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Staphylococcus aureus superantigens (SAgs) are highly potent T cell mitogens. Antibodies against non-
enterotoxin gene cluster (non-egc) SAgs are common in healthy adults, whereas neutralizing antibodies against
egc SAgs are rare. We investigated the infecting S. aureus strains and the anti-SAg antibody response during
S. aureus bacteremia (SAB). 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 capacities of sera obtained at the
acute phase and the convalescent phase of SAB were tested against the SAg cocktail of the respective infecting
strain and a panel of recombinant SAgs. The lineages CC59 and CC30 were more prevalent among bacteremia
strains from IDUs than among strains from nonaddicts. SAg gene patterns in isolates from IDUs and
nonaddicts were similar. At the acute phase of bacteremia, IDUs had more neutralizing antibodies against
non-egc SAgs than did nonaddicts. Antibody titers frequently increased during infection. In contrast, there
were no neutralizing antibodies against egc SAgs at disease onset and such antibodies were not induced by SAB.
SAB triggers an antibody response only against non-egc SAgs. Preimmunization in IDU patients is probably
due to previous exposure to the infecting strain.

Staphylococcus 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 (46, 48).

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 to SEE
and SEG to SEJ), and the staphylococcal enterotoxin-like tox-
ins (SElK to SElU) (13, 24, 33, 35, 38). They are encoded on
mobile genetic elements, like phages and pathogenicity islands
(25). SAgs are the causative agents of food poisoning and toxic
shock syndrome, but their role in bacteremia is not well de-
fined (13, 28). They can activate a large fraction of T lympho-
cytes by directly cross-linking certain T cell receptor V� do-
mains with conserved structures on major histocompatibility
complex class II (MHC II) molecules. This results in a poly-
clonal T cell activation and massive cytokine release.

The more recently described enterotoxin gene cluster (egc)
harbors five or six SAg genes (seg, sei, selm, seln, selo, and
sometimes selu), which cluster on a staphylococcal pathogenic-
ity island (�Sa�) (17, 23). In contrast to the non-egc SAgs, the

egc is organized as an operon, and its genes are transcribed into
a polycistronic mRNA (17). The egc genes are the most prev-
alent SAg genes in commensal and invasive S. aureus isolates,
with frequencies ranging between 52 and 66% (4, 9, 14).

We previously reported that SAg genes are not randomly
distributed but rather strongly associated with the clonal lin-
eages (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 ge-
notypes can occur within one clonal complex (CC).

In addition to their superantigenicity, SAgs, like other pro-
teins, also act as conventional antigens and induce a specific
antibody response. Antibodies against non-egc SAgs (e.g.,
TSST-1, SEA, SEB, and SEC) are common in the healthy
population (12, 21, 39, 41). In S. aureus carriers, these anti-
bodies are highly specific for the SAgs of the colonizing strain
and they effectively neutralize their mitogenic effects (15). Sur-
prisingly, neutralizing antibodies against egc SAgs are very
rare, even among carriers of egc-positive S. aureus strains (ref-
erence 12 and unpublished observations). This “egc gap” in the
antibody response of healthy individuals was unexpected be-
cause of the high prevalence of egc SAg genes in clinical S.
aureus isolates (4, 9, 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 reg-
ulation, cytokine secretion, or induction of T cell prolifera-
tion (10). Remarkably, egc SAgs are secreted by S. aureus
during exponential growth in vitro, whereas non-egc SAgs—
like most virulence factors—are expressed during stationary
growth (10, 31).

* Corresponding author. Mailing address: Institute of Immunol-
ogy and Transfusion Medicine, University of Greifswald, Interims-
gebaeude Q05b, Sauerbruchstrasse, D-17487 Greifswald, Ger-
many. Phone: 49-3834-865462. Fax: 49-3834-865490. E-mail: dodo
.grumann@freenet.de.

� Published ahead of print on 19 January 2011.

487



The aim of our study was to determine SAg gene patterns of
S. aureus bacteremia (SAB) strains and to test whether the
differentially regulated egc SAgs and non-egc SAgs elicit an
antibody response during systemic infection. In particular, we
wanted to investigate the role of egc SAgs in SAB among
nonaddicts previously less exposed to S. aureus and among
injection drug users (IDUs) with more frequent contact with it.

In a prospective clinical study, we (i) determined the geno-
type and SAg gene patterns in bacteremia isolates from IDUs
and matched nonaddicts and (ii) compared the SAg-neutraliz-
ing capacities 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
cultures 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 (36). In this study, 43
IDUs and 44 group-matched nonaddicts as controls were included (Table 1)
(37). For each IDU with endocarditis (n � 19), we chose a nonaddict with
preferably definite endocarditis (n � 20; 16 definite 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 representa-
tives. The study was approved by the ethics committees of all study sites and was
conducted in accordance with the Declaration of Helsinki.

S. aureus identification and DNA isolation. Routine bacteriological methods
were used to detect S. aureus grown in blood (36). Total S. aureus DNA was
isolated with the Promega Wizard DNA purification kit (Promega, Mannheim,
Germany) according to the manufacturer’s instructions.

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) (37). 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 7 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 (1, 11). PCR prod-
ucts 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 se-
quence chromatograms were analyzed with the Ridom StaphType software,
version 1.99.11 (Ridom GmbH, Würzburg, Germany). With the BURP algo-
rithm (Ridom GmbH), spa types were clustered into different groups (the pa-
rameter “calculated cost between members of a group” was set at �5). 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 (40), 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 PCRs were applied for the detection of
genes for gyrase (gyr), methicillin resistance (mecA), Panton-Valentine leukoci-
din (PVL), staphylococcal enterotoxins (sea to selu), toxic shock syndrome toxin
1 (tst), and exfoliative toxins (eta and etd) and agr groups 1 to 4 as previously
reported (14).

Neutralization assay. Neutralization assays were performed as described be-
fore (12, 15, 47). Initially, the concentrations of bacterial supernatants 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). The bacterial supernatants were collected at the stationary growth phase
from cultures of the infecting S. aureus isolates grown in tryptone soy broth
medium. The recombinant SAgs were produced in Escherichia coli and were
efficiently lipopolysaccharide (LPS) depleted as described before (10). T cell
proliferation assays were performed in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS) using peripheral blood mononuclear cells (PBMCs) from
three different, healthy blood donors. Differences in the proliferative responses
between the PBMC donors concerned mainly the numbers of responding cells
(cpm values) and not their response curves.

Afterwards, four sets of neutralization assays were performed with PBMCs
from different donors. The appropriate concentrations of supernatant or recom-
binant SAgs were incubated in the presence of heat-inactivated patient sera
serially diluted in RPMI 1640-10% FBS. For control, supernatants or recombi-
nant SAgs were incubated without human serum and titrated over a broad range.
After 20 min, 105 PBMCs were added to measure mitogenic potency and neu-
tralizing serum capacity. T cell proliferation was determined by the incorporation
of [3H]thymidine after 72 h, quantified by calculating the area under the prolif-
eration curve (AUC), and expressed as a percentage of the control without
human serum. All measurements were performed in triplicate. Two IDU patients
(T-29359 and T-37698) were excluded because their invasive S. aureus isolate was
SAg negative.

Statistical analysis. Differences in the spa genotype and virulence gene pat-
terns between IDUs and nonaddicts were assessed using the chi-square test. The
Mann-Whitney test was used to compare the neutralizing capacities of sera from
IDUs and nonaddicts. The neutralizing capacities of the acute- and convalescent-
phase serum samples from the bacteremic patients were compared with the
paired t test. P values of �0.05 were considered statistically significant.

RESULTS

Genotypes 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 nontypeable by spa PCR.

The genetic diversities of SAB strain collections from IDUs
and nonaddicts were similar, but CC59 and CC30 were signif-
icantly overrepresented among isolates from IDUs in compar-
ison to those from nonaddicts (CC59, 20.9% versus 2.3%, P �
0.01, and CC30, 20.9% versus 4.5%, P � 0.05, respectively)
(Fig. 1). No CC or spa type was associated with endocarditis.

Virulence gene repertoire of SAB isolates from IDUs and
nonaddicts. To test whether SAB isolates from IDUs and
nonaddicts differ in their virulence gene patterns, we next
determined the accessory gene regulator (agr) type and SAg,
Panton-Valentine leukocidin (PVL), and exfoliative toxin

TABLE 1. Characteristics of IDUs and nonaddicts with methicillin-
sensitive Staphylococcus aureus bacteremia (n � 87)

Characteristic

No. (%) of patients

Injection drug
users (n � 43)

Nonaddicts
(n � 44)

Age (yr, 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 infection 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 mo 2 (4.7) 4 (9.1)

a Superficial S. aureus infections or S. aureus bacteremia (only IDUs).
b Prognosis or severity of underlying diseases classified according to the crite-

ria of McCabe and Jackson.
c Classified as definite or possible by using the modified Duke criteria.
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genes. agr is a global regulator of virulence gene expression,
and four different agr subgroups, agr 1 to 4, are known. In
agreement with previous studies (14, 16, 30, 34, 49), we ob-
served a strict linkage of agr subgroups with the spa-derived
lineages (Fig. 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% versus 15.9%, P � 0.01; sea,
30.2% versus 9.1%, P � 0.05), but this was due to the high
prevalence of sea/seb-positive CC59 and sea-positive CC30 iso-
lates among IDU strains. This emphasizes the importance of a
simultaneous analysis of virulence genes and genetic back-
ground. The comparison of SAg patterns within certain CCs
revealed no major differences between isolates from IDUs and
those from 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 infec-
tion, we analyzed the neutralizing antibody responses of SAB
patients (i) against the supernatant of their infecting strain and
(ii) against representative recombinant SAgs. Supernatants
were obtained from S. aureus cultures in stationary phase and
contain both egc SAgs, which are expressed at exponential
growth phase and remain in the culture, and non-egc SAgs,
which are typically secreted in stationary phase.

At the onset of bacteremia, many patients already possessed
neutralizing serum antibodies against the SAg cocktail pro-
duced by their infecting strain (Fig. 3 and 4A). While this
neutralizing capacity was mostly low in nonaddicts, IDUs al-
ready 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 concentra-
tions during SAB, again especially among IDUs (Fig. 3 and 4).

In some individuals, titers increased more than 100-fold (T-
30900 and T-35093 [Fig. 3, panel A2]). However, this was
different in patients infected with CC59 strains. These S. aureus
isolates harbored a number of non-egc SAgs (sea, seb, sek, and
selq), and their supernatants were strongly mitogenic. IDUs
infected with these strains had neutralizing antibodies at diag-
nosis of SAB, but serum concentrations did not further in-
crease thereafter.

The SAg cocktails in the S. aureus culture supernatants may
be close to the clinical situation, but their SAg composition is
not known. For molecular definition, we complemented anal-
ysis by neutralization assays with recombinant SAgs (TSST-1,
SEB, SEC, SElQ, and SEI), which in most patients confirmed
the results obtained with bacterial supernatants. SEI served as
a representative for the coexpressed egc SAgs. Sera from six
patients neutralized recombinant SAgs but not the bacterial
supernatants (e.g., Fig. 3, panel B3). The neutralizing effect
against individual SAgs was probably obscured by the mito-
genic effects of others that were also present in the superna-
tant.

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 (Fig. 3, panels A6
and B5; Fig. 4) and for recombinant SEI (Fig. 3, panels A4, A6,
B4, and B5; Fig. 4B). High titers of anti-SEI antibodies were
present in only 2 of the 62 tested patient sera (T-31257 and
T-36476, Fig. 3, panels A3 and A5). Both patients were IDUs,
and their anti-SEI antibody serum concentrations did not in-
crease during SAB.

DISCUSSION

Neutralizing antibodies against non-egc SAgs are common in
healthy adults (21, 39, 41), whereas neutralizing antibodies
against egc SAgs are very rare (12). Remarkably, the regulation
of SAg release differs fundamentally between the two groups
of SAgs (10, 31). These findings raised the question of how this
differential regulation of egc and non-egc SAgs affects the anti-
SAg antibody response during SAB. Comparison of SAB iso-

FIG. 1. Clonal distribution of SAB isolates from IDUs (A) and nonaddicts (B). 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. Significance was determined by the chi-square test (*, P � 0.05; **, P � 0.01). n.d., excluded.
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lates 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 (supernatants and recombinant SEI) 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 lin-
eages 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 as that reported for S. aureus colonization (16 to
27%) (6, 8, 14, 29), CC59 strains are rare in healthy European
carriers. Prevalences range from 0% to 4.5% in nasal isolates
from the United Kingdom, Poland, Netherlands, and Germany
(6, 8, 14, 27, 29). However, in IDUs from the United Kingdom,
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 con-
nected community of IDUs. We found no correlation of cer-
tain 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 (12, 21, 39, 41), 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 (15). 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 inoc-
ulation could be the reason for this, because frequent injec-
tions, contaminated drugs, sharing of drug use equipment, and
poor hygiene usually characterize the living conditions of IDUs
(2, 26). In agreement with this, studies from the 1970s showed
higher colonization rates and more frequent endogenous in-
fections in IDUs than in the general population (43, 44).

In IDUs but not in nonaddicts, bacteremia increased the
neutralizing serum capacity, extending earlier reports about
staphylococcal infections (e.g., bacteremia and wound infec-
tion) (18, 20). 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 (3, 22, 32, 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 (37). In addition to other factors, such as younger age,
lack of preexisting heart disease, and the predominance of
right-sided heart involvement (5, 7, 19), an efficient and pro-
tective antibody response might contribute to the more favor-
able outcome of S. aureus endocarditis in IDUs than in the
general population. Only a few nonaddicts responded to bac-
teremia with an increase of SAg-neutralizing antibodies. It

FIG. 2. Distribution of virulence genes within spa-defined CCs among
SAB isolates from IDUs (A) and nonaddicts (B). For construction of the
phylogenetic tree, several reference strains were included in the BURP
clustering (shaded in gray). 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 patterns.
Staphylococcal enterotoxins (SEs) are indicated by single letters (a � sea,
etc.). tst, toxic shock syndrome toxin; egc, enterotoxin gene cluster; eta and
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. n.d., excluded.
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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
preexisting 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 proper-
ties 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

FIG. 3. SAg-neutralizing capacities of selected SAB sera from IDUs (A) and nonaddicts (B). The neutralizing capacities of SAB sera (acute
phase and convalescent phase) against (i) the supernatant from the infecting strain and (ii) representative recombinant SAgs were determined.
Therefore, S. aureus culture supernatants or recombinant SAgs were incubated with serial dilutions of SAB sera. After 20 min, 105 PBMCs were
added and T cell proliferation was measured after 72 h by [3H]thymidine incorporation. The graph depicts the SAg-induced proliferation in the
presence of serum, expressed as percentages 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).
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to egc and non-egc SAgs (10). Because the amino acid se-
quences of the egc SAgs are more closely related to those of
individual non-egc SAgs than to each other (17, 42), it also
appears unlikely that the two groups of SAgs differ systemat-
ically in their immunogenicities. Remarkably, egc SAgs are
secreted during exponential growth in vitro, whereas non-egc
SAgs—like most virulence factors—are expressed in stationary
growth (10, 31). It remains to be shown whether SAgs are also
differentially regulated in vivo and whether this might explain
the egc gap in S. aureus carriers and noncarriers (12), which is
not closed following bloodstream invasion.
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