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Abstract
Staphylococcus aureus is a common human pathogen,
which is regularly part of the normal microflora found in the
nose and skin. It represents a significant threat to human
health, not in the least because of its capability to produce
exotoxins, which have superantigenic properties. These
exotoxins, in particular the staphylococcal enterotoxins
(SEs), are known to be involved in the modulation and ag-
gravation of airway inflammation. Indeed, recent studies
show an important impact of SEs on the natural course of
allergic rhinitis, nasal polyposis, asthma and COPD. This re-
view outlines the current knowledge on the influence of SEs
on airway inflammation. We highlight, in particular, the re-
cent evidence on their role in asthma.

Copyright © 2013 S. Karger AG, Basel

Introduction
Superantigens (SAgs) represent a growing family of

bacterial and viral proteins that share the capacity of in-
ducing massive activation of the immune system. White

et al [1] first described the concept of SAgs already in
1989, pointing out the ability of Staphylococcus aureus
enterotoxin B to induce a remarkable expansion of T cells
expressing T cell receptors with a specific subset of the T
cell receptor B-chain variable region. SAgs are able to
bind to the major histocompatibility complex (MHC)
class IT outside the peptide-binding groove, and to cross-
link to the T cell receptor (TCR) via the variable region of
the TCR B-chain (fig. 1).

This leads to a potent polyclonal activation of up to
25% of an individual’s T cell population. SAgs differ from
conventional antigens because they are not processed by
antigen-presenting cells (APC) and present as short pep-
tides. These conventional peptide antigens then require
recognition by all five variable elements of the TCR (V,
DB, JB, Va, Ja), resulting in a stimulation of about 0.001-
0.0001% of naive T cells.

As the number of different V regions in the human T
cell repertoire is restricted to less than 50, and as most
SAgs can bind more than one V{, a far more compelling
activation of circulating T cells is achieved. Consequently,
each SAg is associated with a characteristic V signature
that is independent of the MHC polymorphism, as is
shown in table 1.

This immune system stimulation of T cells and APC
by SAgs initiates a cascade of proinflammatory cytokines,
such as tumor necrosis factor-alpha (TNF-a) and inter-
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Fig. 1. SAg cross-linking of MHC class II receptor on APC and
TCR on T lymphocyte. Left: conventional antigen presentation
with processing and presentation by the MHC II within the pep-
tide binding groove. Right: SAg cross-linking MHC II and TCR,
without being processed.
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leukin-1 beta (IL-1b) and T cell mediators, such as IL-2,
leading to fever and shock. Concentrations of less than 0.1
pg/ml of a bacterial SAg are sufficient to stimulate T cells
in an uncontrolled manner, making SAgs the most pow-
erful T cell mitogens ever discovered [2].

Enterotoxin-producing S. aureus is probably the best
studied source of SAgs. However, other bacteria like
Streptococcus pyogenes (3], Yersinia pseudotuberculosis
[4] or Mycoplasma arthriditis mitogen [5] have known
SAg activities. Similarly, SAg formation is linked to some
viruses like rabies [6], Epstein Barr virus [7], Cytomega-
lovirus [8] or HIV [9].

Staphylococcal SAgs

S. aureus is one of the most significant infectious
threats to human health. It is a facultative anaerobic,
Gram-positive coccus, which is frequently part of the
normal microflora found in the nose and on the skin. Car-
riage of S. aureus appears to play a key role in the epide-
miology and pathogenesis of infection. In healthy sub-
jects, the anterior nares are most frequently colonized
with S. aureus, and over time, three patterns of carriage
can be distinguished: about 20% of people are persistent

Role of Staphylococcal SAgs in Airway
Disease

Table 1. List of frequently studied bacterial SAgs

SAg MW  Organism Human TCR Vf
kDa specificity

SPE-A 26.0  S. pyogenes 2.1,12.2,14.1,15.1

SPE-C 244  S. pyogenes 2.1,3.2,12.5,15.1

SPE-G 24.6  S. pyogenes 2.1,41,6.9,9.1,12.3

SPE-H 23.6 S pyogenes 2.1,7.3,9.1,23.1

SPE-I 26.0  S. pyogenes 6.9,9.1,18.1,22

SPE-] 24.6  S. pyogenes 2.1

SPE-K/L 27.4  S. pyogenes 1.1,5.1,23.1

SPE-L/M 26.2  S. pyogenes 1.1,5.1,23.1

SPE-M 253  S. pyogenes 1.1,5.1,23.1

SSA 26.9  S. pyogenes 1.1,3,15

SMEZ-1 243 S. pyogenes 2.1,41,7.3,8.1

SMEZ-2 24.1  S. pyogenes 4.1,8.1

SePE-H 23.6  S.equi ?

SePE-I 25.7  S.equi ?

SPE-LSe 274 S equi ¢

SPE-MSe 26.2  S.equi ?

SPE-Gdys 244  S.dysgalactiae ?

SDM 25.0  S.dysgalactiae  1.1,23

SEA 27.1  S. aureus 1.1,5.3,6.3,6.4,6.9,7.3,
7.4,9.1,23.1

SEB 284  S. aureus 1.1,3.2,6.4,15.1

SEC1 27.5  S.aureus 3.2,6.4,6.9,12,15.1

SEC2 27.6  S.aureus 12,13, 14, 15,17, 20

SEC3 27.6  S.aureus 5.1,12

SED 269  S.aureus 1.1,5.3,6.9,7.4,8.1,12.1

SEE 26.4  S.aureus 5.1,6.3,6.4,6.9,8.1

SEG 27.0 S. aureus 3,12,13.1,13.2, 14, 15

SEH 25.1  S. aureus Va27

SEI 249  S. aureus 1.1,5.1,5.3,23

SEJ 28.5 S. aureus

SEK 26.0  S.aureus 5.1,5.2,6.7

SEL 26.0  S.aureus 5.1,5.2,6.7, 16,22

SEM 24.8  S. aureus 6,7.1,8,9,18,21

SEN 26.1  S. aureus 5.1,5.3,9,20

SEO 26.7  S.aureus 51,7,21.3

SEP 27.0  S.aureus 5.1,8,16,18,21.3

SEQ 25.0 S. aureus 2.1,5.1,6.7,21.3

SER 27.0 S. aureus 3,5.1,8,11,12,13.2, 14

SEU 27.1  S.aureus 12,13.2, 14

TSST-1 22.1  S. aureus 2.1

MAM 25.2 M. arthritidis 6, 8 (murine)

YPM-A 145 Y. pseudo 3,9,13.1,13.2

tuberculosis
YPM-B 14.6 Y. pseudo- 3,9,13.1,13.2
tuberculosis
YPM-C 14.6 Y. pseudo- 3,9,13.1,13.2

tuberculosis

The major TCR VP targets are underlined [10]. MW = Mo-

lecular weight.
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Fig. 2. Reconstruction of phylogenic tree of staphylococcal enterotoxin genes (a) and toxins (b) [22].

carriers, 60% are intermittent carriers and approximately
20% almost never carry S. aureus [10]. This carriage is a
major risk factor for infection, as the colonizing strains
may serve as endogenous reservoirs for overt clinical in-
fections or may spread to other patients. Indeed, the elim-
ination of carriage in the anterior nares, the principal res-
ervoirs of S. aureus, reduces the incidence of S. aureus
infections [11].

S. aureus is responsible for an array of diseases rang-
ing from minor skin and soft tissue infections, such as
pimples, impetigo, cellulitis, folliculitis, carbuncles,
scalded skin syndrome and abscesses, to more invasive
and life-threatening infections, such as pneumonia,
meningitis, osteomyelitis, endocarditis, toxic shock
syndrome (TSS), bacteremia and sepsis. The ability of
S. aureus to cause such diverse diseases is due primar-
ily to an arsenal of virulence factors encoded in the
staphylococcal genome. Amongst these bacterial patho-
genicity or virulence factors, there are products whose
role in the disease process is either clearly demonstra-
ble, like toxins, or more or less obvious on the basis of
biological properties, e.g. enzymes that degrade tissue
components [12]. S. aureus is known for its production
of potent toxins. Once introduced into a host’s system,
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these toxins can act to profoundly stimulate the im-
mune system. The proteins are known to act on host
systems in three distinct ways: as enterotoxins, they in-
duce emesis and diarrhea in humans and nonhuman
primates [13], as exotoxins, they have been implicated
in the induction of toxic shock [14] and as SAgs, they
induce extensive Vf-specific T cell stimulation fol-
lowed by anergy and apoptosis, which results in immu-
nosuppression [15]. For a long time, the production of
SAgs by S. aureus was thought to be a rare phenome-
non, linked to the occurrence of staphylococcal tox-
emia and therefore restricted to isolates responsible for
such syndromes. However, because of the structural
and biological similarities that these staphylococcal
toxins share, it is no surprise that phylogenic analysis
has identified an enterotoxin gene cluster (egc) in S. au-
reus which was probably generated from an ancestral
gene through gene duplication and variation [16]. This
is shown in figure 2. In fact, SAg production by S. au-
reus isolates appeared more frequent than initially ex-
pected, and it is more common for S. aureus to possess
a SAg than not. Moreover, most of the strains harbor
several SAg genes as illustrated in their genome se-
quences [17].

Huvenne/Hellings/Bachert
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Fig. 3. Ribbon diagram of SEB as representative of SEs. The MHC
class IT and TCR recognition sites are indicated [25].

Staphylococcal Enterotoxins

Enterotoxins are short, secreted proteins (194-245
amino acids long) with a molecular mass of approxi-
mately 27 kDa. They share common biological and struc-
tural properties. Remarkably resistant to heat, the poten-
cy of these toxins can only be gradually degraded by pro-
longed boiling or autoclaving. Except for TSS toxin 1
(TSST-1), they are highly stable and resistant to most
proteolytic enzymes, such as pepsin and trypsin, which
explains the retention of their activity in the digestive
tract after ingestion.

Staphylococcal enterotoxins (SEs) are able to induce
high fever similar to bacterial endotoxin induction, le-
thal shock in animals resulting from excessive intrave-
nous doses, enhanced host susceptibility to endotoxin
lethality, cytokine production and the typical superanti-
genic feature of polyclonal T cell proliferation [18]. SEs
can bind directly and unprocessed to MHC class II mol-
ecules on APCs. Figure 3 depicts this binding of the
B-barrel of the SE domain A to the MHC II at a region
distinct from the peptide-binding groove [19]. SEs are
able to bind a wide variety of molecules, although there
is some preference depending on the toxin involved:
SEC prefers HLA-DQ and SEA, SEB, SED, SEE, SEH and
TSST-1 prefer HLA-DR [20]. Subsequently, the a-helices
of domain A can cobind and facilitate ligation between
the MHC II molecules of APCs and certain TCRs. As
described above, this binding is not dependent on T cell
antigenic specificity, but occurs as a function of the vari-
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able region of the TCR B- or a-chain [21]. Indeed, each
SAg interacts with a defined TCR repertoire, resulting in
massive cell activation of both cell types and the release
of cytokines.

The reason bacteria produce SAgs and the advantage
created by SAgs for the bacteria remain elusive. Most like-
ly, the purpose is not to induce systemic toxic shock in the
host. Probably, SAgs are rather inducing local T cell acti-
vation in the early stages of infection. This local T cell
activation can result in the production of cytokines, such
as IL-2, IFN-y and TNF-a, which suppresses local inflam-
mation [22].

Effects on Different Cells

Besides the activation of T cells, increasing evidence
shows the ability of staphylococcal enterotoxins to in-
teract with other cells, such as B cells, eosinophils, mast
cells and epithelial cells. Similar to T cell binding, this
unconventional type of B cell ligand can, in principle,
trigger all B cells bearing the appropriate variable re-
gion, regardless of the other junctional and diversity
segments. Interestingly, the concentrations of SEs and
the surrounding cytokines determine the effect of SEs
on B cells. Cross-linking of the MHC class II molecule
on B cells with TCR on T cells results in IgE production,
when low amounts of IFN-y are combined with low SE
concentration. However, IgE production is inhibited by
IEN-y upon high SE concentration [23]. Interestingly,
the effect of SEs on B cell stimulation also depends on
the type of SAg. SEA and SEB fail to induce proliferation
of B cells in the absence of T cells. Survival of B cells, on
the other hand, is enhanced by SEB. An elegant analysis
of the distinct biological behavior of different staphy-
lococcal enterotoxins has been made by Grumann et
al. [24], concluding that the differential release of en-
terotoxins by S. aureus might explain the differences
observed.

Eosinophils are mostly considered to be actors in the
effector limb of the immune response, because of their
origin in the myelocytic cell series and biochemical simi-
larities to neutrophils. However, several biological fea-
tures of human eosinophils suggest they may also per-
form functions in the afferent limb of the immune re-
sponse. Human eosinophils become hypodense and
express MHC class II molecules when activated by gran-
ulocyte-macrophage colony-stimulating factor (GM-
CSF) in vitro or in vivo in pathological conditions such as
allergic disorders. Studies have therefore been undertak-
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en to examine the capacity of class II MHC-expressing
eosinophils to serve as APC for resting and activated
CD4+ T cells [25]. Eosinophils preincubated with GM-
CSF induced resting T cells to proliferate in response to
SEs (SEA, SEB and SEE). Furthermore, SAg-induced T
cell proliferation correlated with the proportion of eo-
sinophils expressing class II MHC molecules.

Compared to macrophages, however, eosinophils
are not as efficient in acting as accessory cells for SE-
induced T cell proliferation. The function of macro-
phages as accessory cells for SE-induced T cell prolif-
eration has already been studied extensively in several
research lines [26, 27]. On the other hand, the direct
effects of SE on macrophage activity have been docu-
mented, in particular, the effect on the production of
cytokines. IL-8 is synthesized and secreted by human
alveolar macrophages upon incubation with SEA [28].
Furthermore, stimulation of macrophages with SEB
causes release of chemotactic protein leading to neutro-
phil migration by a mechanism mediated by platelet-
activating factor, histamine H(2) receptors, lipoxygen-
ase products and substance P [29]. Interestingly, in pa-
tients suffering from chronic rhinosinusitis with nasal
polyps (CRSWNP), we recently demonstrated that ma-
crophages display a decreased phagocytotic capacity
of enterotoxin-producing S. aureus, which potentially
contributes to the persistence of chronic inflammation
in CRSWNP [30].

Similar to eosinophils and macrophages, mast cells can
be directly activated by SEs, but also act as accessory cells
for T cell activation. Staphylococcal protein A is capable
of cross-linking IgE molecules on mast cells [31]. Mast
cells isolated from human heart tissue are able to release
histamine, tryptase and leukotriene C4, when incubated
with staphylococcal protein A [32].

The effect of SEs, in particular SEB, on epithelial cells
has been described previously [33]. Briefly, SEB can acti-
vate the immune system after contact with epithelial cells
by MHC class II binding and cross-linking. In this case,
epithelial cells act as accessory cells for SAg-induced T
cell activation [34, 35]. However, the involvement of non-
MHC class II receptors has also been demonstrated [36].
Moreover, SEB is known to activate APCs like dendritic
cells via Toll-like receptor (TLR)2, a receptor which plays
an important role in pathogen recognition and innate im-
munity [37]. Interestingly, these TLRs are also present on
nonprofessional APC these epithelial cells [38]. Figure 4
summarizes the effects of staphylococcal enterotoxins on
different cell types.
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Atopic Dermatitis

Atopic dermatitis (AD) is a chronically relapsing in-
flammatory disease of still unknown etiopathogenesis. A
typical characteristic of AD is the infiltration of T cells,
monocytes/macrophages and eosinophils into the skin
lesions. AD patients show an enhanced susceptibility to
cutaneous infections with certain viral, fungal and mi-
crobial pathogens. The first evidence that S. aureus might
play arole in AD appeared already 30 years ago [39], and
since then, the prominent role of S. aureus skin coloniza-
tion as a factor contributing to the exacerbation of AD
has been well established. In AD patients, colonization
with S. aureus is found significantly more often (80-
100%) than in healthy controls (5-30%) [40]. This is
likely the result of a combination of host factors includ-
ing skin barrier dysfunction as well as impaired host im-
mune responses in AD [41]. The majority of these S. au-
reus isolates from AD skin secrete identifiable S. aureus
enterotoxin A, SEB and TSST-1, suggesting a direct in-
volvement of SAg in the disease mechanism. Further-
more, IgE to these toxins was found in the serum of 57%
of patients in one study [42], and these IgE antibodies
correlated with skin disease severity. This study also
showed an increased number of T cell bearing a SAg-
specific TCR V{ repertoire in the diseased skin of AD
patients, further supporting the role of SAgs in AD
pathophysiology.

SAgs have been demonstrated to induce corticosteroid
resistance of T cells in vitro [43]. This could contribute to
difficulty in the management of AD, because topical cor-
ticosteroids are the most common medication used for
treating AD. Indeed, S. aureus isolates from patients with
steroid-resistant AD showed the ability to produce large
numbers of SAg types per organism, significantly higher
than those produced by other skin isolates. Furthermore,
S. aureus isolates from patients with steroid-resistant AD
have been selected for their production of greater num-
bers of SAgs than those produced by isolates from a gen-
eral population of patients with AD. Thirdly, in addition
to having the potential to make more types of SAgs, S.
aureus isolates from patients with steroid-resistant AD
also have dysregulated production of SAgs and produce
unusual SAg combinations [44].

Mouse models of AD have been developed using epicu-
taneous immunization with SEB. This elicits allergic skin
inflammation accompanied by a systemic Th2 response to
the SAg, suggesting that SAgs might play a role in the
pathogenesis of AD [45]. Indeed, epicutaneous exposure

Huvenne/Hellings/Bachert
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Fig. 4. Effects of staphylococcal enterotoxins on different cell types.

to SEB elicited a local, cutaneous, inflammatory response
characterized by dermal infiltration with eosinophils and
mononuclear cells and increased mRNA expression of the
Th2 cytokine IL-4, sharing several features with AD skin
lesions. In another model, topical SEB treatment provoked
epidermal accumulation of CD8+ T cells, a mixed Th1/
Th2 type dermatitis and vigorous production of SEB-spe-
cific IgE and IgG2a antibodies as well as significantly in-
creasing the production of ovalbumin (OVA)-specific IgE
and IgG2a antibodies [46]. These findings can be related
to the chronic phase of atopic skin inflammation.

Food Allergy

SEs have an established association with several atopic
conditions. S. aureus contamination is one of the most
prevalent causes of food poisoning, and SEs are most fre-
quently found in foods such as milk, dairy products, eggs,
meat and fish - all potential food allergens [47]. As de-
scribed above, SEB is resistant to breakdown by stomach
acid and is transcytosed across the intestinal epithelium.
This has led to the development of a new mouse model of

Role of Staphylococcal SAgs in Airway
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food allergy to oral antigen, using concomitant OVA and
SEB application. In this model, orally administered SEB
was able to elicit sensitization to low doses of OV, pro-
moting a dominant Th2 response [48]. However, this was
only the case when SEB was administered together with
the antigen, as SEB alone did not show any response. The
authors hypothesize that SEB exposure leads to allergic
sensitization to food allergens, perhaps via a breakthrough
of oral tolerance. The development of Th2 immunity to
oral antigen in this model likely occurred as a result of a
loss in immune suppression, with decreased levels of
FoxP3 mRNA and TGEF-f levels in OVA/SEB mice.
Other experimental animal models have been de-
scribed using SEB in the study for colitis [49]. In this
model, the authors demonstrate alteration of regulatory
T cell development by SEB, which contributes to the ac-
tivation of effector T cells in a dysregulated environment.
The observation that mucosal exposure to SEs activated
the development of intestinal inflammation in immune-
deficient hosts may explain how gut flora and bacterium-
derived products could lead to the development of chron-
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ic inflammatory bowel disease in immune-dysregulated
intestinal mucosa.

One other interesting experimental model from Tila-
hun et al. [50] studied the superantigenic capacity of SEs
in the field of TSS, a serious systemic illness. TSS is caused
by SAgs which cause a massive acute T cell activation. The
T cells activated by SAgs rapidly produce large amounts
of cytokines and chemokines, resulting in a sudden surge
in the systemic levels of these biological mediators. This
process, called systemic inflammatory response syn-
drome, may lead to multiple organ dysfunction syn-
drome, where several vital organs within the body fail to
perform their physiological functions. The usage of
mouse models to study TSS is necessary in order to find
new therapeutic strategies for this possible life-threaten-
ing disease, caused by the SAg exotoxins of S. aureus.

Role of Staphylococcal Enterotoxins in Airway
Disease

S. aureus is a ubiquitous common human pathogen,
which is most frequently found in the anterior nares of
the nose. Producing enterotoxins with superantigenic
properties, S. aureus is known to modulate airway dis-
ease. Most likely, it is not the purpose of these SAgs to
induce systemic toxic shock in the host, but rather to act
locally, probably suppressing local immune responses.
However, transcytosis of SEB, a prototypic staphylococ-
cal SAg, has been described in the intestinal epithelium
[51, 52]. Furthermore, SEB can elicit robust systemic im-
mune activation following exposure through nonenteric
portals of entry such as the nasal, conjunctival or vaginal
routes [53]. In order to study the systemic levels of SEB
after endonasal application in our studies, we have dem-
onstrated a time-dependent increase in the serum levels
of SEB after endonasal application, demonstrating sys-
temic absorption after local airway application (figure 5).

Allergic Rhinitis

Similar to AD, it has been suggested that staphylococ-
cal enterotoxins may play a role in allergic rhinitis. It has
been reported that the nasal carriage of S. aureus was
higher in patients with perennial allergic rhinitis (44%)
than in control subjects (20%). There was an even more
significant association with enterotoxin-producing S. au-
reus (22vs. 6.7% in control subjects) [54]. Rossiand Mon-
asterolo [55] analyzed the prevalence of serum-specific
IgE towards SEA, SEB, SEC, SED and TSST-1 in dust-
mite-allergic patients with allergic rhinitis and found an
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Fig. 5. Time-dependent increase in serum levels of SEB after endo-
nasal application. Local upper airway application of SEB results in
systemic absorption.

increase in serum eosinophil cationic protein in patients
with antienterotoxin IgE compared with IgE-negative pa-
tients. This observation pointed to an involvement of SEs
in local IgE production and a Th2-type biased eosinophil
inflammation. Further evidence was obtained from ani-
mal experiments with BALB/c mice that were intrana-
sally sensitized with Schistosoma mansoni egg antigen
(SmEA) in the presence or absence of SEB. Nasal expo-
sure to SEB resulted in the enhanced development of al-
lergic rhinitis in SmEA-sensitized mice, shown by SmEA-
specific IgE production, nasal eosinophilia and produc-
tion of IL-4 and IL-5 by nasal mononuclear cells after
antigen challenge [56].

Nasal Polyposis

Nasal polyps, also referred to as chronic rhinosinusitis
with nasal polyps (CRSWNP), are characterized by an eo-
sinophilic type of inflammation driven by IL-5 and eo-
taxin which together orchestrate the chemotaxis, activa-
tion and survival of eosinophils [57]. An increased colo-
nization rate with S. aureus has been described in 60% of
CRSwNP patients, and 87% of CRSWNP with comorbid
asthma and aspirin sensitivity, versus 33% in control pa-
tients [58]. Furthermore, IgE antibodies to SEs were pres-
ent in 28% of polyp samples, with rates as high as 80% in
the subgroup with asthma and aspirin sensitivity, com-
pared with 15% in control individuals. Moreover, an in-
creased number of T cells expressing the TCR V{3 known
to be induced by microbial SAgs was detected in CRSWNP

Huvenne/Hellings/Bachert
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and correlated with the presence of specific IgE against
SEs [59]. This SE-specific IgE serves as an indicator for
the impact of SAgs on the mucosal inflammation. These
specific IgE antibody level in the tissue is associated with
high total IgE titers, and is polyclonal. Interestingly, this
polyclonal IgE from mucosal tissue appears to be func-
tional, and may induce mast cell degranulation to numer-
ous inhalant allergens. Together with the fact that SEB
may serve as an allergen, these findings may contribute to
persistent inflammation by continuously activating mast
cells [60]. These findings confirm the role played by S.
aureus enterotoxins as disease modifiers in CRSWNP [61,
62]. As a proof of concept, we have recently demonstrat-
ed that anti-IgE treatment with omalizumab has clinical
efficacy in the treatment of nasal polyps, which supports
the importance and functionality of local IgE formation
in the airways [63].

Asthma

The relation between SE-specific IgE and the severity
of asthma has been suggested from the above-mentioned
data in CRSWNP patients. Interestingly, it has been shown
that serum from asthmatic patients more often contains
SE-specific IgE than serum from controls. Furthermore,
within the group of asthmatic patients, severe asthmatics
more often have SE-specific IgE than those with mild asth-
ma [64, 65]. A pathophysiological link between SE-specit-
ic IgE and bronchial inflammation has therefore been sug-
gested. In mice, SEB enhanced the allergen-induced bron-
chial inflammation in experimental asthma, as reflected
by more eosinophilic inflammation in the airway lumen
and in bronchial tissue. Aggravation of experimental asth-
ma correlated with higher expression of mRNA for IL-5,
IL-4, IFN-y, IL-12 p40, eotaxin-1 and TGF-f in bronchi.
In addition, nasal SEB elevated concentrations of IL-4,
IL-5 and IFN-y in serum and bronchial SEB increased ti-
ters of OV A-specific and total IgE in serum [66].

Staphylococcal enterotoxins cause a Th2-biased in-
flammation and amplification in CRSWNP patients. In
addition, in a specific phenotype of CRSWNP patients,
namely the ones with high IL-5 expression, SEs signifi-
cantly modify the severity of upper airway inflammation.
Interestingly, these patients carry a considerable risk for
comorbid asthma [62].

Based on the above-mentioned findings, a hypothesis
was recently formulated, proposing a role for SAgs in the
development of intrinsic asthma. S. aureus may be able to
invade bronchial epithelial cells and release its enterotox-
ins. Subsequent stimulation of T and B cell proliferation
may follow as well as the induction of class-switching to

Role of Staphylococcal SAgs in Airway
Disease

IgE and the production of allergen-specific IgE in muco-
sal B cells. Furthermore, S. aureus may also degranulate
mast cells and cause the release of cytokines. Patients with
intrinsic asthma may be susceptible to colonization of the
lower airways with S. aureus, which, through the local re-
lease of SAgs, drives an allergic inflammatory response
and local IgE formation; this is associated with more se-
vere asthma, as the anti-inflammatory response to corti-
costeroids is reduced [67]. This hypothesis is in line with
murine data, where SEB induces lymphocytic inflamma-
tion and eosinophilia in the lungs with increased produc-
tion of IL-4, together with airway hyperresponsiveness in
both IgE-and non-IgE-producing mouse strains, demon-
strating the capacity of SAgs to induce allergic inflamma-
tion independent of any allergen [68]. Recently, we have
confirmed the involvement of staphylococcal SAgs in the
pathophysiology of patients with severe asthma, demon-
strating that staphylococcal enterotoxin IgE antibodies,
but not IgE against inhalant allergens, are risk factors for
asthma severity [69]. Indeed, the impact of staphylococ-
cal SAgs has been shown to modify the immune response,
contributing to persistent severe disease via the activation
of T and B cells and the formation of local IgE [70].

In early childhood, SEs are potential modifiers of child-
hood wheeze and eczema. The levels of SE-specific IgE in
children with eczema and wheeze are significantly in-
creased compared to healthy 5-year-old children. Fur-
thermore, the proportion of patients sensitized to SEs in-
creases with increasing symptoms severity [71]. In a co-
hort of 1,380 teenagers, we were able to demonstrate a
positive association between type 2 immunity to S. aureus
and asthma phenotypes [72]. This association reflects IgE-
mediated effector cell activation of SEs, which are secreted
in soluble form. In this study, we could demonstrate sig-
nificantly higher SE-specific IgE levels in atopic individu-
als compared to nonatopic individuals. Moreover, in uni-
variate models, SE-specific IgE titer was a significant risk
factor for asthma and bronchial hyperresponsiveness,
particularly amongst atopics. In nonatopics, SE-specific
IgE appeared to function as an independent risk factor for
bronchial hyperresponsiveness, implying that, despite its
low titer, this IgE may contribute to airway inflammation
in subjects in whom significant IgE of other specificities is
extremely rare. Interestingly, we found a contrasting be-
nign nature of IgE to Haemophilus influenzae and Strep-
tococcus pneumoniae antigens: IgE specific to these is in-
versely associated with asthma risk in healthy atopic teen-
agers, despite the fact that respective mean production
levels are higher than corresponding responses to SEs
which are positively associated with risk. This may reflect
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their lower availability in soluble forms that can cross-link
IgE receptors. We theorize that, instead, they may be pro-
cessed by APC and presented to type-2 memory cells lead-
ing to the mucosal secretion of IL-4/IL-13, a mechanism
widely recognized in other tissues to attenuate Th1-asso-
ciated bacterial-induced inflammation [73].

CoPD

Staphylococcal enterotoxins can modulate airway in-
flammation in COPD patients, similar to in unstable
asthma. This was studied in smokers, stable COPD, exac-

erbated COPD and healthy controls. The authors found
a significant increase in serum SE-specific IgE levels in
COPD patients compared to controls. This indeed re-
flects the SAg activity on the B and T cells of these SEs
[74], which challenge the lower airways locally. This hy-
pothesis is reinforced by the fact that bacterial coloniza-
tion including that of S. aureus is increased in the lower
airways of COPD patients. Moreover, during exacerba-
tions of COPD, S. aureus has been found as a pathogen.
Altogether, these findings indicate a possible role for SEs
in the pathogenesis of COPD, similar to that in severe
asthma. Further research is urgently needed to test this
suggestion.
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