a moderate association between prophage prevalence and the clonal 

background (Chapter 3). Most isolates contained one or two prophages, and Sa3int 

phages, which encode SAgs like sea, sep, sek, and seq (16, 17), were by far the most 

common with a prevalence of 74%. There was one exception: CC15 strains harbored 

maximally one prophage (P ≤ 0.0004) and never carried Sa3int phages. In good 

agreement, CC15 strain completely lack staphylococcal SAg genes (Chapter 2). In 

contrast, CC30 isolates were frequently lysogenic for at least two prophages (P ≤ 

0.0001).  
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As a consequence of the linkage of SAg gene patterns and phages to the CCs, each 

S. aureus lineage is characterized by a typical SAg gene and phage repertoire (Chapter 2, 

Table 2; Chapter 3, Table 1). Since many MGE-encoded virulence factors are linked to 

CCs, analyses of their association with invasiveness can be biased by differences in the 

underlying clonal population structure. Consequently, we highly recommend the 

simultaneous determination of the genetic background (CC) and virulence genes. Such 

an approach will increase the discriminatory power of genetic investigations into the 

mechanisms of S. aureus pathogenesis. 

 

SAg genes are not associated with bloodstream invasion 

To date it is largely unclear, what determines staphylococcal virulence on a molecular 

level (2, 7, 14). To investigate, whether SAg genes (Chapter 2) or phages (Chapter 3) 

are associated with bloodstream invasion, we compared virulence genes, phage patterns 

and core genome (spa type) of nasal and blood culture isolates from Germany. To avoid 

a bias due to underlying differences in the clonal composition of the S. aureus strain 

collections, virulence gene and phage patterns were separately compared in each CC. 

Finally, we characterized blood culture isolates from 43 injection drug users (IDUs) and 

44 nonaddicts from Helsinki, Finland (Chapter 6). 

Genotype and SAg gene repertoire of nasal and blood culture isolates. Spa 

genotyping showed, as expected, that nasal and blood culture isolates were present in 

most CCs (Chapter 2) (1, 12). CC5 contained only nasal isolates (6.5%; P ≤ 0.05). 

Moreover, CC8 was overrepresented among blood culture isolates compared to nasal 

isolates (21.6% vs. 10.3%; P ≤ 0.05), while CC30 was underrepresented among blood 

culture strains (11.4% vs. 27.1%; P ≤ 0.01). Intriguingly, in The Netherlands CC30 

isolates tend to be more prevalent among endogenous invasive strains that non-invasive 

strains (3). This suggests, that German and Dutch strains differ in their core variable or 

variable genome, rendering them more or less invasive, respectively. This requires 

further investigation. Spa genotyping discriminated two subclusters of CC25, t056 and 

t078. MLST-typing by other investigators later led to the reclassification of one of them – 

spa type t056 - as ST101. The strains of spa type t078 (and relatives) still belong to CC25 

(MLST-Type ST26). ST101 strains were significantly overrepresented among nasal 

isolates in comparison to blood culture isolates (9.3% vs. 2.2%, P ≤ 0.05). CC25 strains of 

spa type t078, were found in both cohorts (3.7% vs. 10.2%, not significant). 
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Interestingly, etd was not seen in the 4 nasal isolates, but in 8 out of 9 invasive CC25 

strains (P ≤ 0.001), which is suggestive of a role for this factor in virulence.  

Within staphylococcal lineages there were no differences in the SAg gene profiles 

between nasal and invasive isolates. Thus, SAgs do not contribute strongly to the 

invasive potential of blood culture isolates. In contrast, CC25 strains harboring the 

pathogenicity island that contains etd appear to be more virulent than those without it. 

Phage patterns of nasal and blood culture isolates. Bacteriophages play an important 

role in the pathogenicity of S. aureus for instance by mediating the horizontal gene 

transfer of virulence factors. Comparison of phage patterns between nasal and blood 

culture isolates (Chapter 3) revealed no differences except for Sa3int phages, which 

were significantly more common in colonizing strains (73% vs. 59%; P ≤ 0.05). This 

higher frequency was not biased by an overrepresentation of certain CCs. Sa3int phages 

integrate into the β hemolysin gene (hlb), thereby making it non-functional. They encode 

immune-modulatory proteins (staphylokinase (Sak), staphylococcal complement 

inhibitors (SCIN), and chemotaxis inhibitory protein (CHIPS)) (17, 18), which might help 

to resist the innate immune response during nasal colonization. In contrast, the lack of 

the Sa3int phages in infecting isolates is correlated with Hlb production. This fits to 

previous findings indicating that Hlb-producing strains are linked to infections (14, 16). 

Genotype and SAg gene repertoire of bacteremia isolates from IDUs and 

nonaddicts. IDU patients represent a special cohort due to higher colonization rates and 

more frequent endogenous infections than in the general population (19, 20). The 

genetic diversity of S. aureus bacteremia isolates from IDUs and nonaddicts (Chapter 6) 

was largely similar, but CC59 and CC30 were significantly overrepresented among 

isolates from IDUs in comparison to nonaddicts (CC59: 20.9% vs. 2.3%, P ≤ 0.01; CC30: 

20.9% vs. 4.5%, P ≤ 0.05). While the prevalence of CC30 among IDU isolates is in the 

same range that was reported for S. aureus colonization (16 - 27%), CC59 strains are 

rare in healthy European carriers (0 - 4.5%) (Chapter 2) (6, 21, 22). However, in the UK 

Monk et al. frequently observed CC59 isolates in IDUs with abscesses and soft tissue 

infections (23). This indicates a spread of CC59 strains in the internationally connected 

community of IDUs. The comparison of SAg gene patterns within individual CCs revealed 

no major differences between bacteremia isolates from IDUs and nonaddicts. 
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In summary, the present studies come up with only few virulence gene candidates for 

bactermia. In the Western Pomerania study the CC25, which carries the MGE harboring 

etd (spa type t078), was associated with bacteremia, however such strains were rare 

among bacteremia isolates from Helsinki, Finland (9% vs. 2.3%). Additionally, a 

functional hlb gene was correlated with bacteremia. In contrast, there was no 

association of SAg genes with bloodstream invasion. Apart from our own efforts, several 

other studies compared the core genome and virulence gene repertoire of blood culture 

and colonizing isolates but failed to identify factors clearly related to virulence (1, 2, 5). 

This suggests that invasion into the bloodstream does not require special bacterial 

virulence traits but mainly depends on host factors, e.g. barrier breakage, indwelling 

catheters, or a compromised immune system.  

 

PVL-positive CC121 isolates are the main cause of furunculosis  

Skin and soft tissue infections, like furunculosis, are the most frequent diseases caused 

by S. aureus outside the hospital setting. PVL is a pore-forming toxin and is 

epidemiologically linked to chronic or recurrent skin and soft-tissue infections. We have 

used a molecular-epidemiological approach with the aim to dissect linkage of 

furunculosis with PVL, the PVL-encoding phage and its PVL-negative counterpart, with 

other virulence genes (SAgs and exfoliative toxins), and with the genetic background of 

clinical S. aureus isolates (almost all MSSA) (Chapter 4). Therefore, we analyzed 74 

S. aureus isolates from furunculosis patients and 108 nasal S. aureus isolates from 

healthy carriers from Szczecin, Poland. We show that both the genetic background, 

namely lineages CC121 and CC22 (70% of all furunculosis isolates), and PVL (85%) are 

tightly linked to the furunculosis-inducing phenotype. The linkage between PVL and 

furunculosis can be separated from the contribution of the genetic background as well 

as from the other genes that are located on the PVL-carrying phage. These findings 

indicate an important role for PVL in human furunculosis. Except for seb, which was 

within CC121 significantly overrepresented among furunculosis isolates in comparison 

to nasal isolates (56.1% vs. 0%; P ≤ 0.05), no SAg was associated with furunculosis.  

The study demonstrates that comparing clinical isolates from well-defined diseases can 

indeed provide novel insights into S. aureus virulence. Moreover, our results are of 

clinical importance. PVL is mainly discussed as a virulence factor of CA-MRSA. Most 

clinicians, however, are not aware that PVL-positive MSSA strains, which are much more 
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common, at least in Europe, can also cause serious and long-lasting symptoms, which 

require repeated antibiotic treatment and/or surgical intervention. In our opinion, a test 

for PVL should be included in the diagnostic work-up of recurrent skin infections. The 

therapeutic goal should then be the elimination of these S. aureus strains of increased 

virulence from the patient and his environment.  

 

8.2 ANTI-STAPHYLOCOCCAL ANTIBODY RESPONSE IN COLONIZATION AND BACTEREMIA 

The fact that a large number of studies, including those described in Chapters 2 and 3, 

were unable to point to a fundamental difference between S. aureus populations isolated 

from blood culture and the nose, emphasizes the role of host factors, such as immunity. 

Especially the observation that in bacteremia the mortality of S. aureus carriers is 

significantly lower than that in noncarriers (24), raised the question whether the 

adaptive immune system establishes immunity to the colonizing strains, which could be 

of advantage in endogenous infection. In support of this hypothesis, our group recently 

showed a strain-specific neutralizing antibody response in carriers against the SAg 

cocktail produced by their colonizing strain (25). It has been shown that such SAg 

neutralizing antibodies can be protective in patients as well as in animal models (26-29). 

On the other hand, noncarriers may harbor antibodies that protect them from nasal 

colonization (30, 31). 

 

Levels of antibody binding to TSST-1 were highly related to neutralizing capacity 

There are several methods to measure antigen-specific antibody titers. The most 

commonly used test is the enzyme-linked immuno-sorbent assay (ELISA), which 

measures antibody binding to native, immobilized antigens. Verkaik et al. recently 

established a multiplex immunoassay based on the Luminex® technology that allows the 

simultaneous quantification of antibodies against 19 S. aureus antigens (32) (Chapter 

5). Sera from 15 persistent carriers and 19 noncarriers were analyzed for IgG, IgA, and 

IgM binding to nine microbial surface components recognizing adhesive matrix 

molecules (MSCRAMMs), which mediate S. aureus adhesion, three immune-modulatory 

proteins, which inhibit the innate immune response by interfering with the complement 

cascade or recruitment of neutrophils, and seven SAgs (SEA, SEB, SEI, SElM, SElO, SElQ, 

and TSST-1).  
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In accordance with earlier reports, the healthy individuals harbored a broad range of 

anti-staphylococcal antibodies with an extensive interindividual variability in the 

antibody binding pattern (25, 33-35), reflecting the individual history of encounters 

with S. aureus. Median levels of antibodies to TSST-1, SEA, ClfA, and ClfB were higher in 

persistent carriers than in noncarriers.  

Since antibody function is clinically most relevant we performed Luminex® and 

neutralization assays for TSST-1 in parallel. IgG binding to TSST-1 strongly correlated 

with the neutralizing capacity of the serum samples (R2=0.93).  

Additionally, the results support earlier observations from neutralization assays, which 

showed high neutralizing capacity of non-egc SAgs, but a lack of neutralizing antibodies 

against egc SAgs in sera of the healthy population (33).  

 

Egc SAgs do not elicit a neutralizing antibody response during bacteremia 

It remains largely unkown which conditions (e.g., nasal colonization, minor or major 

infections) are required to trigger an antibody response against different S. aureus 

antigens. Healthy individuals harbor a broad range of anti-staphylococcal antibodies. In 

S. aureus carriers, these antibodies are specific for their colonizing strain (25, 35). Our 

group recently demonstrated, that short-term experimental nasal colonization is not 

sufficient to induce a robust systemic antibody response (34). We therefore assume that 

most anti-S. aureus serum antibody responses are elicited by (minor) infections, as it has 

been reported for selected antigens (36-38). Therefore, we tested whether egc and non-

egc SAgs elicit a neutralizing antibody response during systemic infection. In particular, 

we investigated the anti-SAg antibody response in S. aureus bacteremia among 

nonaddicts previously less exposed to S. aureus and among IDUs with more frequent 

contact to it (Chapter 6). 

In this clinical trial sera from 25 IDUs and 37 nonaddicst were obtained at the acute 

phase of bacteremia and three to four weeks thereafter (convalescent phase). 

Neutralizing capacity of the sera was tested against the SAg cocktail produced by the 

respective infecting strain as well as a panel of representative recombinant SAgs.  

At the acute phase of bacteremia most patients already possessed neutralizing 

antibodies against non-egc SAgs. This finding is in agreement with the frequent 

observation of neutralizing antibodies against non-egc SAgs in the healthy population 
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(33, 39-41). However, neutralizing antibody titers were low in most nonaddicts. A 

possible explanation could be that the majority of them suffered from exogenous 

infections (25). The SAg-neutralizing capacity was higher in IDUs, probably due to 

intensive exposure to S. aureus (42, 43), as higher colonization rates and more frequent 

endogenous infections are described for IDUs than in the general population (19, 20).  

In IDUs but not in nonaddicts, bacteremia increased the neutralizing serum capacity. 

Similarly, other investigators observed that antibodies against S. aureus antigens are 

generated or boosted during S. aureus infections (e.g., bacteremia and wound infection) 

(31, 38, 44). Only a few nonaddicts responded to bacteremia with an increase of SAg 

neutralizing antibodies. It seems that bacteremia rarely primes high affinity antibody 

responses, which would be required for SAg neutralization, but it appears that this 

immune stimulus is strong enough to boost pre-existing B cell memory.  

Notably, neutralizing antibodies against egc SAgs were rare at the acute phase of 

bacteremia and were not induced during infection. The findings were similar for 

supernatants from egc-positive strains and for recombinant SEI and extend earlier 

findings in the healthy population (33). 

In summary, the boost of neutralizing antibody titers clearly shows that the immune 

system is exposed to non-egc SAgs during S. aureus bloodstream invasion. This remains 

unknown for egc-encoded SAgs, which did not elicit a boost or de novo generation of 

specific antibodies, neither in colonization nor in S. aureus bacteremia. Furthermore, the 

strong specific anti-SAg antibody response questions the assumption, that the function 

of SAgs would be the deletion of T cells that help B cells to mount an effective antibody 

response (45). According to McLoughlin et al. T cell-derived IFNγ facilitates a CXC 

chemokine-driven recruitment of neutrophils to the infection side (46). Besides their 

critical role in S. aureus clearance, neutrophils can also contribute to pathogenesis by 

harboring viable S. aureus intracellulary (47). Therefore, SAg-dependent T cell activation 

might serve S. aureus to manipulate the function of granulocytes to its advantage.   
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8.3 COMPARISON OF EGC AND NON-EGC SAGS – WHAT IS THE REASON FOR THE LACK 

OF ANTI-EGC ANTIBODIES? 

Neutralizing antibodies against egc SAgs are very uncommon in both healthy individuals 

and bacteremia patients. This was surprising because of the high prevalence of egc 

genes in clinical S. aureus isolates (Chapter 2) (6, 12, 48). Despite this, egc SAgs are not a 

prominent cause of TSS (49). In search for an explanation, we have tested two non-

exclusive hypotheses: i) egc and non-egc SAgs have unique intrinsic properties and drive 

the immune system into different directions and ii) egc and non-egc SAgs are released 

by S. aureus under different conditions, which shape the immune response to them 

(Chapter 7).  

 

Egc and non-egc SAgs have similar T cell activating properties 

If intrinsic properties of egc and non-egc SAgs were responsible for the different 

antibody response, one might expect them to differ in their T cell-activating properties. 

Therefore, we compared the effect of three recombinant egc SAgs (SEI, SElM, and SElO) 

and three non-egc SAgs (SEB, SElQ, and TSST-1) on human blood cells. 

First, we compared the T cell-mitogenic properties of egc and non-egc SAgs. Therefore, 

we stimulated human PBMCs from nine healthy blood donors with the three 

recombinant egc and non-egc SAgs. All six SAgs induced strong dose-dependent 

proliferation. In agreement with earlier studies, the mitogenic concentrations for non-

egc staphylococcal SAgs were in the picogram or even femtogram range (50-52). Hence, 

except for SElO we found no significant differences between the T cell mitogenic 

potencies of egc and non-egc SAgs. 

Second, we analyzed the induced cytokine profiles, since non-egc SAgs are notorious for 

their ability to induce a massive cytokine response in T cells and APCs. Human PBMCs 

from seven blood donors were stimulated with recombinant SAgs in concentrations 10-

fold above the lowest concentration, which elicited maximal proliferation (100pg/ml to 

100ng/ml). After 72h the cytokine concentrations in the supernatant were determined. 

All SAgs induced high amounts of pro-inflammatory (IFN-γ, TNF-α, IL-2) and lower 

concentrations of anti-inflammatory (IL-4, IL-5, IL-10) cytokines. Similarly, others have 

reported the induction of Th1- and Th2-cytokines after stimulation with a number of 

non-egc staphylococcal and streptococcal SAgs (53-55). Despite considerable 
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interindividual variations, we observed no significant differences between the cytokine 

profiles triggered by egc and non-egc SAgs. In contrast, Dauwalder et al. reported that 

stimulation of human PBMC with very high concentrations (100ng/ml) of SEA induced a 

stronger Th1-response than the egc SAg SEG.  

For a comprehensive view on the SAg response, we finally performed gene expression 

analysis of PBMC from three blood donors. After 6h of stimulation with one 

representative SAg of each group (SEI and SEB) transcriptional changes were analyzed 

with Affymetrix expression arrays. SAgs were used in concentrations 10-fold above the 

lowest concentration, which elicited maximal proliferation (10pg/ml to 100pg/ml). 

Stimulation with SEI and/or SEB changed the transcription of 391 genes (511 probe 

sets, FDR < 0.05), two-thirds of which were up-regulated. This is in agreement with 

other studies, in which PBMCs were treated with SEA or SEB (56, 57). Importantly, the 

vast majority of the genes were influenced to a similar extend and no gene was 

regulated in opposite directions by SEI and SEB. Different analysis tools (hierarchical 

clustering, and principal component analysis) revealed that the effects of SEI and SEB on 

PBMC gene expression were very similar. In fact, interindividual differences between the 

technical replicates which used different blood donors were stronger than the 

differences between both SAgs. Among the most strongly induced genes were those 

encoding for the T cell activation markers CD69, CD40L, and CD25 and for the cytokines 

IL-2, IFN-γ and IL17A. These findings confirmed our results of T cell proliferation and 

cytokine measurements and indicate a very strong Th1- and Th17 response such as one 

might expect from SAgs. In contrast, Dauwalder et al. observed a broad transcriptional 

activation after stimulation of human PBMCs with high concentrations (10ng/ml) of 

SEA, whereas SEG (10ng/ml) had no detectable effect (56). Either SEG has unique 

properties among the egc SAgs or the different results are due to the different SAg 

concentrations used and/ or production and purification procedures. 

In summary, the immune cell-activating properties of egc and non-egc SAgs, their 

superantigenicity, was very similar in every aspect studied and cannot explain the 

striking differences in the immune response to egc and non-egc SAgs. Furthermore, a 

systematically difference in the immunogenicity of both groups of SAgs is unlikely, since 

the amino acid sequences of the egc SAgs are more closely related to those of individual 

non-egc SAgs than to each other (58, 59). 
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The egc gap in the anti-SAg antibody profile is probably due to a differential 

regulation of SAg gene expression 

In search for an explanation for the lack of neutralizing antibodies against egc SAgs, we 

finally focussed on the regulation of the SAg release by S. aureus. We cultured two 

clinical isolates with only egc SAg genes and two with only non-egc SAgs genes, obtained 

culture supernatants at different optical densities and used proliferation assays as a 

read-out system for SAg secretion. Strains encoding non-egc SAgs induced proliferation 

at high optical densities, indicating that these SAgs are secreted in the late stationary 

growth phase. In contrast, egc SAgs were released during exponential growth phase and 

secretion decreased at higher bacterial densities. Similar observations have been 

reported on mRNA-level (58, 60, 61). 

To date it is unclear, why the egc-operon is selectively transcribed during early 

exponential growth. In vitro data suggest that egc SAgs are generally produced in very 

small amounts (60, 62). The regulation of staphylococcal SAgs is complex, and besides 

the accessory gene regulator, the staphylococcal accessory regulator, the alternative σ 

factor, and the regulator of toxins also have been shown to play a role (63-67). Recently, 

Derzelle et al. analyzed expression of 18 SAgs by quantitative reverse transcription-PCR 

and observed four distinct expression patterns: i) unchanged mRNA abundance during 

bacterial growth (sea, see, sej, sek, seq and sep); ii) decrease in transcript levels (seg, sei, 

sem, sen, seo, seu); iii) drastic inductions of expression at the end of the exponential 

growth phase (seb, sec, seh) or iv) modest post-exponential increase in mRNA level (sed, 

ser, sel) (60). The decrease of egc mRNA levels in the late exponential growth phase 

might be the reason for the rapid drop of T cell proliferation with increasing bacterial 

densities. Because from this point the concentrations of egc SAgs decreases on a per cell 

basis. However, most research has been performed by investigation of standard 

laboratory S. aureus strains cultivated in rich medium. The challenge will now be to 

clarify, which of these processes are effective during the interactions of wild type strains 

with the host. There is evidence that the regulatory circuits S. aureus employs during 

infection (and probably also colonization) differ strongly from those characterized in 

vitro (68, 69). It remains unknown, how this affects the release of egc and non-egc SAgs 

in vivo and the immune response against them.  

So far, the high prevalence of neutralizing serum antibodies against non-egc SAgs allows 

the conclusion that most healthy adults have been exposed to these toxins during their 
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encounters with S. aureus. The egc gap in the anti-SAg profile, which we observed in 

healthy adults (Chapter 5) (33), and following bloodstream invasion (Chapter 6) shows 

that differential regulation of antigen expression has an impact on the immune response. 

It remains an open question whether egc SAgs are i) expressed in vivo, ii) in which 

quantities, and iii) under which conditions.  

In cooperation with Marc Burian, we performed a pilot study to approach this problem. 

S. aureus was isolated from the nose of carriers, and directly ex vivo, RNA was analyzed 

and the level of transcription of non-egc (sea and sec) SAgs and one egc SAg gene was 

determined by quantitative real-time PCR. In the nose of healthy adults there was strong 

transcription of the egc SAg selo, while transcription of sea and sec was weak (Burian et 

al., manuscript in preparation). Thus it appears that the functional state of S. aureus 

during nasal colonization – transcription of egc SAgs - shares features with exponential 

growth in vitro, while invasion – expression of non-egc SAgs - more closely resembles 

the post-exponential growth phase in bacterial cell culture.  
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SUMMARY 

 

Staphylococcus (S.) aureus is the most common cause of nosocomial infections and the 

species is becoming increasingly resistant to antibiotics. In contrast, about 35% of the 

healthy population are colonized with S. aureus in the anterior nares and usually do not 

suffer from serious symptoms. However, nasal colonization is a major risk factor for 

staphylococcal infection. Paradoxically, in case of bacteremia, which in carriers is usually 

caused by the colonizing strain, the prognosis of carriers is much better than that of 

noncarriers. 

The genetic make-up of the species S. aureus is highly diverse. Mobile genetic elements 

comprise about 15% of the S. aureus genome. They encode many virulence factors like 

the 21 different known staphylococcal superantigens (SAgs), highly potent activators of 

T lymphocytes. Besides their well known causative role in food poisoning and toxic 

shock syndrome, information about SAg involvement in pathogenesis is limited. On the 

other hand, the human host and its immune response are also highly diverse. The 

impressive variability of pathogen and host may explain, why up until now efforts to 

develop an effective anti-S. aureus vaccine have not been successful. 

This study focuses on SAgs, because they are potent virulence factors that are highly 

diverse and therefore mirror of the variability of the species S. aureus. The goals of this 

work were 

- to search for molecular-epidemiological associations between SAgs and different 

diseases caused by S. aureus, 

- to determine the prevalence and the development of anti-SAg antibodies in 

healthy S. aureus carriers and noncarriers as well as in bacteremia patients, and 

- to elucidate the reasons for the selective lack of neutralizing serum antibodies 

specific for a subgroup of SAgs, the egc SAgs. 

SAgs are encoded on mobile genetic elements, such as bacteriophages, plasmids, and 

pathogenicity islands, which can be distributed by two distinct mechanisms: vertical 

transmission to daughter cells and horizontal transfer by bacteriophages and 

conjugation. We investigated the distribution of SAg genes and/ or bacteriophages by 

multiplex PCR and correlated this with the clonal background, determined by spa 
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genotyping. Altogether we analyzed more than 700 S. aureus isolates from nasal 

colonization, bacteremia or furunculosis. SAg-encoding mobile genetic elements and 

bacteriophages were not randomly distributed, but rather strongly associated with the 

clonal background. As a consequence, each clonal lineage was characterized by a typical 

SAg gene and phage repertoire. However, within clonal lineages and even within the 

same spa type we observed considerable variation, suggesting that within lineages 

mobile genetic elements were frequently acquired and lost.  

We suggest that the simultaneous assessment of virulence gene profiles and the genetic 

background strongly increases the discriminatory power of genetic investigations into 

the mechanisms of S. aureus pathogenesis. Indeed, this approach indicated a role for the 

mobile genetic element encoding exfoliative toxin d, and for the intact β-hemolysin gene 

in blood stream invasion, while rendering it unlikely for SAgs. Moreover, we observed a 

strong association between Panton-Valentine leukocidin and furunculosis, which was 

independent of the clonal background. Except for seb, which was significantly more 

frequent among furunculosis-associated than among nasal CC121 strains, SAg genes 

were not associated with furunculosis. 

While functional neutralization assays closely mimic the protective action of anti-SAg 

antibodies in vivo, they are labor-intensive and time-consuming. A fast and easy method 

for the simultaneous quantification of antibody binding to multiple staphylococcal 

antigens is the Luminex® technology. Using serum samples from 15 persistent carriers 

and 19 noncarriers we showed a strong correlation between antibody binding and 

neutralizing capacity against the clinically important SAg TSST-1. This assay confirmed 

the astonishing lack of antibodies against egc SAgs in healthy carriers and noncarriers, 

which was previously described by Holtfreter and coworkers. 

Since colonization is probably not sufficient to induce a robust antibody response as 

revealed by experimental colonization with S. aureus, we propose that (minor) 

infections are required to induce the high titers of non-egc SAg-neutralizing antibodies 

in healthy adults. To test this, we investigated whether SAgs elicit a neutralizing 

antibody response during S. aureus bacteremia (n = 64). At the acute phase of the 

disease most patients already had neutralizing antibody against non-egc SAgs, and 

antibody titers frequently increased during infection. Notably, egc SAgs did not elicit a 

boost or de novo generation of specific antibodies.  
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The “egc gap” in the antibody response, which has now been shown in healthy adults, 

carriers and noncarriers, as well as following systemic infection with S. aureus strains 

that harbor egc SAg genes, is astonishing. After all, egc SAgs are by far the most 

prevalent SAgs. In search for an explanation, the intrinsic properties of three 

recombinant egc (SEI, SElM, SElO) and non-egc SAgs (SEB, SElQ, TSST-1) were compared 

in depth. Egc and non-egc were very similar with regard to induced T cell proliferation, 

cytokine profiles, and gene expression of human peripheral blood mononuclear cells. 

Both SAg groups stimulated a strong Th1- and Th17 response. However, there was a 

striking difference in the regulation of the two groups of SAgs by S. aureus: Egc SAgs 

were secreted in exponential growth during bacterial cell culture, while non-egc SAgs – 

like most virulence factors – were secreted in the post-exponential growth phase. We 

conclude that the differential regulation of egc and non-egc SAg has an impact on the 

immune response.  

But how are SAgs regulated by S. aureus during its interaction with the host? Up until 

now most research on regulation of virulence factors has been performed in vitro and 

information about the in vivo behavior of the bacteria is difficult to generate, especially 

in humans. The immune response can help to shed light on this problem, because it is an 

exquisitely specific sensor for the exposure to different antigens. The high prevalence of 

neutralizing serum antibodies against non-egc SAgs indicates that most healthy adults 

have been exposed to these toxins during their encounters with S. aureus. In particular 

invasive episodes trigger such an antibody response as was shown in this work, which 

provides evidence that non-egc SAgs are produced during S. aureus bloodstream 

invasion. For egc SAgs this remains an open question. However, initial data indicate that 

the egc SAg genes are primarily transcribed during nasal colonization.  

Using SAgs as a model system, this thesis emphasizes the versatility of the species 

S. aureus (and also of individual bacterial strains), in its multifaceted encounters with 

the human host. Monovalent vaccines are not likely to be protective in these complex 

interactions. It will be a considerable challenge to determine which of the numerous 

virulence factors, including the wealth of SAgs, should be included in the antigen cocktail 

of a carefully composed anti-S. aureus vaccine.
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ZUSAMMENFASSUNG 

 

Staphylococcus (S.) aureus ist die häufigste Ursache für nosokomiale Infektionen. Die 

zunehmende Entwicklung von Antibiotikaresistenzen ist deshalb besorgniserregend. 

Gleichzeitig besiedelt S. aureus die Nasenschleimhaut von etwa 35% der gesunden 

Bevölkerung. Diese sogenannten Carrier haben ein erhöhtes Risiko für S. aureus-

Infektionen, die meist durch ihren endogenen S. aureus Stamm ausgelöst werden. 

Überraschenderweise haben Carrier im Fall einer Infektion eine deutlich bessere 

Prognose als Nichtcarrier. 

Das Genom der Spezies S. aureus ist hoch variabel - etwa 15% besteht aus mobilen 

genetischen Elementen. Hier werden hauptsächlich Virulenzfaktoren wie die 21 

bekannten Superantigene (SAgs) kodiert. SAgs sind sehr potente T-Zell-Mitogene und 

können S. aureus Lebensmittelvergiftungen und das Toxische-Schock-Syndrom auslösen. 

Über ihre Rolle bei anderen Krankheitsbildern ist wenig bekannt. SAgs werden 

allerdings nicht immer wirksam, denn neutralisierende Antikörper können SAgs binden 

und somit vor ihrer toxischen Wirkung schützen. Die hohe Diversität von S. aureus-

Stämmen und die Komplexität der Immunantwort des Wirts könnten erklären, weshalb 

bisher alle Anstrengungen, einen effektiven Impfstoff gegen S. aureus zu entwickeln, 

gescheitert sind. 

SAgs stehen im Mittelpunkt dieser Arbeit, da diese potenten Virulenzfaktoren mit ihrer 

Diversität die außergewöhnliche Variablität der Spezies S. aureus widerspiegeln. Die 

Arbeit hatte folgende Ziele: 

- Die Suche nach einem molekular-epidemiologischen Zusammenhang zwischen 

SAgs und verschiedenen durch S. aureus verursachten Krankheiten, 

- die Bestimmung der Prävalenz und Entwicklung von Antikörpern gegen SAgs bei 

gesunden S. aureus Carriern und Nichtcarriern sowie bei Bakteriämie-Patienten 

und 

- die Aufklärung der Ursache für das selektive Fehlen von neutralisierenden 

Serumantikörpern gegen eine Untergruppe von SAgs, die egc-SAgs. 

SAgs sind auf mobilen genetischen Elementen kodiert, auf Bakteriophagen, Plasmiden 

und Pathogenitätsinseln. Diese Elemente können durch zwei unabhängige Mechanismen 
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weitergegeben werden, durch vertikalen Transfer auf Tochterzellen oder durch 

horizontale Übertragung mit Bakteriophagen oder Konjugation. Wir haben die 

Verteilung von SAg-Genen und/ oder Bakteriophagen mittels Multiplex-PCR analysiert 

und mit dem genetischen Hintergrund der S. aureus-Isolate korreliert, der durch spa-

Typisierung bestimmt wurde. Insgesamt wurden über 700 S. aureus-Isolate aus nasaler 

Besiedlung, Bakteriämie bzw. Furunkulose untersucht. Die SAg-kodierenden mobilen 

genetischen Elemente und Bakteriophagen waren nicht zufällig verteilt, sondern stark 

an den genetischen Hintergrund der Isolate geknüpft: Jede klonale Linie war durch ein 

typisches SAg-Gen- und Bakteriophagen-Repertoire charakterisiert. Trotzdem wurden 

erhebliche Unterschiede innerhalb klonaler Linien und auch innerhalb desselben spa-

Typs beobachtet. Dies lässt vermuten, dass innerhalb einer klonalen Linie mobile 

genetische Elemente häufig erworben werden oder verloren gehen. 

Unsere Daten zeigen, dass die parallele Bestimmung der Virulenzgen- und 

Bakteriophagen-Profile und des genetischen Hintergrunds die Trennschärfe von 

genetischen Untersuchungen zu S. aureus-Virulenzmechanismen stark erhöht. Der 

Vergleich von nasalen und Blutkultur-Isolaten mit dem gleichen klonalen Hintergrund 

zeigte, dass die Exfoliatives Toxin d-kodierende Pathogenitätsinsel und das vollständige 

β-Hämolysin-Gen, nicht dagegen SAgs, bei Bakteriämie eine Rolle spielen. Außerdem 

beobachteten wir eine starke Korrelation von PVL mit Furunkulose, die unabhängig vom 

genetischen Hintergrund der Isolate war. Mit Ausnahme von seb, das innerhalb der Linie 

CC121 bei Furunkulose-Isolaten signifikant häufiger vorkam, waren SAgs nicht mit 

Furunkulose assoziiert. 

Die klinisch relevante protektive Wirkung von anti-SAg Antikörpern kann mit 

funktionellen Neutralisationsassays gemessen werden, allerdings sind diese Assays zeit-

und arbeitsintensiv. Eine elegante Alternative ist die Luminex®-Technologie, bei der 

zeitgleich die Antikörperbindung an verschiedene S. aureus-Antigene quantifiziert wird. 

Die Analyse von Serumproben von 15 persistierenden Carriern und 19 Nichtcarriern 

zeigte eine starke Korrelation der im Luminex-System gemessenen Antikörperbindung 

mit der neutralisierenden Kapazität gegen das SAg TSST-1. Auch mit dieser Technik 

bestätigte sich, dass Antikörper gegen egc-SAgs bei gesunden Carriern und Nichtcarriern 

selektiv fehlen, wie bereits von Holtfreter et al. berichtet wurde. 

Wir gingen davon aus, dass für die Bildung der hohen Antikörpertiter gegen nicht-egc-

SAgs, wie sie in gesunden Erwachsenen regelmäßig gefunden werden, (subklinische) 
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Infektionen nötig sind, da experimentelle Besiedlung mit S. aureus nicht ausreichte, um 

eine robuste Antikörperantwort zu generieren. Um dies zu überprüfen, haben wir die 

Antikörperentwicklung gegen SAgs während S. aureus-Bakteriämie untersucht (n = 64). 

Bereits in der akuten Krankheitsphase hatte ein Großteil der Patienten neutralisierende 

Antikörper gegen nicht-egc-SAgs, die häufig im Verlauf der Infektion weiter anstiegen. 

Interessanterweise induzierte auch eine systemische Infektion weder Boost noch 

Neubildung von neutralisierenden Antikörpern gegen egc-SAgs.  

Die „egc-Lücke“ in der Antikörperantwort, die jetzt sowohl bei gesunden Carriern und 

Nichtcarriers als auch nach systemischer S. aureus-Infektion gezeigt wurde, war 

unerwartet, da egc-SAgs bei klinischen S. aureus-Isolaten die häufigsten SAgs sind. Auf 

der Suche nach der Ursache haben wir die intrinsischen Eigenschaften von drei 

rekombinanten egc- (SEI, SElM und SElO) und drei nicht-egc-SAgs (SEB, SElQ und TSST-

1) verglichen. Egc- und nicht-egc-SAgs verhielten sich in allen untersuchten Aspekten 

der T-Zellaktivierung sehr ähnlich: Induktion der T-Zell-Proliferation, Zytokinsekretion 

und Genexpression in humanen Immunzellen. SAgs beider Gruppen induzierten eine 

starke proinflammatorische Th1- und Th17-Antwort. 

Im Gegensatz dazu wurden egc- und nicht-egc-SAgs unterschiedlich reguliert. Egc-SAgs 

wurden bereits in der exponentiellen Wachstumsphase sezerniert, während nicht-egc-

SAgs – wie die meisten andern Virulenzfaktoren – erst in der post-exponentiellen 

Wachstumsphase freigesetzt wurden. Wir folgern daraus, dass die unterschiedliche 

Regulation von egc- und nicht-egc-SAgs die adaptive Immunantwort beeinflusst. 

Wie werden SAgs bei der Wechselwirkung von S. aureus mit seinem Wirt reguliert? Die 

Forschung der Regulation von S. aureus-Virulenzfaktoren beschränkte sich bisher vor 

allem auf in vitro-Bedingungen, da in vivo-Untersuchungen besonders beim Menschen 

sehr schwierig sind. Die hochspezifische adaptive Immunantwort zeigt einen Ausweg: 

Sie gibt indirekt Auskunft über die in vivo-Expression verschiedener S. aureus-Antigene. 

Die hohe Prävalenz von neutralisierenden Serumantikörpern gegen nicht-egc-SAgs ist 

ein Indiz dafür, dass die meisten gesunden Erwachsenen während ihrer Begegnungen 

mit S. aureus mit diesen Toxinen in Kontakt gekommen sind. In dieser Arbeit wurde 

dokumentiert, dass diese Antikörperantwort bei invasiven Episoden verstärkt wird. Dies 

zeigt, dass zumindest die nicht-egc-SAgs bei einer Bakteriämie gebildet werden. Für egc-

SAgs lässt sich die Frage bisher nicht beantworten, doch weisen erste Daten darauf hin, 

dass egc-SAgs hauptsächlich während der nasalen Besiedlung transkribiert werden. 
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Als Modellsystem beleuchten die SAgs in dieser Arbeit die Vielseitigkeit der Spezies 

S. aureus und der Immunreaktion des humanen Wirts. Dass monovalente Impfstoffe 

gegen S. aureus wirksam sein werden, erscheint angesichts der komplexen 

Wechselwirkungen unwahrscheinlich. Die Herausforderung liegt jetzt darin herauszu-

finden, welche der zahlreichen Virulenzfaktoren, einschließlich der Fülle von SAgs, zur 

Antigen-Kombination einer wirksamen S. aureus-Vakzine gehören müssen. 
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ABBREVIATIONS 

 

ACME   arginin catabolic mobile element 

AFLP   amplified fragment length polymorphism 

agr   accessory gene regulator 

APC   antigen presenting cells 

AUC   area under the curve 

bp   base pairs 

CA-MRSA  community-associated MRSA 

CC   clonal complex 

CHIPS   chemotaxis inhibitory protein of S. aureus 

chp   CHIPS gene 

CI   confidence interval 

ClfA, ClfB  clumping factor A, B 

CV   coefficient of variation 

Eap    extracellular adherence protein 

Efb   extracellular fibrinogen binding protein 

egc   enterotoxin gene cluster 

ELISA   enzyme-linked immunosorbent assay 

eta, etb, etd  exfoliative toxin A, B, and D gene 

Fc   constant region of Ig 

FDR   false discovery rate 

FnbpA, FnbpB fibronectin-binding protein A, B 

geh   glycerol ester hydrolase gene 

gyr   gyrase 

HA-MRSA  hospital-associated MRSA 

hlb   beta hemolysin gene 

IDU   injection drug user 

IFN   interferon 

Ig    immunoglobulin 

IL   interleukin 

IsaA   immunodominant secretory antigen A 

IsdA, IsdH  iron-responsive surface determinant A, H 
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LPS   lipopolysaccharid 

LTA    lipoteichoic acid 

lukS-lukP,  leukocidin genes S and F, encoding PVL 

Luk-PV  operon encoding PVL 

Map-w  MHC class II analogue protein w 

mecA   methicillin resistance gene 

MFI   mean fluorescent intensity 

MGE   mobile genetic element 

MHC   major histocompatibility complex 

MLST   multi locus sequence typing 

MRSA   methicillin resistant S. aureus  

MSCRAMM microbial surface components recognizing adhesive matrix 

molecules 

MSSA   methicillin sensitive S. aureus 

OB-fold  oligosaccharide/ oligonucleotide-binding fold 

OD   optical density 

OR   odds ratio 

PAMP   pathogen associated molecular pattern 

PBMC   peripheral blood mononuclear cells 

PBS   phosphate buffered saline 

PCA   principal component analysis 

PCR   polymerase chain reaction 

PFGE   pulsed field gel electrophoresis 

PHA   phythemagglutinin 

PRR   pattern recognition receptor 

PVL   Panton-Valentine leukocidin 

S. aureus  Staphylococcus aureus 

SAB   S. aureus bacteremia 

SAg   superantigens 

sak   staphylokinase gene 

SaPI   S. aureus pathogenicity island 

sarA   staphylococcal accessory regulator  

SasG   S. aureus surface proteinG 

SCIN   staphylococcal complement inhibitor 
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scn   SCIN gene  

SdrD, SdrE  serine-aspartate dipeptide repeat protein D, E 

SE   staphyolococcal enterotoxin 

SEl   staphylococcal enterotoxin-like toxin 

spa   S. aureus protein A gene 

SpA   S. aureus protein A 

SSCmec  staphylococcal chromosomal cassette encoding the mecA gene 

SSL   staphylococcal SAg-like protein 

SSSS   staphylococcal scalded skin syndrome 

SSTI   skin and soft tissue infections 

ST   sequence type 

TCR   T cell receptor 

TGF   tumorforming growth factor 

TLR   toll like receptor 

TNFα   tumor necrosis factor alpha 

TSS   toxic shock syndrome 

TSST-1  toxic shock syndrome toxin 1 

VISA   vancomycin intermediate-resistant S. aureus 

VRSA   vancomycin-resistant S. aureus 

σB   alternative sigma factor 

νSa   S. aureus genomic island 
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