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T-helper 17 (Th17) cells are characterized by their production of interleukin-17 (IL-17) and have a role in
the protection against infections and in certain inflammatory diseases. Humans who lack Th17 cells are more
susceptible to Staphylococcus aureus infections compared to individuals having Th17 cells. S. aureus is part of
the commensal skin microflora and also colonize the infant gut. To investigate whether UV-killed S. aureus
would be more capable of inducing IL-17 than other commensal bacteria, we stimulated mononuclear cells
from adults, infants, and newborns with various gram-positive and gram-negative commensal bacteria. IL-17
was produced from adult memory Th17 cells after stimulation with superantigen-producing S. aureus but not
nonsuperantigenic S. aureus or other common commensal gut bacteria. Cells from newborns were poor IL-17
producers after stimulation with S. aureus, whereas in some cases IL-17 was secreted from cells isolated from
infants at the age of 4 and 18 months. These results suggest that superantigenic S. aureus are particularly
efficient in stimulating IL-17 production and that the cytokine is produced from memory T cells.

The recently discovered T-helper 17 (Th17) cell, character-
ized by the ability to produce interleukin-17 (IL-17) and IL-22,
is a distinct T-helper subset with the lineage-specific transcrip-
tion factor RORvyt (10, 20). The factors required for driving
the differentiation of naive cells to Th17 cells in mice are
transforming growth factor B (TGF-B) and IL-6, whereas in
humans IL-1B and IL-23 are needed in addition to TGF-B and
IL-6 (20, 28). The combination of these cytokines induces the
expression of RORyt in a STAT3-dependent manner (19).
Th17 cells have been shown to be involved in the pathogenesis
of several inflammatory diseases such as rheumatoid arthritis,
psoriasis, and inflammatory bowel disease (IBD) (9, 15, 24).
For example, patients suffering from Crohn’s disease display
higher levels of IL-17 in serum, as well as stronger expression
of IL-17 in the colonic mucosa, than healthy subjects (9). The
IL-17-producing T cells found in the gut of Crohn’s patients
are likely to be Th17 cells, based on their expression of CCRO6,
IL-23R, and ROR~t (5). Furthermore, IL-17 has been ascribed
a role in protective immunity against both intracellular and
extracellular bacteria, as well as fungi, although this has not
been fully elucidated (reviewed in reference 22). The mecha-
nisms behind the protective effects are varied; for example,
IL-17 is able to induce the production of antibacterial peptides
such as B-defensins in human airway epithelial cells (12).
Moreover, IL-17 attracts neutrophils by regulating chemokines
such as CXCLS/IL-8 (14). Mice deficient in the IL-17 receptor
have been shown to be sensitive to intranasal infection with the
gram-negative bacterium Klebsiella pneumoniae and displayed
an impaired neutrophil recruitment compared to wild-type
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mice (29). However, humans deficient in Th17 cells are highly
susceptible to infections caused by the gram-positive bacterium
Staphylococcus aureus. Such Th17 deficiency has been discov-
ered in patients with hyper-immunoglobulin E syndrome, which
in most cases is caused by mutations in the DNA-binding
domain of STAT3 (19, 25). These findings make it reasonable
to suggest that Th17 cells might have a role in the host pro-
tection against S. aureus.

In adults, S. aureus primarily colonize the skin in the nasal
area but in newborns S. aureus has emerged as a major early
colonizer of the gut (17, 18). The gastrointestinal tract is the
major site of colonization by commensal bacteria and as many
of these bacterial populations are acquired shortly after birth,
they are important for the development and maturation of the
immune system early in life (26). About half of the S. aureus
strains colonizing infants by 1 week of life produce one or more
toxins with superantigenic functions, most commonly staphy-
lococcal enterotoxin C (SEC) (54%), followed by a combina-
tion of toxic shock syndrome toxin 1 (TSST-1) and staphylococ-
cal enterotoxin A (SEA) (46%) (18). Each of these superantigenic
toxins stimulate 10 to 30% of all T cells without being pro-
cessed by antigen-presenting cells (APC) (21). Superantigens
bind directly to specific regions of major histocompatibility
complex class II molecules on the APC and to the variable
region of the B chain (V) of the T-cell receptor (TCR) (6).

The aim of the present study was to evaluate the capacity
of S. aureus, compared to other fecal commensal bacteria iso-
lated from healthy infants, to stimulate production of IL-17 in
mononuclear cells from adults, infants, and newborns and to
determine the cellular origin of IL-17. We show that superan-
tigenic S. aureus are strong inducers of IL-17 from adult mem-
ory Th17 cells, in contrast to nonsuperantigenic S. aureus and
other commensal intestinal bacterial strains. However, super-
antigenic S. aureus are poor inducers of IL-17 in T cells from
infants and newborns.
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TABLE 1. Bacterial strains

Strain® Source?
Gram-positive bacteria
Enterococcus faecalis AF 137.1.7
Bifidobacterium bifidum CCUG 18364

Lactobacillus paracasei
Lactobacillus rhamnosus
Clostridium difficile
Clostridium perfringens
Staphylococcus aureus nonsuperantigenic 1...
Staphylococcus aureus nonsuperantigenic 2
Staphylococcus aureus SEA 1.
Staphylococcus aureus SEA 2.
Staphylococcus aureus SEB 1
Staphylococcus aureus SEB 2..
Staphylococcus aureus SEC
Staphylococcus aureus SEC 1
Staphylococcus aureus SEC 2
Staphylococcus aureus TSST-1 1 ...
Staphylococcus aureus TSST-1 2 ...
Staphylococcus aureus TSST-1/SEA 1...
Staphylococcus aureus TSST-1/SEA 2

Gram-negative bacteria
Bacteroides fragilis .............cvverrrressseeseseseeene AF 137.6.12
ESCREFICHIA COll ... AF 120.4.1

“ All strains were obtained from infant fecal samples.

® AF, Allergyflora Study, in collaboration with the Department of Clinical
Bacteriology, University of Gothenburg; CCUG, Culture Collection of the Uni-
versity of Gothenburg; AFI, Allergyflora Study Italy, in collaboration with the
Department of Clinical Bacteriology, University of Gothenburg.

MATERIALS AND METHODS

Cell isolation and culture. Venous blood samples were obtained from healthy
volunteers and collected in sterile heparinized tubes. Cord blood samples were
drawn from the umbilical cord of healthy babies born at the Sahlgrenska Uni-
versity Hospital (Mélndal, Sweden). Blood samples were also provided from
healthy 4- and 18-month-old children who were included in the prospective
FARMFLORA study. The study was approved by the Human Research Ethics
Committee of the Medical Faculty at the Sahlgrenska Academy, Gothenburg
University. Peripheral blood mononuclear cells (PBMC), as well as cord blood
mononuclear cells (CBMC), were isolated by density gradient centrifugation on
Lymphoprep (Fresenius Kabi, Oslo, Norway). In the CD4-positive cell separa-
tion experiment, CD4-positive cells were purified by using Dynabead CD4-
positive isolation kit (Dynal Biotech ASA, Oslo, Norway). The purity of the
CD4-positive cells was typically >94%. Cells were cultured (37°C, 5% CO,) in
the serum-free medium X-vivo 15 (Lonza, Verviers, Belgium) supplemented
with 1% L-glutamine (Sigma-Aldrich, St. Louis, MO) in 96-well culture plates
(2 X 10° cells/ml) for 72 h. PBMC and CBMC were stimulated in duplicate with
various UV-killed bacteria (5 X 107/ml), as shown in Table 1, or with 2 ng of
purified SEA, SEB, or TSST-1 (Sigma-Aldrich)/ml. Supernatants were collected
on day 3 and stored at —20°C until analysis.

Intestinal bacterial strains. The bacterial strains used in the present study
were isolated from healthy infants in the Allergyflora study and cultured from
stool samples obtained at 1, 2, 4, and 8 weeks and at 6 and 12 months of age as
previously described in detail (2). Bacteria were identified to the species level by
using biochemical or molecular methods (2, 4, 18). S. aureus isolates were tested
for the production of enterotoxins A, B, C, and D (SET-RPLA kit) and TSST-1
(TST-RPLA kit) (both from Oxoid, Hampshire, Great Britain) (18). Prior to use
in cell culture the bacteria were inactivated by exposure to UV light (280 to 315
nm) for 15 to 20 min. Complete UV inactivation was confirmed by negative
viable count, i.e., the inability of the bacteria to grow when cultured on horse
blood agar for 24 h. Bacteria were stored at —70°C until use.

Cytokine measurements. Secreted IL-17, gamma interferon (IFN-y), IL-6, and
tumor necrosis factor (TNF) in culture supernatants were quantified by in-house
sandwich enzyme-linked immunosorbent assays (ELISAs), as described previ-
ously (13). Briefly, Costar plates (1/2 area; Invitrogen, San Diego, CA) were
coated with monoclonal anti-human IL-17, IFN-y, IL-6, or TNF antibodies;
secreted cytokines were subsequently detected with biotinylated anti-human
antibodies; and recombinant human IL-17, IFN-y, IL-6, or TNF were used as
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standards. Antibodies and standards for the IFN-vy, IL-6, and TNF ELISAs were
purchased from BD Pharmingen (San Jose, CA), and antibodies and standards
for the IL-17 ELISA were purchased from R&D Systems (Minneapolis, MN).
Samples, standards, and biotinylated antibodies were diluted in high-perfor-
mance ELISA buffer (HPE; Sanquin, Amsterdam, The Netherlands). Absor-
bance was measured at 450 nm by using a SpectraMax Plus spectrophotometer
(Molecular Devices, Downingtown, PA). Raw data were processed, and standard
curves generated with the computer software SoftMax Pro (Molecular Devices)
and Deltasoft (BioMetallics, Inc., Princeton, NJ). The detection limits for the
assays were as follows: 20 pg/ml for IL-17, 0.1 ng/ml for IFN-y, 0.6 ng/ml for IL-6,
and 0.025 ng/ml for TNF.

Surface and intracellular staining for flow cytometry analysis. After 3 days of
culture, cells were reactivated with phorbol myristate acetate (50 ng/ml; Sigma-
Aldrich) and ionomycin (1 wg/ml; Sigma-Aldrich) in the presence of Golgistop
(BD Biosciences, Franklin Lakes, NJ) for at least 3 h. Cells were labeled for
surface markers using anti-CD3 PerCP, anti-CD8 Pacific Blue, anti-CD45RA
fluorescein isothiocyanate, or anti-CD45RO PE (BD Biosciences) for approxi-
mately 20 min in 8°C, followed by fixation in FIX/PERM buffer (eBioscience, San
Diego, CA), permeabilization with PERM buffer (eBioscience), blocking by the
addition of 2% normal rat serum (eBioscience), and intracellular staining with
anti-IL-17 Alexa fluor 647 (eBioscience) for 30 min in 8°C. Fluorescence-minus-
one or isotype controls were used as controls. Cells were analyzed by using
FACSCantoll (BD Biosciences), and data were further processed by using
FlowJo software (Three Star, Inc., Ashland, VA).

Statistical analysis. For statistical evaluations, the Kruskal-Wallis test, fol-
lowed by post-hoc analysis, was used for comparisons between all groups. A P
value of <0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Superantigen-producing S. aureus are potent inducers of
IL-17 production from adult memory Th17 cells. To investi-
gate whether commensal intestinal bacteria would induce
IL-17 production, we stimulated PBMC for 72 h with a selec-
tion of UV-killed gram-positive and gram-negative bacteria, as
shown in detail in Table 1 (S. aureus producing SEC, Entero-
coccus faecalis, Bifidobacterium bifidum, Lactobacillus paraca-
sei, Lactobacillus rhamnosus, Clostridium difficile, Clostridium
perfringens, Bacteroides fragilis, and Escherichia coli) and deter-
mined the concentration of secreted IL-17 in the supernatant.
We found that SEC-producing S. aureus, but none of the other
bacteria, was able to consistently induce IL-17 secretion from
PBMC (Fig. 1A). On the other hand, all of the gram-positive
and gram-negative bacterial strains induced IFN-vy production,
but similar to IL-17 production, stimulation with SEC-produc-
ing S. aureus resulted in the highest levels of IFN-y (Fig. 1B).
Furthermore, IL-6 was secreted after stimulation by any of the
bacterial strains tested (Fig. 1C), whereas TNF was secreted
upon stimulation with gram-positive but not gram-negative
strains (Fig. 1D), as previously shown (11, 13). Thus, all bac-
teria were capable of evoking an inflammatory response from
PBMC, but IL-17 was only consistently induced by SEC-pro-
ducing S. aureus.

To investigate whether the induction of IL-17 was caused by
the S. aureus bacterium itself or the superantigen, we stimu-
lated PBMC with a selection of both UV-killed nonsuperanti-
genic and superantigen-producing strains of S. aureus (SEA,
SEB, SEC, and TSST-1), which were obtained from infant
fecal samples (Table 1). In Fig. 2A we show that superantigen-
producing S. aureus were significantly more efficient in stimu-
lating IL-17 production from PBMC compared to the nonsu-
perantigenic strains (S. aureus nonsuperantigenic 1 or 2 versus
S. aureus SEA 1 or 2, S. aureus SEB 1 or 2, . aureus SEC 1
or 2, S. aureus TSST-1 1, or S. aureus TSST-1/SEA 1 or 2; P <
0.001). Interestingly, the S. aureus strains only producing
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FIG. 1. Production of IL-17, IFN-y, IL-6, and TNF by human PBMC after stimulation with commensal bacteria. The concentrations of I1L-17
(A) IFN-y (B), IL-6 (C), and TNF (D) in the supernatants of PBMC cultured for 72 h, together with UV-killed gram-positive (Gram+) bacteria,
i.e., S. aureus SEC, E. faecalis, B. bifidum, L. paracasei, L. rhamnosus, C. difficile, C. perfringens, or the gram- negative (gram-) bacteria B. fragilis
or E coli, were determined. Each dot represents one individual, w1th at least nine different individuals in each group, and the horizontal bar

represents the median.

TSST-1 seemed less IL-17 stimulatory compared to the other
strains producing SEA, SEB, SEC, or TSST-1/SEA (S. aureus
nonsuperantigenic 1 or 2 versus S. aureus TSST-1 2; P < 0.05).
Stimulation with the purified staphylococcal toxins TSST-1,
SEA, and SEB induced increased IL-17 production compared
to the medium control (P < 0.001), and TSST-1 tended to
induce lower levels of IL-17 than SEA and SEB (Fig. 2A). To
determine which cells were responsible for the IL-17 secretion
induced by superantigenic S. aureus, we stimulated PBMC with
SEA-producing S. aureus and stained for intracellular IL-17
(Fig. 2B). We found that the IL-17-secreting cells stimulated
by superantigenic S. aureus were CD4-positive memory T cells,
since the majority of the IL-17-producing cells were CD3 pos-
itive and CD8 negative, and also expressed CD45RO.
Superantigens activate T cells by directly cross-linking the
conserved regions of the variable domains of the TCR B-chain
with major histocompatibility complex class II molecules on
the APC. In order to investigate the effect of APC on CD4-

positive cells upon S. aureus stimulation, CD4-positive cells
were isolated by using magnetic bead separation and stimu-
lated with superantigenic and nonsuperantigenic strains of S.
aureus, as well as purified S. aureus toxins (Table 2). We show
that the stimulated CD4-positive cells induced considerably
lower levels of IL-17 than the cultures with stimulated PBMC.
The reductions in median levels of IL-17 were >67% when we
compared PBMC and purified CD4-positive cells after stimu-
lation with the different superantigen-producing S. aureus
strains (Table 2 and Fig. 2A). The purity of CD4-positive cells
after the separation is typically >94%; therefore, it is likely
that APC are still present in the separated cell fraction and can
enable the minor production of IL-17 from the CD4-positive
cells observed in Table 2. In Fig. 2A, analysis of the IL-17
responses from individual donors revealed large variations de-
pending on the superantigenic strain used, i.e., it is possibly not
the number of Th17 cells in an individual donor that decides
the magnitude of the IL-17 response, but rather the type of
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FIG. 2. Production of IL-17 from adult PBMC in response to S.
aureus strains and superantigens. (A) PBMC from at least 10 different
blood donors were cultured for 72 h in the presence of nonsuperanti-
genic strains of S. aureus, superantigenic strains (producing SEA, SEB,
SEC, TSST-1, or SEA/TSST-1), or pure staphylococcal toxins (SEA,
SEB, or TSST-1). (B) After coculture with SEA-producing S. aureus,
PBMC were restimulated with phorbol myristate acetate and ionomy-
cin in the presence of Golgistop, and the intracellular expression of
IL-17 was analyzed by flow cytometry, as well as the surface expression
of CD3, CDS8, and CD45RO. Percentages of all memory CD3*
CD45RO™ IL-17" T cells are shown in the upper right quadrant in the
right panel.

TCR B-chain on the cells. Altogether, these results indicate
that the IL-17-inducing capacity of S. aureus is associated with
the superantigen-producing abilities of the bacteria. However,
the bacteria were UV Kkilled and therefore no longer able to
actively secrete toxins, as confirmed by testing the bacterium-
stimulated cell culture supernatants for presence of toxins
(data not shown). The absence of soluble toxins in the culture
suggests that the bacteria harbor membrane-bound toxins,
which may be sufficient to stimulate IL-17 secretion. Confirm-
ing our in vitro results, a study by Eyerich et al. recently
showed that application of SEB, together with allergen, in an
atopy patch test in vivo induced IL-17 production, which was
not induced by the allergen alone (7).

It has recently been shown that several gram-positive and
gram-negative bacterial strains from the commensal flora, as
well as various Toll-like receptor (TLR) ligands, are able to
induce IL-17 production from memory T cells via dendritic
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cells (27). However, in that study SEB was added in the final
step of the cultures, which might explain the IL-17 stimulatory
ability of bacterial species that were nonstimulatory in our
hands. Furthermore, it has been proposed that peptidoglycan
is more efficient than other TLR ligands in inducing Th17 cells,
by stimulating APC to secrete cytokines that favor Th17 dif-
ferentiation (1, 27). The significance of these results is now
questioned since it has been shown that commercial pepti-
doglycan preparations made from S. aureus and S. pyogenes are
contaminated with superantigens, which stimulate the produc-
tion of IL-17 independently of TLR-2 signaling (16).

Superantigenic S. aureus and the IL-17 production from
mononuclear cells in newborns and infants. To investigate
whether superantigenic S. aureus or purified S. aureus toxins
would induce IL-17 production in cells from newborns and
infants, we stimulated mononuclear cells from cord blood and
4- and 18-month-old infants. We found that CBMC were poor
producers of IL-17, whereas PBMC from some 4- and 18-
month-old children produced IL-17, although at much lower
levels than adult cells (Fig. 3A to C). Interestingly, and in
contrast to the results with cells from adults, purified SEB did
not induce levels of IL-17 comparable to the levels obtained
with superantigenic S. aureus in cells from infants. Thus, when
the threshold for IL-17 production is higher, as in cells from
infants, UV-killed S. aureus seem to be a more efficient stim-
ulus than purified staphylococcal enterotoxin. CBMC were
also stimulated with purified SEA and TSST-1, but none of the
toxins induced any IL-17 production from CBMC (data not
shown). The capacity of IL-17 secretion after S. aureus stimu-
lation also seemed to be related to the fraction of memory
Th17 cells in the newborns and infants (Fig. 3D to F). We were
not able to detect intracellular IL-17 in cells from the children
due to the low IL-17 production. The lack of IL-17-producing
memory cells might contribute to the increased frequency of
staphylococcal skin infections in newborn children.

Many newborn infants in the Western world have been
shown to be early colonized in the intestine by toxin-producing
S. aureus (3, 18). Thus, our results suggesting that superanti-

TABLE 2. Production of IL-17 from purified CD4-positive cells in
response to stimulation with S. aureus strains or toxins

IL-17 concen (pg/ml) (n = 3)

Stimulation

Median Range”
Medium control 20 20-20
S. aureus nonsuperantigenic 1 20 20-33
S. aureus nonsuperantigenic 2 20 20-26
S. aureus SEA 1 156 92-417
S. aureus SEA 2 173 133-334
S. aureus SEB 1 70 43-96
S. aureus SEB 2 203 122-373
S. aureus SEC 1 96 55-224
S. aureus SEC 2 115 53-136
S. aureus TSST-1 1 20 20-62
S. aureus TSST-1 2 38 20-40
S. aureus TSST-1/SEA 1 174 74-211
S. aureus TSST-1/SEA 2 209 121-400
SEA (toxin) 39 20-52
SEB (toxin) 20 20-20
TSST-1 (toxin) 20 20-379

¢ Detection limit, 20 pg/ml.
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FIG. 3. S. aureus-induced IL-17 production in mononuclear cells from neonates and infants. (A to C) CBMC from newborns (n = 8) or PBMC
from 4- and 18-month-old infants (» = 8 and n = 13, respectively) were stimulated with nonsuperantigenic S. aureus, TSST-1/SEA-producing S.
aureus, or pure SEB for 72 h, and secreted IL-17 was detected by ELISA. Statistical analysis was performed by using Kruskal-Wallis test followed
by post-hoc analysis: *, P < 0.05; #*, P < 0.01; ***, P < 0.001. (D to F) CBMC from newborns or PBMC from infants were freshly isolated and
immediately stained with fluorescing anti-CD4, anti-CD45RA, and anti-CD45RO and analyzed by flow cytometry.

genic S. aureus is not capable of inducing IL-17 in newborns
are reassuring, since such stimulation could otherwise lead to
inflammation in the infant gut. The commensal intestinal mi-
croflora is not only an important immunostimulatory agent
during maturation of the immune system but could also play a
role in the pathogenesis of IBD (8). IL-17 has been postulated
to play a role in the pathogenesis of IBD since the levels and
expression of IL-17 are higher in the sera and colonic mucosa
of Crohn’s disease patients than in healthy subjects (5, 9).
Perhaps an imbalance of the intestinal microflora of the adult
IBD patient might be able to facilitate an overgrowth of su-
perantigenic S. aureus, which in turn could stimulate the se-
cretion of IL-17 that induces inflammation in the colonic
mucosa. Supporting this hypothesis, superantigens have been
implicated in the pathogenesis of IBD since blood and gut-
derived lymphocytes from patients with Crohn’s disease have
been shown to contain an expanded population of T cells
bearing the VB regions of TCRs (23).

In conclusion, we show that superantigenic S. aureus are
strong inducers of IL-17 from adult human memory Th17 cells,
in contrast to nonsuperantigenic S. aureus and other commen-
sal intestinal bacterial strains. However, superantigenic S. au-
reus are poor inducers of IL-17 in T cells from infants, which is
reassuring since many infants in the Western world are now
being colonized with superantigenic S. aureus within a few days
after birth.
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