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Recent work has identified T cells and the cytokines they produce as important correlates of immune protection during Staphy-
lococcus aureus infections through the ability of these T cells to regulate local neutrophil responses. However, the specific T-cell
subsets that are involved in coordinating protection at distinct sites of infection remains to be established. In this study, we iden-
tify for the first time an important role for ��T cells in controlling S. aureus surgical site infection (SSI). ��T cells are recruited
to the wound site following S. aureus challenge, where they represent the primary source of interleukin 17 (IL-17), with a small
contribution from other non-��T cells. The IL-17 response is entirely dependent upon IL-1 receptor signaling. Using IL-17 re-
ceptor-deficient mice, we demonstrate that IL-17 is required to control bacterial clearance during S. aureus SSI. However, we
demonstrate a strain-dependent requirement for ��T cells in this process due to the differential abilities of individual strains to
activate IL-1� production. IL-1� processing relies upon activation of the Nlrp3 inflammasome complex, and we demonstrate
that Nlrp3-deficient and IL-1 receptor-deficient mice have an impaired ability to control S. aureus SSI due to reduced produc-
tion of IL-17 by ��T cells at the site of infection. Given that IL-17 has been identified as an important correlate of immune pro-
tection during S. aureus infection, it is vital that the unique cellular sources of this cytokine and mechanisms inducing its activa-
tion are identified at distinct sites of infection. Our study demonstrates that while IL-17 may be critically important for
mediating immune protection during S. aureus SSI, the relative contribution of ��T cells to these protective effects may be
strain dependent.

Staphylococcus aureus is one of the primary causative organisms
of skin and soft-tissue infections, the severity of which can

range from minor conditions such as folliculitis, cellulitis, and
impetigo to more severe surgical site infections (SSIs) (1). S. au-
reus is accountable for a significant proportion of all hospital-
associated SSIs (2), and dissemination from the initial infecting
site can lead to invasive and life-threatening conditions, such as
bacteremia and endocarditis (1). Treatment of SSIs has become
increasingly complicated by the pervasiveness of antibiotic resis-
tance among strains of S. aureus, particularly in the hospital set-
ting (3). The high prevalence of S. aureus infections in surgical
patients and the reduced efficacy of antibiotics in treating these
infections has led to vigorous attempts to develop new therapies
directed against this pathogen, namely, vaccination strategies and
immunomodulatory approaches (4). However, success in this
area has been limited in part due to a lack of understanding of
what constitutes a protective immune response against S. aureus at
specific infection sites.

Interleukin 17A (IL-17A) is the prototype of a family of cyto-
kines produced by Th17 cells. IL-17 is critically important in an-
timicrobial immunity, particularly during fungal and extracellular
bacterial infections, because of this cytokine’s ability to activate
CXC chemokine production and consequently direct the recruit-
ment of neutrophils to sites of infection (5). Mice deficient in
IL-17 are highly susceptible to a number of bacterial and fungal
infections, including Klebsiella pneumoniae (6), Escherichia coli
(7), and Candida albicans (8). In the context of S. aureus infec-
tions, IL-17 is believed to play a significant role, supported by
clinical findings that hyper-IgE syndrome patients who have im-

paired Th17 cell responses suffer from recurrent S. aureus infec-
tions (9). In addition, it has been identified that patients with
atopic dermatitis have increased susceptibility to colonization by
S. aureus (10), and this has in part been ascribed to decreased
IL-17 responses (11). These findings have thrust IL-17 to the lead-
ing edge of research into S. aureus immunity. The importance of
IL-17 in regulating neutrophil responses, which are essential in
determining S. aureus infection outcomes (12), identifies IL-17
and the cells that produce it as important potential targets for
novel anti-S. aureus vaccine and immunotherapeutic strategies.

However, therapeutic targeting of IL-17 necessitates a more
lucid understanding of the cellular sources of this cytokine and, in
particular, whether distinct cell types play specific roles depending
on the site of infection. Although there is significant interest in
targeting Th17 cells for the treatment of opportunistic infections
such as S. aureus (4, 13), it must be considered that during host
defense against infection, the early innate effects of IL-17 on CXC
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chemokine production (14) are unlikely to be mediated by the
Th17 pathway. In recent years the importance of innate sources of
IL-17, such as ��T cells (15, 16), invariant natural killer T cells
(iNKTs) (17), and lymphoid tissue inducer (LTi)-like cells (18), have
been documented (19). These cells appear to predominate in the skin
and at mucosal sites, where they play important sentinel roles and can
respond rapidly and nonspecifically to pathogenic insult.

��T cells have been identified as an important first line of de-
fense in S. aureus cutaneous infection. Initial studies revealed that
�TCR�/� mice exhibited more severe skin lesions than wild-type
mice, with significantly elevated levels of bacteria recovered from
the skin following intradermal administration of S. aureus (20).
More recently it was shown that impaired bacterial clearance in
�TCR�/� mice was associated with reduced IL-17 production
(21), with IL-17 shown to be critical for the recruitment of neu-
trophils to the site of skin infection. Similarly, during S. aureus-
induced pneumonia, local IL-17 production in the lung was sig-
nificantly reduced in the absence of ��T cells, and this was
associated with impaired neutrophil recruitment and elevated
bacterial burden in the lungs of �TCR�/� mice compared to wild-
type mice (22). Taken together, these studies suggest that ��T
cells, as opposed to Th17 cells, are the more important source of
IL-17 during S. aureus infection and support further investigation
of their role in infection at alternative nonmucosal sites.

To date, few molecules have been identified as direct ��T-cell
antigens; it has been hypothesized that the rapid IL-17 response
mounted by ��T cells relies upon the activation of pathogen pat-
terns receptors (PPRs) and/or activation by inflammatory cyto-
kines (19). IL-1� and IL-23 are potent activators of IL-17 produc-
tion by ��T cells (16). IL-1�, together with IL-1�, plays a well-
defined role in S. aureus immunity (23–26), although it has been
proposed that during more invasive infection IL-1� plays a more
predominant role in host defense than IL-1� (25). Mice deficient
in MyD88, a signaling adapter for the IL-1 receptor, were found to
be highly susceptible to cutaneous S. aureus infection, and this was
attributed to impaired neutrophil recruitment (23, 26). These ef-
fects were shown to be a consequence of defective IL-1R but not
TLR2 signaling (23). During S. aureus cutaneous infection, induc-
tion of IL-17 production by ��T cells was shown to be dependent
upon IL-1� and IL-23 (21), suggesting that activation of IL-17
production by ��T cells represents a critical mechanism by which
IL-1� mediates protective immunity in S. aureus infections.

Production of active IL-1� requires enzymatic processing of
pro-IL-1� into its active form, a process which is facilitated by an
intracellular protein complex known as the inflammasome (27).
Several inflammasome complexes have been identified based on
the Nod-like receptors (NLRs) that activate the complex. The
Nlrp3 inflammasome complex consists of the proteins Nlrp3,
apoptosis-associated speck-like protein (ACS), and procaspase-1
(28). Engagement of this complex leads to activation of pro-
caspase 1, which in turn cleaves pro-IL-1� to its active form, ready
for secretion from the cell. During S. aureus infection, activation
of the Nlrp3 inflammasome can be induced by alpha toxin and
other pore-forming hemolysins (29, 30) and by peptidoglycan fol-
lowing lysosomal degradation (31). Although the Nlrp3 inflam-
masome has been implicated in host defense against S. aureus, a
direct link between Nlrp3 activation and bacterial clearance dur-
ing S. aureus SSI infection has not been identified.

Using a clinically relevant model of S. aureus SSI, we have pre-
viously demonstrated an important role for ��T cells present at

the wound site in regulating the local neutrophil responses and,
subsequently, infection clearance (32, 33). Given the emerging
importance of ��T cells in host defense during S. aureus infection
(21), we sought to determine if ��T cells and IL-17 play any role
during SSI, where their presence has never previously been de-
scribed. Here, we demonstrate for the first time that ��T cells are
recruited to the surgical wound site upon S. aureus infection and
are the primary source of IL-17. Importantly, we demonstrate that
activation of these ��T cells is dependent upon Nlrp3 and IL-1
receptor signaling. However, our data demonstrate strain-depen-
dent discrepancies in activation of ��T cells due to the fact that
certain strains of S. aureus can differentially activate IL-1� (and
potentially IL-1�) production. These studies emphasize the im-
portance of establishing the site-specific role played by individual
T-cell subsets in regulating protective immunity to S. aureus and
highlights that the choice of infecting strain must be considered
when studying cellular immunity to S. aureus infection.

MATERIALS AND METHODS
Bacterial strains. S. aureus strain PS80 is a capsular polysaccharide 8-ex-
pressing strain that has been described previously (32, 34). S. aureus strain
SH1000 is an acapsular strain and is a derivative of strain 8325-4 with a
restored rsbU gene (35, 36). Bacteria were cultivated from frozen stocks
for 24 h at 37°C on agar plates. Bacterial suspensions were then prepared
in phosphate-buffered saline (PBS), and the concentrations were esti-
mated by measuring the absorbance of the suspension read at 600 nm.
CFU numbers were determined by plating serial dilutions of each in-
oculum.

Animals. Wild-type (C57BL/6), IL-1R�/�, �TCR�/�, and Nlrp3�/�

mice (6 to 8 weeks old) all were housed under specific-pathogen-free
conditions at the TCD Bioresources facility. All mice were maintained
according to EU regulations, and experiments were performed under li-
cense from the Irish Department of Health and Children and with ap-
proval from the Trinity College Dublin Bioresources Ethics Committee.

Mouse model of S. aureus wound infection. Surgical wound infec-
tion was established as previously described (33). Briefly, mice were anes-
thetized and their right thighs were shaved. The surgical area was disin-
fected with iodine and 70% ethanol. A 1-cm incision was made in the right
thigh muscle and then closed with one 4-0 silk suture. Ten microliters of S.
aureus (102 CFU) suspended in sterile PBS was introduced into the inci-
sion under the suture. The skin was closed with four Prolene sutures. At
specific time points after the induction of infection, the mice were eutha-
nized and wound tissue was excised and analyzed as follows.

Total tissue bacterial burden was established by homogenizing tissue
in tryptic soy broth and plating serial dilutions on tryptic soy agar plates.
Results were expressed as CFU/g of tissue weight.

Tissue explants were incubated in complete RPMI (cRPMI; supple-
mented with fetal calf serum [10%], L-glutamine [100 mM], and penicil-
lin/streptomycin [0.1 mg/ml; Gibco]) for 24 h at 37°C. Culture superna-
tant was then collected, and IL-1�, IL-1�, and IL-18 concentrations were
determined by enzyme-linked immunosorbent assay (ELISA) (R&D Sys-
tems).

For intracellular cytokine staining, excised wound tissue was collage-
nase digested (collagenase type IV; 300 U/ml) for 1 h at 37°C with constant
rotation. Digested tissue was lysed to remove contaminating erythrocytes.
CD45� leukocytes were purified from digested tissue by magnetically ac-
tivated cell sorting (MACS; Miltenyi Biotec) and stimulated in vitro for 4
h with phorbol myristate acetate (PMA; 10 ng/ml) and ionomycin (1
�g/ml) in the presence of GolgiStop (BD). Cells were washed with 3%
bovine serum albumin (BSA) in PBS and blocked with Fc� block (1 �g/
ml; BD Pharmingen) before extracellular staining with monoclonal anti-
bodies against the T-cell surface markers CD3, CD4, CD8, and ��TCR
(BD Pharmingen). Cells were then fixed and permeabilized using the BD
Cytofix/Cytoperm plus fixation/permeabilization kit (per the manufac-
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turer’s instructions), and intracellular IL-17 was detected using monoclo-
nal antibody (clone eBio 17B7; eBiosciences). Flow-cytometric analysis
was performed using a CyANADP flow cytometer (DakoCytomation) and
analyzed with FloJo software, with gating set on fluorescence minus one
control.

RNA extraction, reverse transcription cDNA synthesis, and quanti-
tative PCR. Total RNA from homogenized wounds was extracted using
TRIzol reagent (Invitrogen) according to the manufacturer’s instructions.
The RNA yield was measured on a NanoDrop ND-1000. RNA was stored
at �80°C until analysis was performed. RNA (1 �g) was reverse tran-
scribed using a high-capacity cDNA reverse transcription kit (Applied
Biosystems) with random primers according to the manufacturer’s in-
structions. Quantitative PCR was performed on a CFX96 touch real-time
PCR detection system (Bio-Rad) using the SsoFast probes supermix (Bio-
Rad) according to the manufacturer’s recommendations. Quantitative
PCR was performed using a primer/probe set designed to amplify PTX3
(forward, 5=-ACAACGAAATAGACAATGGACTTCAT-3=; reverse, 5=-C
TGGCGGCAGTCGCA-3= probe, 5=-CCACCGAGGACCCCACGCC-3=;
Sigma-Genosys) as previously described (37) and an 18S rRNA endoge-
nous control (Life Technologies). Expression of PTX3 mRNA from S.
aureus-infected wounds was compared to that of wounds from control
mice treated with PBS by the change-in-cycle-threshold (		CT) method.

Intraperitoneal infection with S. aureus. Peritoneal infection was
established in WT and �TCR�/� mice by intraperitoneal (i.p.) injection of
S. aureus strain PS80 (108 CFU) or SH1000 (108 CFU). The peritoneal
cavity was lavaged with sterile PBS at 3 h postinfection. Samples were
centrifuged at 1,200 rpm for 10 min, and the supernatants were removed
and stored at �20°C for ELISA analysis. Isolated leukocyte populations
were stained and analyzed by fluorescence-activated cell sorting (FACS) as
described above.

Characterization of toxin production by S. aureus strains. The pro-
duction of �- and �-hemolysin by PS80 and SH1000 was determined by
cross-streaking perpendicularly to strain RN4220 on sheep blood agar.
RN4220 produces �-hemolysin, which enhances red blood cell lysis by
�-hemolysin, but inhibits lysis by �-hemolysin. The production of Pan-
ton-Valentine leukocidin and �-hemolysin was determined by Western
blotting. Supernatants from overnight cultures of SH1000 and PS80 were
separated on 12% (wt/vol) polyacrylamide gels, transferred onto polyvi-
nylidene difluoride (PVDF) membranes (Roche), and blocked in 10%
(wt/vol) skim milk proteins. Blots were probed with PVL antiserum (1:
200) or �-hemolysin antiserum (1:500). Bound antibodies were detected
using horseradish peroxidase-conjugated (HRP) protein A (1:500;
Sigma). Reactive bands were visualized using the LumiGLO reagent and
peroxide detection system (Cell Signaling Technology). Antiserum was
raised in rabbits at Trinity College Dublin against the purified toxins from
S. aureus strain BB (�-hemolysin antiserum) or strain V8 (PVL antise-
rum).

Culture of BMDCs. Bone marrow-derived dendritic cells (BMDCs)
were prepared by culturing bone marrow cells from C57BL/6 mice with
granulocyte-macrophage colony-stimulating factor (GM-CSF) as previ-
ously described (38). On day 10, loosely adherent cells were collected,
washed, and reseeded at a concentration of 2 
105 cells/well. The follow-
ing day cells were infected with live S. aureus at multiplicities of infection
(MOIs) of 10 and 100 for the indicated time points. Supernatants were
collected and IL-1�, IL-1�, tumor necrosis factor alpha (TNF-�), IL-23,
and IL-6 concentrations were determined by ELISA (R&D Systems). Cell
viability was assessed by propidium iodide staining. Ninety percent via-
bility was maintained up to 6 h postinfection but had decreased by 24 h.

In vitro stimulation of purified ��T cells. ��T cells were purified
from spleen and lymph node cells of WT and IL-1R�/� mice using MACS
pan-T-cell isolation, followed by FACS purification of CD3� ��TCR�

cells, yielding a population with �95% purity. Purified ��T cells were
resuspended in medium and seeded at a concentration of 1 
 105 cells/
well. Cells were stimulated with tissue culture supernatant from dendritic
cells, which were previously incubated with live S. aureus for 24 h. Culture

supernatant was filter sterilized prior to incubation with ��T cells. After
18 h of culture at 37°C, ��T-cell supernatants were assessed for IL-17
concentration by ELISA.

Statistical analysis was carried out using GraphPad Prism statistical
analysis software. Group differences were analyzed by unpaired Student t
test or analysis of variance (ANOVA) where applicable. P values of less
than 0.05 were considered statistically significant.

RESULTS
��T cells are the principal producers of IL-17 during S. aureus
SSI. To establish if ��T cells play a significant role in the host
immune response to S. aureus SSI, we established surgical wounds
in groups of wild-type (WT) mice and infected them with S. au-
reus strain PS80. On day 3 postinfection, there was a significant
increase in the proportions of CD3�, CD3� CD4�, CD3� CD8�,
and CD3� ��TCR� T cells present at the S. aureus wound site
compared to PBS-treated wounds (Fig. 1A). Intracellular cytokine
staining revealed high levels of IL-17A production by total CD3�

T cells (27.4% � 7.5%). Further analysis identified ��TCR� T
cells as the primary source of this IL-17A (22.7% � 6.7%), with
CD4� and CD8� T cells contributing only 1.7% � 0.9% and
0.5% � 0.1%, respectively (Fig. 1B). CD3� cells were not produc-
ing any IL-17A (data not shown). No IL-17A production was de-
tected in lymphocytes isolated from PBS-treated wounds (see Fig.
S1A in the supplemental material). At this time point during in-
fection, ��T cells were not producing significant levels of gamma
interferon (IFN-�) or IL-17F (see Fig. S1B and C).

IL-1� has been described previously as an essential signal for
IL-17 production by �� T cells (16). Therefore, we assessed the
production of IL-17A by ��T cells during S. aureus SSI in WT and
IL-1R�/� mice. On day 3 postinfection, IL-17A production by
��TCR� cells present at the wound site was almost completely
abolished from IL-1R�/� mice (P � 0.0038) (Fig. 1C and D).

Taken together, our data indicate that ��T cells are the primary
source of IL-17A during S. aureus SSI and that IL-17A production
by ��T cells is entirely dependent upon IL-1 signaling. Here, we
utilize IL-17 to refer to levels of IL-17A, unless otherwise stated.

��T cells and IL-17 are required to control S. aureus SSI, but
this effect may depend on the infecting strain. To investigate if
��T cells are important in controlling infection during S. aureus
SSI, bacterial burden was assessed in WT and �TCR�/� mice on
days 3 and 7 postinfection with two distinct strains of S. aureus.
Surprisingly, we observed no significant increase in bacterial bur-
den at the wound site in �TCR�/� mice compared to that of WT
mice following infection with S. aureus strain PS80. However,
clearance of the infection was significantly impaired in the
�TCR�/� mice on days 3 (P � 0.0109) and 7 (P � 0.017) postin-
fection with S. aureus strain SH1000 (Fig. 2A). To determine the
levels of IL-17 being produced in �TCR�/� mice, we analyzed
IL-17 production by total CD3� T cells isolated from the wound
site on day 3 postinfection with S. aureus strain PS80 or SH1000.
Interestingly, following infection with S. aureus strain PS80, resid-
ual IL-17 production by CD3� T cells could still be detected
(4.57% � 2.2%); however, IL-17 production by CD3� T cells was
undetectable following infection with SH1000 (Fig. 2B). To con-
firm the absolute requirement for IL-17 in controlling S. aureus
wound infection, we compared bacterial clearance in WT and IL-
17R�/� mice and observed a significant increase in bacterial bur-
den on day 7 postchallenge following infection with either strain
of S. aureus (Fig. 2C). These data imply that IL-17 production by
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��T cells is instrumental in controlling S. aureus SSI with strain
SH1000; however, different strains of S. aureus (e.g., PS80) may
employ different mechanisms to activate IL-17 production by the
��T cells and/or other non-��T cells present at the wound site.

S. aureus strains SH1000 and PS80 differentially activate
��T cells to produce IL-17 during SSI. Having observed a strain-
dependent requirement for ��T cells during S. aureus SSI, we
sought to establish if distinct strains of S. aureus could differen-
tially activate local IL-17 production by ��T cells. S. aureus surgi-
cal wound infection was established in WT mice using either S.
aureus strain PS80 or SH1000. The overall recruitment of T cells
(Fig. 3A) to the surgical wound site was similar following infection
with either S. aureus strain. We observed no significant differences
in the proportions of CD3�, CD3� CD4�, or CD3� ��TCR� T
cells present at the wound site over a 7-day period of infection with

either PS80 or SH1000 (Fig. 3A). IL-17 production by ��TCR� T
cells present at the wound site were maximal on day 3 postinfec-
tion with either strain of S. aureus, with PS80 inducing signifi-
cantly more IL-17 production by ��T cells at this time point than
SH1000 (22.7% � 6.7% versus 10.7% � 3.4%, respectively; P �
0.05) (Fig. 3B and C and Table 1).

When we assessed IL-17 production during infection with ei-
ther strain at an alternative site, we observed a similar effect. Local
IL-17 production was significantly (P � 0.013) increased follow-
ing intraperitoneal challenge with PS80 compared to SH1000 in
WT mice (see Fig. S2A in the supplemental material), and this was
associated with greater IL-1� production in WT mice in response
to challenge with PS80 versus SH1000 (see Fig. S2B in the supple-
mental material). When intraperitoneal infection was induced in
�TCR�/� mice, overall IL-17 production was significantly re-

FIG 1 ��T cells are the primary source of IL-17A at the S. aureus surgical wound site, and this IL-17A production is dependent upon IL-1� signaling. S. aureus
surgical wounds were established in naive WT mice with S. aureus strain PS80 (102 CFU) or PBS (as a control). Wound tissues were excised on day 3 postinfection,
and the T cell infiltrate was evaluated by flow cytometry. (A) The percentage of CD4�, CD8�, or ��TCR� T cells was determined by gating on total CD3� cells.
Results are expressed as means � SEM (n � 10 individual mice), with representative FACS plots shown. (B) Infiltrating T cells were also assessed for their capacity
to produce IL-17A using intracellular cytokine staining. Results are expressed as means � SEM (n � 10 individual mice), with a representative FACS plot shown.
S. aureus surgical wounds were established in WT and IL-1R�/� mice with S. aureus strain PS80 (102 CFU). Wound tissues were excised on day 3 postinfection,
and the percentage of ��TCR� IL-17A� cells was determined by flow cytometry. Results are expressed as means � SEM (n � 4 individual mice) (C), and a
representative FACS plot is shown (D).
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duced compared to that of WT mice; however, it was not abol-
ished, similar to what was observed at the surgical wound site (Fig.
2B). Analysis of the cellular source of the residual IL-17 in the
�TCR�/� mice revealed that it is produced primarily (74.5%) by a
CD3� CD4� CD8� cell subset with a low level of IL-17 produced
by CD4� T cells at this site (see Fig. S2C).

Differential activation of IL-1� production by APCs follow-
ing infection with S. aureus strains PS80 and SH1000 influences
subsequent IL-17 production by ��T cells. IL-1� and IL-23 de-
rived from antigen-presenting cells (APCs) have been identified as
key cytokines that are specifically required for the production of
IL-17 by ��TCR� cells (16). In addition, we demonstrate that
IL-17 production by ��T cells at the surgical wound site is entirely
dependent upon IL-1R signaling (Fig. 1C). Therefore, we hypoth-

esized that the ability of S. aureus strains to differentially activate
IL-17 production by ��T cells is due to their distinct capacity to
regulate IL-1� and/or IL-23 production by APCs. To investigate
this, BMDCs were cultured in the presence of S. aureus strain PS80
or SH1000 for 3, 6, and 24 h at MOIs of 10 and 100. PS80 induced
significantly higher levels of IL-1� from BMDCs at 6 and 24 h than
SH1000-treated BMDCs (Fig. 4A). In contrast, IL-23, TNF-�, and
IL-6 production by the BMDCs was comparable following infec-
tion with either strain (Fig. 4B and C; also see Fig. S3A in the
supplemental material), suggesting that both strains were compa-
rable in their abilities to activate the innate signaling pathways
(e.g., TLRs) responsible for the induction of these inflammatory
cytokines. PS80 also resulted in significantly greater levels of IL-1�
production by the BMDCs compared to SH1000 (for PS80 and

FIG 2 Strain-dependent control of infection clearance by ��T cells during S. aureus SSI. Surgical wounds were established in WT and �TCR�/� mice. Wounds
were infected with either S. aureus strain PS80 (102 CFU) or S. aureus strain SH1000 (102 CFU). (A) Wound tissues were excised on days 3 and 7 postinfection
to determine total tissue bacterial burden. Results are expressed as log CFU per g of tissue, and the median is indicated by a bar (n � 4 to 9 per group). (B) Wound
tissues were excised on day 3 postinfection in �TCR�/� mice, and infiltrating CD3� T cells were assessed for their capacity to produce IL-17. Results are expressed
as means � SEM (n � 3 individual mice), with representative FACS plots shown. Surgical wounds were also established in WT and IL-17R�/� mice and infected
with either S. aureus strain PS80 or strain SH1000. (C) Tissue bacterial burden was assessed on day 7 postchallenge. Results are expressed as log CFU per g of tissue,
and the median is indicated by a bar (n � 4 to 9 per group).
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SH1000 at an MOI of 100 at 6 h, 7,274.8 � 702.7 and 389.3 �
202.9 pg/ml, respectively [P � 0.002]; for PS80 and SH1000 at an
MOI of 100 at 24 h, 8,614.5 � 473.4 and 4,580.7 � 496.2 pg/ml,
respectively [P � 0.014]).

We have shown previously that macrophages are likely to be
the most abundant APCs present at the surgical wound infection
site (39). When primary peritoneal macrophages were infected
with PS80 or SH1000, we observed similar significant differences
in their abilities to induce IL-1� production (see Fig. S3B in the
supplemental material). These data suggest that different S. aureus
strains have differential capacities for specifically activating the
innate signaling pathways in APCs that are responsible for IL-1�

production. To confirm that these in vitro observations translate
to the in vivo situation, we measured IL-1� production by wound
explant tissue isolated at 6 h postinfection with PS80 or SH1000.
Consistent with the in vitro results, PS80 induced greater IL-1�
production in the infected wound tissue than SH1000 (Fig. 4D).
To further establish the differential in vivo effects on IL-1� signal-
ing induced by these individual strains, we measured gene expres-
sion of pentraxin-related protein (PTX3) at the wound infection
site. Expression of PTX3 has been shown to be induced during S.
aureus infection (24), and importantly it appears that IL-1� is
specifically responsible for its induction (37, 40). Consequently,
PTX3 has the potential to be used as a surrogate marker for assess-
ment of IL-1� protein synthesis and bioactivitiy in vivo (37). We
observed a greater induction of PTX3 gene expression in the
wound tissue at 24 h following infection with PS80 than with
SH1000 (Fig. 4E).

IL-18 has also been implicated in activation of IL-17 produc-
tion by ��T cells (41); however, when we assessed IL-18 produc-
tion by the explanted wound tissue, we found that it was undetect-
able (data not shown), suggesting that the levels of IL-18 present at

FIG 3 S. aureus strains PS80 and SH1000 have different capacities for inducing IL-17 production by ��T cells at the surgical wound site. S. aureus surgical
wounds were established in WT mice with either S. aureus strain PS80 (102 CFU) or SH1000 (102 CFU). (A) Wound tissues were excised on days 1, 3, and 7
postinfection, and the T cell infiltrate was evaluated by flow cytometry. The percentage of CD4� and ��TCR� T cells was determined first by gating on total CD3�

cells. Results are expressed as the means � SEM (n � 10 individual mice). CD3� ��TCR� T cells infiltrating wound tissue were also assessed for their capacity
to produce IL-17 in response to both S. aureus strains on days 1, 3, and 7 postinfection. Results are expressed as the means � SEM (n � 10 individual mice) (B),
and representative FACS plots are included (C).

TABLE 1 Total numbers of ��TCR� IL-17� cells present at the S.
aureus wound infection site

Day

No. of CD3� ��TCR� IL-17� cells of strain:

PS80 SH1000

3 8.87 
 107 � 3.3 
 107 3.32 
 107 � 0.93 
 107

7 1.29 
 107 � 0.66 
 107 0.63 
 107 � 0.32 
 107

S. aureus and ��T Cells

December 2013 Volume 81 Number 12 iai.asm.org 4483

http://iai.asm.org


the S. aureus surgical wound infection site are too low to contrib-
ute to ��T-cell activation. IL-1� production by the explanted
wound tissue was detectable, and we observed increased levels of
IL-1� production by PS80-infected wound tissue compared to
SH1000-infected tissue (710.4 � 439 and 99.81 � 25 pg/g tissue
for PS80- and SH1000-infected wound explant tissue, respec-
tively).

Having established that S. aureus strains SH1000 and PS80 had
differential capacities to activate IL-1� and IL-1�, we wanted to
confirm this as the mechanism responsible for the differential

IL-17 production by ��T cells induced by these strains during S.
aureus infection. Purified ��T cells from naive WT or IL-1R�/�

mice were cultured in vitro in the presence of cell culture super-
natants from BMDCs that had been infected with either S. aureus
strain PS80 or SH1000 at an MOI of 10. ��T cells stimulated with
supernatants from PS80-infected DCs produced significantly
higher levels of IL-17, as detected by ELISA, compared to ��T cells
stimulated with supernatants from SH1000-infected BMDCs (Fig.
5). Importantly, in the absence of IL-1R, ��T cells were unable to
respond to the S. aureus conditioned culture media, confirming

FIG 4 S. aureus strain-dependent effects on IL-1� production. BMDCs from WT mice were infected with S. aureus strain PS80 or SH1000 at MOIs of 10 and 100
for 3, 6, and 24 h. IL-1� (A), TNF-� (B), and IL-23 (C) levels in the supernatant were quantified by ELISA. Results are expressed as means � SEM (n � 9
individual experiments). S. aureus surgical wounds were established in WT mice with either S. aureus strain PS80 (102 CFU) or SH1000 (102 CFU). Control
wounds were established and treated with PBS. (D) Wound tissues were excised at 6 h postinfection, and explants were incubated in vitro for 24 h. IL-1� secretion
was quantified by ELISA and expressed as pg/g tissue. Results are expressed as means � SEM (n � 3 to 4 mice per group). Wound tissue was also excised at 24
h postinfection with S. aureus strain PS80 or SH1000, and mRNA transcription of PTX3 was measured using quantitative PCR. Results are expressed as fold
change in gene expression compared to that of PBS-treated wounds (means � SEM; n � 6 mice per group).
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the absolute requirement for IL-1� and/or IL-1� in regulating
IL-17 production by ��T cells following S. aureus infection. BM-
DCs were incapable of producing IL-17 following infection with S.
aureus (levels were below the limits of detection by ELISA; data
not shown). Taken together, these data point to differential induc-
tion of IL-1� and/or IL-1� synthesis as a pathological difference
between infecting strains of S. aureus, which can subsequently
influence the activation of IL-17 production by ��T cells during
the course of infection.

Activation of IL-17 production by ��T cells during S. aureus
SSI requires activation of the Nlrp3 inflammasome. Overall, the
proportions of CD3� ��TCR� cells present at the wound infec-
tion site were comparable in WT and Nlrp3�/� mice on day 3
postinfection with either strain (see Fig. S4 in the supplemental
material), suggesting that activation of the Nlrp3 inflammasome
does not regulate ��T-cell recruitment to the site of S. aureus
infection. However, IL-17 production by these ��T cells does ap-
pear to be dependent upon Nlrp3 signaling. Following infection
with SH1000, there was a significant (P � 0.03) reduction in the
proportions of CD3� ��TCR� IL-17� T cells present at the
wound site in Nlrp3�/� mice compared to WT mice, with only
background levels of IL-17 staining detected (Fig. 6A and B). Al-
though the proportions of CD3� ��TCR� IL-17� cells were also
reduced in the wounds of Nlrp3�/� mice infected with PS80 com-
pared to WT mice, this reduction was not statistically significant
(P � 0.07) (Fig. 6A and B). These data suggest that PS80 is capable
of activating alternative non-Nlrp3-dependent pathways, which
can contribute to IL-1-driven activation of IL-17 production by
��T cells.

To investigate Nlrp3-driven IL-1� production in response to
individual S. aureus strains, BMDCs were isolated from WT and
Nlrp3�/� mice and infected with S. aureus strain SH1000 or PS80
for 6 h. IL-1� production was reduced in Nlrp3�/� BMDCs fol-
lowing infection with both strains of S. aureus; however, the per-
centage of reduction in IL-1� production in the absence of Nlrp3
was significantly greater following infection with SH1000 than
with PS80 (P � 0.011) (Fig. 6C). These data suggest that SH1000
has a significant dependency on Nlrp3 for IL-1� production
(IL-1� levels were reduced by 75% in the absence of Nlrp3). PS80,
on the other hand, only partially relies on Nlrp3 for IL-1� produc-

tion. TNF-� and IL-23 production by WT and Nlrp3�/� BMDCs
were comparable following infection with either strain (data not
shown).

Activation of Nlrp3 and IL-R signaling pathways are re-
quired to control S. aureus SSI. To determine if the reduction in
IL-17 production by ��T cells in the absence of Nlrp3 had any
effect on infection outcomes, we evaluated bacterial burden at the
wound site in WT and Nlrp3�/� mice on day 3 postinfection with
SH1000 or PS80. Wound tissue bacterial burden was significantly
(P � 0.0042) elevated in Nlrp3�/� mice compared to WT mice
infected with SH1000 (Fig. 7A). Although there was an 0.7 log
increase in bacterial burden in the Nlrp3�/� mice compared to
WT mice following infection with PS80, this difference did not
reach statistical significance (Fig. 7A). This was likely because ap-
preciable levels of IL-17 were still being produced by ��T cells in
these animals (Fig. 6).

We then investigated infection outcomes in the absence of
IL-1R signaling. S. aureus surgical wound infection was compared
in WT and IL-1R�/� mice following infection with S. aureus strain
SH1000 or PS80. Wound tissue bacterial burden was significantly
increased in IL-1R�/� mice on day 3 following infection with both
strains of S. aureus (Fig. 7B). Taken together, these results suggest
that IL-1R signaling is critical for containing S. aureus SSI regard-
less of the infecting strain. In the case of SH1000, Nlrp3-driven
IL-1� production is crucial for controlling infection. However, in
the case of PS80 infection, the Nlrp3 signaling pathway is only
partially required.

DISCUSSION

In this study, we identify ��T cells as the primary source of IL-17
during S. aureus SSI. At the surgical wound site, ��T cells are
activated indirectly in response to IL-1� production by APCs. Our
data also demonstrate for the first time the importance of Nlrp3
signaling in controlling S. aureus SSI outcomes through a mecha-
nism that depends upon Nlrp3-driven activation of IL-17 produc-
tion by ��T cells. Given that IL-17 has been identified as an im-
portant correlate of immune protection during S. aureus infection
(13), it is vital that the unique cellular sources of this cytokine and
mechanisms inducing its activation are identified at distinct sites
of infection. Our data support recent murine model studies that
suggest ��T cells are a more important source of IL-17 during S.
aureus infection than Th17 cells (21, 22). Furthermore, our study
demonstrates that while IL-17 may be critically important for me-
diating immune protection during S. aureus infection through
this cytokine’s well-documented ability to modulate downstream
phagocytic cell functions (42), the relative contribution of ��T
cells to these protective effects may be critically dependent upon
the capacities of individual strains to activate IL-1� production.

We previously identified a novel role for ��TCR� T cells in
regulating neutrophil trafficking and subsequent infection clear-
ance during S. aureus SSI (33). To expand upon these studies, we
wanted to explore a role for ��T cells in this model, because to
date, the role played by ��T cells in protection against S. aureus
infections on nonmucosal surfaces has not been described. ��T
cells are rapidly recruited to the S. aureus-infected wound site and
are the predominant source of IL-17 at this site. These ��T cells
were not producing IFN-� or IL-17F at any of the time points
tested. Previously we demonstrated that IFN-� is produced very
early during S. aureus surgical wound infection. Whole-tissue cy-
tokine levels were measured by ELISA, and IFN-� was detected as

FIG 5 Strain-dependent effects of IL-1� production by BMDCs regulate
downstream IL-17 production by ��T cells. Purified ��T cells were isolated
from WT and IL-1R�/� mice and stimulated with supernatant from BMDCs
infected with S. aureus strain PS80 or SH1000 (MOI, 10). After 18 h, IL-17
levels in the supernatants were determined by ELISA. Results are expressed as
means � SEM (n � 3 individual experiments).
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early as 6 h postinfection (32); in contrast, when we measured
whole-tissue cytokine levels of IL-17, we detected peak IL-17 levels
at 48 h postinfection (271 � 47, 309 � 57, and 614 � 307 IL-17
pg/g tissue at 6, 24, and 48 h, respectively). Consistent with this,
our intracellular cytokine staining demonstrated that IL-17
production by ��T cells at the wound infection site is maximal
at 3 days postinfection. Further studies are required to ascer-
tain the relative contribution of IFN-� and IL-17 to immune
protection during S. aureus SSI and to establish if these cyto-
kines can regulate one another by either paracrine or autocrine
mechanisms.

Having identified ��T cells as the source of IL-17 at the S.
aureus surgical wound infection site and given the previously doc-
umented role for IL-17 in controlling S. aureus infection (21), we
predicted that �TCR�/� mice would have an impaired ability to

control wound infection compared to that of WT mice. We ob-
served a significant increase in tissue bacterial burden at the
wound site in the �TCR�/� mice compared to WT mice following
infection with S. aureus strain SH1000, demonstrating for the first
time that ��T cells are required to control S. aureus infection
during invasive (nonmucosal) infections. To our surprise, how-
ever, bacterial burden at the wound site was similar in WT and
�TCR�/� mice when infection was established with S. aureus
strain PS80. Importantly, IL-17R�/� mice had an impaired ability
to control wound infection with either strain of S. aureus, demon-
strating the absolute requirement for IL-17 in host protection
against S. aureus infection but suggesting that distinct strains of S.
aureus have differential abilities to activate ��T cells. Consistent
with this, we demonstrated that although both strains showed
similar virulence in the wound infection model, IL-17 production

FIG 6 S. aureus-induced IL-1� production is partially Nlrp3 dependent. S. aureus surgical wounds were established in WT and Nlrp3�/� mice with either S.
aureus strain PS80 (102 CFU) or SH1000 (102 CFU). (A) Wound tissues were excised on day 3 postinfection. CD3� ��TCR� T cells infiltrating the wound tissue
were assessed for their capacity to produce IL-17A. (B) Results are expressed as the means � SEM from 7 individual mice with representative FACS plots shown.
BMDCs were isolated from WT and Nlrp3�/� mice and infected with S. aureus strain PS80 or SH1000 at an MOI of 100 for 6 h. IL-1� levels in the supernatant
were quantified by ELISA. Results are expressed as percent reduction in IL-1� production in the absence of Nlrp3 (means � SEM; n � 8 individual experiments).
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by ��T cells was significantly enhanced following infection with
PS80 compared to SH1000. These data suggest that the two strains
provide distinct or disproportionate signals to ��T cells.

Differential activation of ��T cells by S. aureus strains PS80
and SH1000 can be explained by the distinct capacities of these
strains to activate IL-1� and also, potentially, IL-1� production by
APCs. While PS80 and SH1000 induced comparable levels of IL-
23, TNF-�, and IL-6 production by APCs, PS80 resulted in signif-
icantly higher levels of IL-1� and IL-1� production by these cells
than SH1000. Furthermore, IL-1� production and activity (as as-
sessed by downstream activation of PTX3) at the surgical wound
site was significantly greater following infection with PS80 than
with SH1000. When we stimulated purified ��T cells with cell
culture supernatants collected from S. aureus-infected BMDCs,
culture supernatants from PS80-treated cells induced significantly
more IL-17 production by ��T cells than culture supernatants
from SH1000-infected BMDCs. Direct stimulation of ��T cells
with either bacterial strain did not result in any IL-17 production
(data not shown). Importantly, IL-17 production by ��T cells was
completely abolished in the absence of IL-1R, confirming the ab-
solute requirement for IL-1 in controlling IL-17 production by
��T cells during S. aureus infection. Taken together, these results
suggest that differences in the abilities of these strains to activate
innate signaling pathways involved in driving IL-1� and poten-
tially IL-1�, but not other proinflammatory cytokines, exclusively
predicts their abilities to activate IL-17 production by ��T cells.
Given the invasive nature of the S. aureus wound infection model,
it is likely that IL-1� plays a more predominant role than IL-1�,
because previous studies have demonstrated that while IL-1� and
IL-1� are both important for controlling infection outcomes dur-

ing superficial skin infections, IL-1� plays a more dominant role
during deeper, more invasive infections (25).

Activation of IL-1� processing during S. aureus infection is
primarily mediated through the Nlrp3 inflammasome complex
(26, 29, 31). Therefore, we sought to establish if Nlrp3-mediated
signaling could control activation of IL-17 production by ��T
cells during S. aureus infection. In the absence of Nlrp3, IL-17
production by ��T cells was significantly reduced following infec-
tion with SH1000, with only background levels of IL-17 staining
detected. Similarly, when we challenged Nlrp3�/� mice with
PS80, IL-17 production by ��T cells was diminished compared to
that of WT mice; however, this reduction was not statistically sig-
nificant. These data establish for the first time that ��T-cell acti-
vation during S. aureus infection is critically dependent on Nlrp3.
In addition, it suggests that certain strains of S. aureus are capable
of activating IL-1� production (and, subsequently, IL-17 produc-
tion by ��T cells) through an alternative non-Nlrp3-dependent
inflammasome or through non-inflammasome-mediated path-
ways, which in turn are sufficient to induce some IL-17 produc-
tion from ��T cells, even in the absence of Nlrp3. Consistent with
this, we observed an absolute requirement for Nlrp3 in controlling
IL-1� production by APCs following infection with SH1000, but
IL-1� production induced in response to PS80 was only partially
Nlrp3 dependent.

To establish the consequences of these effects on infection out-
comes, surgical wounds were established in groups of Nlrp3�/�

and IL-1R�/� mice. We demonstrate a critical requirement for
Nlrp3 and IL-1R signaling to control S. aureus SSI. Bacterial bur-
den at the wound site was significantly elevated in IL-1R�/� mice
following challenge with either strain of S. aureus. Consistent with

FIG 7 Nlrp3 and IL-1R signaling are required to control bacterial burden during S. aureus SSI. Surgical wounds were established in WT and Nlrp3�/� (A) or IL-1R�/�

(B) mice. Wounds were infected with either S. aureus strain PS80 (102 CFU) or S. aureus strain SH1000 (102 CFU). Wound tissues were excised on day 3 postinfection
to determine total tissue bacterial burden. Results are expressed as log CFU per g of tissue, and medians are indicated by bars (n � 5 to 11 mice per group).
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this, challenge with SH1000 resulted in a significant increase in
tissue bacterial burden in the absence of Nlrp3. Although chal-
lenge with PS80 also resulted in elevated bacterial burden, this
increase did not reach statistical significance. These data correlate
with the fact that Nlrp3�/� mice still had appreciable levels of
IL-17-producing ��T cells present at the wound site following
infection with PS80.

Taken together, our results demonstrate the absolute require-
ment for Nlrp3-driven IL-1� in activating IL-17 production by
��T cells, which in turn regulates infection outcomes during S.
aureus SSI. It appears, however, that certain strains of S. aureus are
capable of activating IL-1� production through alternative Nlrp3-
independent pathways, which can activate a level of IL-17 produc-
tion by ��T cells in the absence of Nlrp3 that may be sufficient to
control the infection. In line with this, recent studies have dem-
onstrated the existence of alternative Nlrp3-independent mecha-
nisms for IL-1� processing in microglia following exposure to live
S. aureus (43). S. aureus strains PS80 and SH1000 do not differ
significantly in terms of their abilities to produce the secreted tox-
ins (Table 2) that have previously been associated with inflam-
masome activation (29, 30). Significant studies beyond the scope
of this paper are required to ascertain the nature of this Nlrp3-
independent induction of IL-1� by S. aureus strain PS80. How-
ever, preliminary data demonstrate that PS80 activation of IL-1�
is caspase-1 dependent, because inhibition of caspase-1 signaling
in BMDCs reduced IL-1� production by these cells in response to
PS80 infection (data not shown). A recent study speculates on
alternative mechanisms of inflammasome activation and suggests
that cathepsin B release occurring as a consequence of lysosomal
damage can lead to IL-1� processing via caspase-1-dependent
pathways (43). This would depend upon strains of S. aureus being
capable of phagosomal escape (44, 45). Given that we have previ-
ously demonstrated the propensity of PS80 to survive intracellu-
larly within neutrophils at the wound infection site (32), it is
tempting to speculate that this results in PS80 escaping the
phagolysosome and activating alternative mechanisms of IL-1�
processing. A systematic dissection of the bacterial factors in-
volved in Nrlp3-independent induction of IL-1� is warranted.

Due to their distinct abilities to activate IL-1� processing, S.
aureus strains PS80 and SH1000 induced differing degrees of ��T-
cell activation, which likely explains the disparate results obtained
following infection of �TCR�/� mice with these two strains. The
�TCR�/� mice are impaired in their development of T cells bear-
ing TCR� chains (46); however, it is possible that they still contain
subsets of ��T cells that can respond to cytokine stimulation in the
absence of TCR engagement or other innate-like lymphocytes that
are capable of responding to inflammatory cytokine stimulation.
In support of this, we identified a population of CD3� IL-17� cells
present at the wound site in the �TCR�/� mice during PS80 in-
fection. Furthermore, following i.p. injection of S. aureus PS80,

IL-17 release, although significantly reduced compared to that of
the WT, was still detectable in �TCR�/� mice. The cellular source
of this IL-17 was identified within the peritoneal cavity to be a
population of CD3� CD4� CD8� cells, suggesting that a subset of
innate-like lymphocytes is still present in these animals that can
respond to IL-1� and produce IL-17. Limitations in recovering
sufficient numbers of rare T-cell subsets prevented similar analysis
of innate-like lymphocytes at the surgical wound site. Impor-
tantly, in the absence of IL-1� signaling, IL-17 production was
completely abolished both in the peritonitis model (data not
shown) and in the SSI model. These data confirm that a certain
level of IL-17 production can still occur in the absence of cells
expressing a functional �TCR but that there is an absolute require-
ment for IL-1� signaling, and they suggest that the �TCR�/� mice
still possess “��T-cell-like” cells that are capable of responding to
IL-1� with the production of IL-17.

��T-cell-based immunotherapies, either through adoptive
transfer of ex vivo-activated autologous ��T cells or administra-
tion of ��T-cell antigens, which induce in vivo activation of ��T
cells, are already showing promise in clinical trials for the treat-
ment of various advanced cancers that are refractory to conven-
tional treatments (47). In the context of an infectious disease, it
has been shown that administration of the �-glucans, which are
known ��T-cell antigens, attenuated viremia and mortality fol-
lowing West Nile virus infection in mice through enhancement of
��T-cell responses (48). Consistent with other recent findings
(21), our studies support the notion that ��T cells are an impor-
tant target for novel anti-S. aureus immunomodulatory therapies.
However, it is important that we interpret all preclinical mouse
model data with caution, as our studies demonstrate that distinct
strains of S. aureus have differential capacities to activate ��T cells.
Taken together, our results highlight the importance of strain se-
lection for all studies investigating cellular immune responses to S.
aureus infection and suggest that a disparity of virulence factor
expression by distinct strains will influence the mechanisms by
which these strains interact with and modulate T-cell activation
and thereby affect infection outcomes.
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