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The ST2 receptor is a member of the Toll/IL-1R superfamily and interleukin-33 (IL-33) 
is its agonist. Recently, it has been demonstrated that IL-33/ST2 axis plays key roles in 
inflammation and immune mediated diseases. Here, we investigated the effect of ST2 
deficiency in Staphylococcus aureus-induced septic arthritis physiopathology. Synovial 
fluid samples from septic arthritis and osteoarthritis individuals were assessed regarding 
IL-33 and soluble (s) ST2 levels. The IL-33 levels in samples from synovial fluid were 
significantly increased, whereas no sST2 levels were detected in patients with septic 
arthritis when compared with osteoarthritis individuals. The intra-articular injection of 
1 × 107 colony-forming unity/10 μl of S. aureus American Type Culture Collection 6538 
in wild-type (WT) mice induced IL-33 and sST2 production with a profile resembling the 
observation in the synovial fluid of septic arthritis patients. Data using WT, and ST2 defi-
cient (−/−) and interferon-γ (IFN-γ)−/− mice showed that ST2 deficiency shifts the immune 
balance toward a type 1 immune response that contributes to eliminating the infection 
due to enhanced microbicide effect via NO production by neutrophils and macrophages. 
In fact, the treatment of ST2−/− bone marrow-derived macrophage cells with anti-IFN-γ 
abrogates the beneficial phenotype in the absence of ST2, which confirms that ST2 
deficiency leads to IFN-γ expression and boosts the bacterial killing activity of macro-
phages against S. aureus. In agreement, WT cells achieved similar immune response to 
ST2 deficiency by IFN-γ treatment. The present results unveil a previously unrecognized 
beneficial effect of ST2 deficiency in S. aureus-induced septic arthritis.
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inTrODUcTiOn

Interleukin-33 (IL-33) is a member of the IL-1 cytokine family 
that can act either as a chromatin-associated nuclear factor or as a 
classic cytokine (1, 2). Once released, IL-33 binds to the heterodi-
meric receptor complex consisting of ST2 and IL-1 receptor acces-
sory protein recruiting typical intracellular proteins of the toll-like 
receptor (TLR)/IL-1 superfamily (3, 4). The transmembrane form 
of ST2, encoded by the ST2 gene is expressed by cells including 
activated Th2 cells (5), mast cells (6), and ILC2 (7). ST2 is alter-
natively spliced to produce a soluble form (sST2), which acts as 
an IL-33 scavenger (8). Antibodies targeting ST2, ST2-Fc fusion 
proteins or ST2 deficient mice contributed to demonstrate that the 
lack of IL-33/ST2 signaling favors the expansion of Th1 cells and 
inhibits Th2 cell-mediated immune responses (5, 8–11).

Conversely, IL-33/ST2 signaling has now emerging pleiotropic 
properties, including type 1 and 3 immunity and regulatory 
 patterns (4, 12). Indeed, IL-33/ST2 has a proinflammatory role 
in Th1 and Th17 immune responses (13, 14). Both, IL-33 and 
ST2 are expressed in the human and mouse model of rheumatoid 
arthritis (RA) synovial tissue, are elevated in the sera and synovial 
fluids of RA patients and manifest correlation with disease pro-
gression (14–18). Endothelial cells and fibroblasts constitutively 
express high levels of IL-33 mRNA and protein, indicating that 
they are a key source of IL-33 in the inflamed synovium (11, 16). 
Thus, IL-33 and ST2 are expressed by joint cells in inflammatory 
conditions.

During infections, IL-33/ST2 signaling plays dual roles 
depending on the organ involved and the Th1/Th2 shifting neces-
sary to better control the infectious foci (4). IL-33 is protective 
during acute phase of sepsis (19), keratitis caused by Pseudomonas 
aeruginosa (20) or Staphylococcus aureus wound infection (21) 
and in parasitic diseases with Trichuris muris (22), Schistosoma 
mansoni (23), or Toxoplasma gondii (24), whereas it is deleteri-
ous during cutaneous and visceral leishmaniasis (10, 25, 26).  
Thus, strategies targeting IL-33/ST2 pathway should account the 
cytokine milieu and disease context.

Septic arthritis is considered as one of the most aggressive 
joint diseases due to its rapidly progressive disease profile, pain, 
severe joint lesion, and dysfunction even with therapy onset 
(27, 28). Patients with underlying joint diseases, such as RA are 
4- to 15-fold more susceptible to septic arthritis than general 
population (29). Joint lesions facilitate bacterial colonization 
together with a reduced immune response due to chronic treat-
ment with disease modifying drugs, corticosteroids and biologic 
therapies that cause patient immune suppression (30–32).  
S. aureus is the most common cause of SA (31). There is evidence 
that both drug resistant S. aureus such as methicillin-resistant  
S. aureus and non-drug resistant S. aureus cause septic arthritis 
(28, 29, 33, 34). The fast development of joint destruction in septic 
arthritis supports the urgent need for development of new treat-
ment strategies against S. aureus arthritis.

As IL-33 and its receptor ST2 have been recognized as an 
important axis in joint inflammation and infectious diseases, we 
therefore, investigated whether ST2 deficiency would influence 
the outcome and contributing mechanisms of this receptor in  
S. aureus-induced septic arthritis.

MaTerials anD MeThODs

animals
Male BALB/c [wild-type (WT)], ST2−/− (BALB/c background), 
C57BL/6 (WT), and interferon-γ (IFN-γ)−/− (C57BL/6 background) 
mice were used in this study. ST2−/− mice were originally obtained 
from Dr. Andrew McKenzie (LMB, Cambridge) (15). IFN-γ−/− mice 
were obtained from Jackson Laboratories (Bar Harbor, ME, USA).

A total of 1,360 mice were used in this study. All mice were 
housed in standard clear plastic cages with free access to water 
and food, and temperature of 23°C  ±  2 at constant humidity. 
A  12/12  h light/dark cycle was used with lights on at 6 a.m. 
and off at 6 p.m. The behavioral tests were performed between 
9 a.m. and 5 p.m. in a temperature-controlled room (23°C ± 2). 
Animal care and handling procedures were in accordance with 
the International Association for Study of Pain guidelines, and all 
protocols were approved by the Ethics Committee of the Londrina 
State University (OF.CIRC.CEUA, process number 20165/2009).

clinical samples
Synovial fluid samples from 4 to 5 individuals with septic arthritis 
and 10 osteoarthritis individuals were collected in order to assess 
IL-33, sST2, and IFN-γ levels using ELISA kits (R&D Systems, 
Minneapolis, MN, USA). All individuals were recruited at the 
Division of Rheumatology, Hospital das Clínicas, Ribeirão 
Preto Medical School (HC-FMRP), São Paulo, Brazil, and were 
informed about the aims of the study and provided written con-
sent before participating. The Human Ethics Committee of the 
FMRP approved this study (Process number 4971/2012).

Mouse Model of S. aureus-induced 
arthritis
Staphylococcus aureus was obtained from American Type Culture 
Collection (ATCC, USA) number 6538. Septic arthritis was 
induced by local injection of 107 colony-forming unity (CFU) of 
S. aureus in 10 µl in sterile PBS into the right knee joints. Intra-
articular (i.a.) injection of 10 µl of sterile saline was used as negative 
control group. To assess the intensity of arthritis, a clinical score 
was carried out using macroscopic inspection of the knee joints 
yielding a score of 0–4 for each limb (0—normal, 1—periarticular 
erythema, 2—articular erythema and edema, 3—function loss 
with difficult locomotion and articular extension, 4—purulent 
process with abscess formation) (28).

assessment of articular hyperalgesia
Articular mechanical hyperalgesia was assessed over 27  days 
post-i.a. infection with S. aureus using an electronic pressure 
meter (IITC 152 Inc., Life Science Instruments California, CA, 
USA) (35). The electronic pressure-meter apparatus automati-
cally recorded the intensity of the force applied when the paw was 
withdrawn. The results were expressed as the flexion-elicited 
withdrawal threshold in grams.

Determination of Knee Joint edema
Knee joint edema was assessed over 27 days post-i.a. infection 
with S. aureus using a digital caliper (Digmatic Caliper, Mitutoyo 
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Corp., Kanagawa, Japan). The results were expressed as the differ-
ence (delta, Δ) between the diameter measured before (basal) and 
after induction of articular infection in millimeter.

Quantification of cytokines
Knee joints were dissected out and frozen with liquid nitrogen. 
Then, samples were homogenized in a buffer containing a 
cocktail of protease inhibitors [NaCl 0.4  M, Tween 20 0.05%, 
bovine albumin 0.5%, phenyl methyl sulphonyl fluoride 0.1 mM, 
benzethonium chloride 0.1  mM, EDTA 10  mM, aprotinin 
20 KI·ml−1 (0.01 mg·ml−1) diluted in phosphate buffer saline pH 
7.4], centrifuged and the supernatants were used to determine the 
levels of sST2, IL-33, TNF-α, IL-1β, IFN-γ, IL-4, IL-5, IL-17, and 
IL-10. The results were expressed as picogram per 100 mg of tis-
sue (36). Supernatants from bone marrow-derived macrophages 
(BMDMs) culture were also collected to determine the levels of 
IL-33 and IFN-γ and the results were expressed as picogram/mil-
liliter. All measurements were performed using ELISA kits from 
R&D Systems (Minneapolis, MN, USA) or eBioscience (San Siego, 
CA, USA). The minimum sensitivity of the kits was ≥0.7 pg/ml.

Determination of Joint leukocyte 
infiltration and Bacterial counts
Knee joints cavities were exposed and washed with the aid of a 
pipette three times with a total volume of 10 µl of sterile saline 
plus 1 mM EDTA. Each washing procedure used approximately 
3.3 µl of saline. The total number of leukocytes was determined 
in a Neubauer chamber diluted in Turk’s solution and differential 
cell counts were performed in Rosenfeld stained slices using a 
light microscope. The results were expressed as the number 
of total of leukocytes, neutrophils, or mononuclear cells × 104 
(mean ± SEM)/per cavity. The same samples were plated on blood 
agar to determine the bacterial load in the joints and the results 
were expressed as CFU per cavity. Additionally, spleen from 
the same animals were explanted and plated on blood agar to 
determine the bacterial load. The results were expressed as CFU 
per spleen.

histological analysis
Whole knee joints were removed and fixed in 4% formaldehyde 
for 2 days before decalcification in 5% formic acid and processing 
for paraffin embedding. Tissue sections (5 µm) were stained with 
hematoxylin and eosin. All the slides were coded and assessed 
in a blinded manner by two observers regarding the degree of 
synovitis (leukocyte infiltration score) and cartilage destruction.

Proteoglycan Quantification assay
Chondroitin sulfate from patella samples was quantitated using 
1,9-dimethyl-methylene blue assay. The glycosaminoglycan 
content of samples was calculated from the standard curve of 
chondroitin sulfate (14).

rT-qPcr
Total RNA was extracted from 1 × 106 S. aureus-infected BMDMs 
[multiplicity of infection (MOI): 3] and from whole knee joint 
samples using TRIzol reagent (Invitrogen). For RT-qPCR, the 

total RNA was extracted with SV Total RNA Isolation System 
Kit (Promega, USA) according to the manufacturer’s instruc-
tions. RT-PCR and qPCR were performed using GoTaq® 2-Step 
RT-qPCR System (Promega) on a StepOnePlus™Real-Time PCR 
System (Applied Biosystems®) using primers for Rankl, Rank, 
Opg, IFN-γ, iNOS, IL-33, and ST2. Raw data were normalized to 
Gadph expression and were analyzed by the 2−(ΔΔCt) method.

Western Blot
A total of 2 × 106 BMDMs were seeded per well and pretreated 
with IFN-γ (100 U/ml, Invitrogen), anti-IFN-γ (10 µg/ml, R&D 
Systems), or medium for 1 h followed by infection with S. aureus 
(MOI = 3) for 18 h. The supernatants were collected to further 
assess the nitrite production. The cell lysates were collected using 
RIPA buffer containing CST—Protease/Phosphatase Inhibitor 
Cocktail (Cell Signaling, USA). Whole knee joint samples using 
RIPA buffer containing Protease/Phosphatase Inhibitor Cocktail 
(Cell Signaling, USA) were also collected. Total protein from 
cells and knee joint samples were quantified and the lysates 
were mixed with 4× Laemmli sample buffer (Sigma-Aldrich). 
Antibody against iNOS (1:10,000, Sigma Chemical Co., St. Louis, 
MO, USA) was used for protein detection after electrophoresis in 
10% SDS-PAGE gel, transference into nitrocellulose membrane 
(Merck Millipore, USA), and blocking. HRP-conjugated sec-
ondary antibody was used (KPL, USA). Immunodetection was 
performed using an enhanced chemiluminescence technique 
(ChemiDoc XRS System, Biorad Laboratories). The membrane 
was stripped and reprobed with β-actin (1:5,000, Sigma Chemical 
Co., St. Louis, MO, USA) as a loading control. Densitometry data 
were measured after normalization to the control (house-keeping 
gene, β-actin) using Scientific Imaging Systems (Image Lab 3.0 
software; Biorad Laboratories, Hercules, CA, USA). Full scan 
of the original uncropped western blot is shown in Figure S4 in 
Supplementary Material.

FiTc-labeling of staphylococci
Staphylococcus aureus ATCC 6538 was grown to mid-log phase 
in fresh Muller–Hinton broth. Bacteria were washed twice with 
sterile PBS and labeled in 0.1 mg/ml FITC (Sigma Chemical Co., 
St. Louis, MO, USA) for 1 h at 37°C with shaking. Prior to use, 
bacteria were washed twice with PBS and re-suspended in Hank’s 
solution (Sigma Chemical Co., St. Louis, MO, USA).

Flow cytometry analysis
Phagocytosis assay and detection of intracellular cytokines was 
performed using an FACS Verse (BD Biosciences, San Diego, 
CA, USA) flow cytometer. Phagocytosis of naïve BMDMs and 
naïve neutrophils was measured using FITC-labeled S. aureus as 
previously described in Ref. (37). In other set of experiments to 
assess the intracellular cytokines, draining popliteal lymph nodes 
(LNs) were collected from naïve and infected mice at indicated 
times post-infection and processed as a pool. Cell suspensions 
obtained (1 × 106 cells) were stained with fluorochrome-conju-
gated antibodies for CD4 (H129.19), IFN-γ (B27), IL-4 (11B11), 
IL-17 (TC11-18H10), or IL-10 (JES5-16E3) from BD Biosciences 
(San Diego, CA, USA). Data were analyzed with FlowJo software 
(TreeStar, Ashland, OR, USA).
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FigUre 1 | Interleukin-33 (IL-33) and sST2 levels in synovial fluid samples of septic arthritis and osteoarthritis patients, and similar profile in mouse septic arthritis. 
(a,B) Synovial fluid samples from patients with septic arthritis and osteoarthritis were collected and processed to determine the levels of IL-33 and sST2 by ELISA. 
(c,D) Staphylococcus aureus or saline (day 0) was injected in in the femur-tibial joint of wild-type and knee joints samples were collected and processed to determine 
the levels of IL-33 and sST2 at indicated points (7–28 days) post S. aureus injection by ELISA. For clinical samples analysis: n = 5 for septic arthritis and n = 10 for 
osteoarthritis patients. *P < 0.05 vs osteoarthritic patients group (a,B). Kruskal–Wallis test followed by Dunn’s test. For mice samples analysis: n = 6 per group, 
representative of two independent experiments. *P < 0.05 vs day 0 of infection (c,D). Two-tailed unpaired Student’s t-test.
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Killing assay
To obtain macrophages (BMDM), cells were differentiated during 
6 days in RPMI medium plus 20% supernatant from L929 cells 
(38). To obtain neutrophils, cells were isolated by Percoll gradient 
(39). BMDM or neutrophils (1 × 106/well) were then pretreated 
with IFN-γ (100 U/ml), anti-IFN-γ (10 µg/ml), or medium for 
1 h followed by infection with S. aureus (MOI = 3). Other wells 
with only bacteria and RPMI medium were prepared as a posi-
tive control. The plates were centrifuged for 3 min at 5,000 rpm 
and returned to the cell incubator for 3 h. The supernatants were 
collected to further assess the nitrite production. Cells were then 
lysed by addition of Triton X-100 0.2%. The lysates were serially 
diluted 1:100,000 in 1 × PBS and plated on blood agar plates and 
incubated overnight at 37°C. The results were expressed as % of 
viable bacteria by comparing with the positive control.

nitrite Determination
Nitrite (NO2

−) accumulation, as an indication of NO produc-
tion was measured using Griess reagent. In this assay, 0.1 ml of 
sample was mixed with 0.1 ml of Griess reagent in a multiwell 
plate, and the absorbance was read at 550 nm 10 min later. Nitrite 
concentrations were determined by reference to a standard curve 
of sodium nitrite (1–200 µmol/l) (40).

Pharmacological Treatment of Mice
In some experiments, infected WT and ST2−/− were treated intra-
peritoneally with 30  mg/kg of aminoguanidine (AMG; Sigma, 
Chemical Co., St. Louis, MO, USA), a selective iNOS inhibitor, 
for 28 consecutive days (once a day). Mice were euthanized at 
the 28th day post-infection, and inflammatory parameters and 
bacterial load in joint and spleen tissues were analyzed.

culture of Macrophages like-cells
Peritoneal cells from naïve and infected mice were cultured in 
RPMI medium for 4 h to allow macrophages to adhere. The float-
ing cells were washed away and the adherent macrophages were 

challenged with lipoteichoic acid (LTA, 10 µg/ml), a TLR2 agonist 
plus IFN-γ (100 U/ml) in RPMI for 24 h at 37°C. The supernatants 
were harvested to assess the NO2

− accumulation.

statistical analysis
Statistical significance was analyzed using PRISM 6.01 (GraphPad 
Software, USA). The data are expressed as the mean  ±  SEM. 
Statistical differences were considered when P < 0.05.

resUlTs

il-33 and ssT2 levels in synovial Fluids 
of septic arthritis and Osteoarthritis 
Patients, and a similar Profile in 
Mouse septic arthritis
First, the IL-33 and sST2 levels in the synovial fluid of patients 
with septic arthritis and osteoarthritis were determined. Clinical 
and demographic characteristics of these patients are presented as 
Table S1 in Supplementary Material. IL-33 levels were higher in the 
synovial fluid of SA patients than in the synovial fluid OA patients 
(Figure 1A). The levels of sST2 were below limit detection in septic 
arthritis patients (Figure 1B). These clinical results indicate that 
there are higher levels of IL-33 in septic arthritis primary foci than 
in osteoarthritis. In mice, the i.a. injection of S. aureus induced the 
increase of IL-33 levels (Figure 1C) and decreased of sST2 levels 
(Figure 1D) in the knee joints that lasted for 28 days compared 
with day 0 (representative group that received only saline). Despite 
the detection of IL-33 in the synovial fluid and knee joints of septic 
arthritis patients and mice, respectively, whether IL-33 and its 
receptor ST2 have a function in disease is unknown.

sT2 receptor Deficiency ameliorates  
S. aureus-induced septic arthritis
Considering that septic arthritis triggered the production of 
IL-33 and reduction of sST2 levels in the synovial fluid of patients 
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FigUre 2 | ST2 deficiency ameliorates Staphylococcus aureus-induced septic arthritis. S. aureus or saline was injected in the femur-tibial joint of wild-type (WT) 
and ST2−/− mice. (a) Mechanical hyperalgesia, (B) articular edema, and (c) clinical score were evaluated over 27 days post-infection. Knee joints were collected  
and processed to determine the levels of (D) TNF-α and (e) IL-1β by ELISA determined at days 7–28 days post-infection. (F) Total leukocytes, (g) neutrophil, and 
(h) mononuclear recruitment to the knee joint were determined at 7–28 days post-infection. Knee joint samples were collected at the 28th day post-infection for 
histological analysis by hematoxylin/eosin stained slices to determine: (i) synovitis score (intensity: 1–4) and (J) cartilage destruction score (intensity: 1–4).  
(K) Representative images of knee joints at 28 post-infection in original magnification ×10. The letter a indicates a heavily inflamed joint with cartilage destruction 
and pannus formation. (F) Proteoglycan content in patella determined at 7–28 days post-infection. For inflammatory parameters and proteoglycan content: n = 6 
per group per in vivo experiment, representative of two independent experiments. *P < 0.05 vs naïve mice group, #P < 0.05 vs WT mice group (a–h,l). One-way 
ANOVA followed by Tukey’s test. For histological analysis: n = 8 per group per experiment, representative of two independent experiments. *P < 0.05 vs naïve 
mice group, #P < 0.05 vs WT mice group (i–K). Kruskal–Wallis test followed by Dunn’s test. Abbreviations: C, cartilage; JC, joint cavity.
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(Figure 1A), we used a model of S. aureus-induced septic arthritis 
in WT (balb/c) and ST2−/− mice to investigate the disease out-
come in the ST2 deficiency scenario. i.a. injection of S. aureus 
increased mechanical hyperalgesia in WT mice as observed by 
reduction in the mechanical threshold when compared with 
naïve mice (Figure  2A). Interestingly, the S. aureus-induced 
hyperalgesia was similar between WT and ST2−/− mice up to 
9 days of infection. However, from 11 days onward, S. aureus-
induced hyperalgesia started to reduce in ST2−/− compared with 
WT mice. This result may have, at least, two explanations; ST2 −/−  
mice respond better than WT against S. aureus infection or by 
lacking ST2, these mice would present a reduction of hyperalgesia 
since IL-33 is a hyperalgesic cytokine (13). Moreover, IL-33 also 
mediates the paw edema induced by carrageenan (41). Indeed, 
WT mice presented increased edema when compared with 
ST2−/− mice (Figure  2B). The reduction of hyperalgesia and 
edema in ST2−/− mice was followed by lower clinical score as well 
(Figure  2C). WT mice also showed increased levels of TNF-α 

and IL-1β after infection (Figures  2D,E, respectively), inflam-
matory cell recruitment to the knee joint (Figures 2F–H), and 
tissue inflammatory cell infiltration demonstrated histologically 
(Figures  2I,K) when compared with ST2−/− mice. Ultimately, 
these features resulted in increased cartilage destruction with 
only parts of cartilage remaining (Figures  2J,K), which was 
confirmed by proteoglycan content loss (Figure 2L). These mor-
phological changes were reduced in ST2−/− mice (Figures 2I–K). 
Further, WT mice presented increased mRNA expression of 
receptor activator of nuclear factor-kappa B ligand (Figure S1A 
in Supplementary Material) and receptor activator of nuclear 
factor-kappa B (Figure S1B in Supplementary Material), and 
reduced mRNA expression of OPG (osteoprotegerin, Figure 
S1C in Supplementary Material), an expression pattern indicat-
ing bone resorption (42). These results indicate that IL-33/ST2 
signaling deficiency ameliorated the clinical features of septic 
arthritis. Therefore, we next examined whether the reduction 
of disease intensity in ST2−/− mice would be related to reducing 
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FigUre 3 | ST2 deficiency enhances neutrophil and macrophages bactericidal activity against Staphylococcus aureus. S. aureus was injected in the femur-tibial 
joint of wild-type (WT) and ST2−/− mice. At indicated points (7–28 days post-infection), (a) knee joints and (B) spleen samples were collected and bacterial counts 
were determined on agar dishes. (c,D) FACS analysis of neutrophils (1 × 106) from WT and ST2−/− naïve mice incubated in vitro with S. aureus  
at a multiplicity of infection (MOI) of 3 to evaluate phagocytosis. (e,F) FACS analysis of naïve bone marrow-derived macrophages (BMDMs) (1 × 106) from WT and 
ST2−/− naïve mice incubated in vitro with S. aureus at a MOI of 3 to evaluate phagocytosis. Microbicidal activity of neutrophils (g) and BMDM (h) from WT and 
ST2−/− naïve mice preincubated with interferon-γ (IFN-γ) (100 IU/ml, 1 h) against S. aureus. All neutrophils were harvested from the bone marrow of mice. N = 6 
wells per group per in vitro experiment, representative of two independent experiments. One-way ANOVA followed by Tukey’s test. #P < 0.05 vs WT mice group 
(a,B). Samples were pooled from 10 mice per group per in vitro experiment, representative of two independent experiments. One-way ANOVA followed by Tukey’s 
test. #P < 0.05 vs WT neutrophils or BMDM group (c–F). *P < 0.05 vs WT group preincubated with only medium (g,h).
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inflammation since IL-33/ST2 signaling triggers inflammatory 
responses, or if ST2 deficiency would enhance the anti-microbial 
response due to boosting the immune response pattern necessary 
to combat S. aureus infection.

sT2 Deficiency enhances neutrophil and 
Macrophages Bactericidal activity against 
S. aureus
Inhibiting IL-33/ST2 signaling reduces inflammation induced by 
carrageenan and LPS, and in RA by targeting neutrophilic influx 
(14, 41, 43, 44). On the other hand, neutrophils have a fundamental 
role in controlling the bacterial load in infections. Indeed, the 
treatment with IL-33 improves the sepsis outcome due to inhibi-
tion of LPS-induced CXCR2 internalization, which maintains the 
neutrophil migration toward the infectious foci (19). To ascertain 
this issue and considering that mice lacking ST2 showed a protec-
tive phenotype against S. aureus local inflammation in septic 
arthritis (Figure 2), first, we evaluated if there was any difference 
in the bacterial load in WT and ST2−/− mice. Bacterial recovery 
showed that WT mice presented detectable S. aureus CFU in both 
the knee joint and the spleen (Figures 3A,B, respectively). On the 

other hand, ST2−/− mice presented reduced CFU number compared 
with WT mice as well as did not present S. aureus in the spleen, 
which indicates that the infection remained local in ST2−/−, but not 
in WT mice (Figure 3B). Given neutrophils and macrophages are 
the initial defenders against S. aureus infection (45), we determined 
if ST2 deficiency would influence neutrophil and macrophage 
phagocytosis and killing of S. aureus. Using FITC-labeled S. aureus, 
we found that both neutrophils (Figures 3C,D) and macrophages 
(BMDMs) (Figures  3E,F) from WT mice presented reduced 
phagocytic capacity when compared with ST2−/− cells. In addition, 
neutrophils and BMDMs from WT mice also partially controlled 
bacterial growth, and, importantly, neutrophils and BMDMs from 
WT mice increased their bacterial killing after stimulation with 
recombinant IFN-γ (Figures  3G,H) in a manner that reached 
the capability of ST2−/− cells. In contrast, the IFN-γ treatment 
of neutrophils and BMDMs from ST2−/− mice did not further 
enhanced their bactericidal effect (Figures 3G,H), possibly because 
this pathway was already being enhanced by ST2 deficiency. Thus, 
these results show that impaired endogenous IL-33/ST2 signaling 
enhances neutrophil and macrophage bacterial killing with a profile 
that can be matched by IFN-γ treatment. Therefore, IFN-γ-related 
mechanisms were investigated in the following experiments (46).
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FigUre 4 | ST2 deficiency enhances NO production by neutrophils and macrophages and reduces Staphylococcus aureus-induced septic arthritis. NO production 
was determined as nitrite concentration by Griess reagent in the culture supernatant of (a) neutrophils and (B) bone marrow-derived macrophages (BMDMs) cells 
from wild-type (WT) or ST2 −/− naïve mice preincubated in vitro with interferon-γ (IFN-γ) (100 IU/ml, 1 h) or medium, followed by incubation with S. aureus, or (c) in 
the culture supernatant of macrophages like-cells isolated from peritoneal cavity of WT or ST2−/− mice with staphylococcal arthritis and challenged with lipoteichoic 
acid (LTA) (10 µg/ml, a toll-like receptor 2 agonist) plus IFN-γ (100 UI/ml) for 48 h. S. aureus or saline (day 0) was injected in the femur-tibial joint of WT and ST2−/− mice 
and knee joint samples were collected and processed to determine: (D) the mRNA and (e) protein expression of iNOS at indicated time points post-infection by qPCR 
and Western Blot, respectively. WT and ST2−/− mice were treated with aminoguanidine (AMG, 30 mg/kg, s.c., 150 µl) or vehicle (saline, 150 µl) over 28 days after i.a. 
S. aureus [107 colony-forming unity (CFU)/10 μl/joint] injection: (F) mechanical hyperalgesia, (g) articular edema, and (h) clinical severity score were evaluated over 
27 days post-bacterial infection. At the 28th day post-infection, (i) leukocyte recruitment to the articular cavity, (J) bacterial counts in knee joint cavity and 
(K) spleen, and (l) proteoglycan content in patella samples were determined. N = 6 per group per in vivo experiment or N = 4 per group for WB analysis and 
samples were pooled from 10 mice per in vitro experiment. *P < 0.05 vs WT neutrophils or BMDM group preincubated with only medium, or vs mice naïve group; 
#P < 0.05 vs WT and ST2−/− neutrophils or BMDM group preincubated with only medium, or vs WT mice group (a–e). *P < 0.05 vs naïve mice group; #P < 0.05 vs 
ST2−/− + saline mice group vs WT + saline mice group; **P < 0.05 WT + AMG mice group vs WT + saline mice group; ##P < 0.05 ST2−/− + AMG mice group vs 
ST2−/− + saline mice group (F–l). Representative of two independent experiments. One-way ANOVA followed by Tukey’s test.
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sT2 Deficiency enhances nO Production 
by neutrophils and Macrophages and 
reduces S. aureus-induced septic 
arthritis
Since one of the IFN-γ mechanisms of bacterial killing is by 
increasing NO production in an iNOS-dependent manner 
(47) and that NO can also drive type 1 response (48–50), it was 
evaluated whether the protective phenotype of ST2 deficiency 
was related to an increase of IFN-γ/iNOS/NO signaling. First, it 

was measured the NO2
− levels in macrophages and neutrophils, 

which is indicative of iNOS activity. We found that neutrophils 
from WT mice presented lower production of NO2

− than neutro-
phils from ST2−/− mice (Figure 4A) as well as IFN-γ enhanced 
the NO2

− production by WT neutrophils, but not ST2−/− neutro-
phils. In accordance, naïve macrophages (BMDMs) infected with  
S. aureus or peritoneal macrophages collected at 7–28 days post  
S. aureus joint infection from WT presented reduced levels 
of NO2

− when compared with ST2−/− cells (Figures  4B,C, 
respectively). Considering neutrophils and macrophages 
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from WT mice presented reduced NO2
− levels compared with 

ST2−/− cells, the iNOS expression was investigated in knee joint 
samples from WT and ST2−/− mice with staphylococcal arthritis. 
Corroborating, both iNOS mRNA expression and protein (day 
21, peak of mRNA expression) were reduced in the knee joints 
from WT mice compared with ST2−/− mice (Figures  4D,E, 
respectively). Thus, to determine the contribution of iNOS to 
IL-33/ST2 signaling role in septic arthritis, WT and ST2−/−mice 
with septic arthritis received daily treatment with AMG, a selec-
tive iNOS inhibitor. Treatment with AMG reverted the protective 
effect of ST2 deficiency and also worsened the phenotype of WT 
mice, as observed by increased hyperalgesia (reduced mechani-
cal threshold, Figure  4F), edema (Figure  4G), and clinical 
score (Figure 4H), when compared with the group that receive 
only vehicle. Similarly, the treatment with AMG in ST2−/− mice 
increased leukocyte recruitment to the knee joint (Figure  4I), 
CFU count in both knee joint (Figure 4J) and spleen (Figure 4K), 
and proteoglycan degradation (Figure 4L) at the 28th day post-
infection (Figures 4I–L). Altogether, these data indicate that ST2 
receptor deficiency ameliorates S. aureus-induced septic arthritis 
by enhancing iNOS expression and thereby increasing NO levels, 
which is an important bactericidal mechanism and inductor of 
type 1 response.

sT2 Deficiency enhances Type 1-Driven 
immune response against S. aureus in 
septic arthritis
Proper Th1 response alongside with antibiotic therapy is funda-
mental to kill S. aureus (47, 51). Previous evidence shows that 
IL-33/ST2 signaling favors the expansion of type 2 cells; how-
ever, there is also evidence that IL-33 enhances type 1 immune 
responses (1, 4). Thus, to further address the mechanism underly-
ing the outcome of ST2 deficiency in septic arthritis, it was next 
performed a flow cytometry gating CD4+IFN-γ+T  cells and 
CD4+IL-4+T cells at the 7th and 14th day post-infection in LNs 
cells. These time points were chosen based on ST2−/−phenotype 
observed during septic arthritis and on the fact that CFU count 
in the joint was higher at the 7th and 14th day post-infection. 
Flow cytometry data show that ST2 expression was essential to 
the development of a Th2 response in septic arthritis (Figures 
S2A,B in Supplementary Material). We showed that ST2−/− mice 
had higher number of gated CD4+IFN-γ+T cells than WT mice 
at days 7 and 14 post-infection (Figures  5A,B). In contrast, 
the S. aureus induced an increase of the percentage of gated 
CD4  +  IL-4  +  T  cells at days 7 and 14 post-infection in WT 
mice, which was reduced by ST2 deficiency (Figures S2A,B in 
Supplementary Material). In line with FACS data, WT mice 
presented reduced amounts of IFN-γ and increased amounts 
of IL-4 in infected joints, which are opposed results compared 
to ST2−/− at all time points evaluated (7–28 days post-infection, 
Figure 5C; Figure S2C in Supplementary Material). This suggests 
that endogenous IL-33 is essential to driving type 2 response in 
septic arthritis which are mediated by IL-4. This axis favored the 
infection progression by counteracting type 1 response. In view of 
Th1 and Th2 response have long been balancing one another (52) 
and that there are similar evidences regarding the relationship 

between Th1 and Th17 (52, 53), we found a lower number of gated 
IL-17+CD4+T cells in LNs from ST2−/− mice compared with WT at 
7th and 14th day post-infection (Figures S2D,E in Supplementary 
Material), which lined up with IL-17 amounts in infected joint 
tissue at all time points evaluated (7–28  days post-infection, 
Figure S2F in Supplementary Material), raising the possibility 
that ST2−/− mice use Th1 cells in lieu of Th17 cells to drive the 
immune response against S. aureus-induced septic arthritis. We 
also found that WT mice presented increased number of CD4+ 
IL-10+ T cells in LNs when compared with ST2−/− mice at the 7th 
day post-infection (Figures S2G,H in Supplementary Material). 
This high IL-10 production in the beginning of infection in WT 
mice possibly favored bacterial growth (54). At the 14th day post-
infection, there was a decrease switch in the number of CD4+ 
IL-10+T+ cells observed in WT and ST2−/− mice with an increase 
in ST2−/− mice (Figures S2G,H in Supplementary Material) 
and it lined up with the IL-10 amounts in infected joints at all 
times points evaluated (7–28 days post-infection, Figure S2I in 
Supplementary Material). Thus, increasing CD4+IL-10+T+ cells 
and IL-10 production at later time points in the course of septic 
arthritis at which the infection was already controlled could be a 
mechanism to reduce joint inflammation in ST2−/− mice.

M1 macrophage polarization can be driven by microbial 
infection and secondarily drive the T helper (Th1) polarization 
under influence of IFN-γ. We observed that S. aureus induced the 
mRNA expression of IL-33 (Figure 5D) and ST2 (Figure 5E) as 
well as IL-33 (Figure 5F) production by BMDM. Therefore, the 
infectious agent induces IL-33 production, which is in line with 
an altered response in the absence of IL-33 receptor, ST2. IFN-γ 
is crucial for NO production and evidence demonstrates that 
BMDM produce IFN-γ and NO in response to L. amazonensis 
(55). In this sense, we found that S. aureus-induced IFN-γ mRNA 
(Figure  5G) and protein (Figure  5H) only in ST2−/− BMDM, 
but not in WT BMDM. This result explains why adding IFN-γ 
to the media could not increase the microbicide activity of 
ST2−/− BMDM (Figure 4B) and suggests that the effect of ST2 
deficiency depends on inducing IFN-γ in BMDM in addition to 
increasing Th1 cell skewing. Corroborating this conclusion, anti-
IFN-γ antibody treatment inhibited the enhanced iNOS mRNA 
expression (Figure 5I), iNOS levels (Figure 5J), NO2

− production 
(Figure 5K), and bacterial killing (Figure 5L) of ST2−/− BMDMs 
compared with WT BMDMs in response to S. aureus. These 
results confirm that the protection against S. aureus conferred by 
ST2 deficiency depends on inducing IFN-γ production. It is likely 
that S. aureus stimulus induces IL-33 that acting via ST2 limits 
IFN-γ production by BMDM functioning as an endogenous 
regulator of anti-bacterial mechanisms, and upon ST2 deficiency, 
IFN-γ can be produced to unleash the full microbicide activity 
of BMDMs.

iFn-γ contributes to the resolution 
of staphylococcal arthritis
Considering the importance of IFN-γ in the bacterial clearance 
and that ST2 deficiency enhances IFN-γ+CD4+T  cells skewing 
and IFN-γ-dependent killing activity of BMDM, it was then 
investigated whether mice lacking IFN-γ presented impaired 
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FigUre 5 | ST2 deficiency enhances type 1-driven immune response against Staphylococcus aureus in septic arthritis S. aureus or saline was injected in in the 
femur-tibial joint of wild-type (WT) and ST2−/− mice. (a) Representative FACS plots and (B) the percentage of interferon-γ (IFN-γ)-producing CD4+T cells 
(CD4+IFNγ+T cells) from lymph node collected at day 7 and 14 post-infection and evaluated by flow cytometry, and (c) IFN-γ concentrations in the knee joints of WT 
and ST2−/− at 7–28 days post-infection determined by ELISA. bone marrow-derived macrophages (BMDMs) (1 × 106) from naïve WT mice were incubated in vitro 
with S. aureus at a multiplicity of infection (MOI) of 3 for 18 h to assess: (D) interleukin-33 (IL-33) mRNA and (e) ST2 mRNA expression by qPCR, (F) IL-33 levels by 
ELISA. BMDMs (1 × 106) from naïve WT and ST2−/− mice incubated in vitro with S. aureus at a MOI of 3 for 18 h to assess: (g) IFN-γ mRNA expression by qPCR 
and (h) IFN-γ levels by ELISA. BMDMs from naïve WT and ST2−/− mice preincubated 1 h in vitro with IFN-γ (100 IU/ml), anti-IFN-γ (10 µg/ml) or medium, followed by 
incubation with S. aureus at a MOI of 3 for 18 h to assess: (i) iNOS mRNA expression by qPCR, (J) iNOS protein expression by Western Blot, and (K) NO 
production determined as nitrite concentration by Griess reagent in the culture supernatant. (l) BMDMs (1 × 106) from naïve WT and ST2−/− mice preincubated 1 h 
in vitro with IFN-γ (100 IU/ml), anti-IFN-γ (10 µg/ml), or medium, followed by incubation with S. aureus at a MOI of 3 for 3 h to assess bactericidal capability of 
BMDMs by Killing assay. N = 5 per group per in vivo experiment. *P < 0.05 vs WT naïve group (B) or vs day 0 of infection (c), #P < 0.05 vs WT mice group (B,c). 
Representative of two independent experiments. One-way ANOVA followed by Tukey’s test. For in vitro experiments: Samples were pooled from 5 mice per group, 
N 5 wells per group per in vitro experiment. *P < 0.05 vs WT medium group (D–F, K) or only bacteria group (l). #P < 0.05 vs WT S. aureus group (g–i) or vs WT 
medium (l), ##P < 0.05 vs WT IFN-γ + S. aureus group and WT S. aureus group (i,K), **P < 0.05 vs ST2−/− S. aureus group and WT IFN-γ + S. aureus group (i–K), 
fP < 0.05 vs ST2−/− S. aureus group (i–l). Representative of two independent experiments. One-way ANOVA followed by Tukey’s test.
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response in septic arthritis and whether this was related to IL-33 
production. Mice lacking IFN-γ presented increased mechani-
cal hyperalgesia and edema in all disease course (Figures 6A,B, 
respectively). The differences in clinical features were more 
prominent from day 13 post-infection as observed by an increase 
in clinical score in IFN-γ−/− when compared with WT mice 
(Figure 6C). IFN-γ−/− mice presented increased leukocyte recruit-
ment inflammatory cell infiltrate with predominance of polymor-
phonuclear leukocytes over mononuclear cells (Figures 6D–F), 
remarkable cartilage destruction, and architecture as confirmed 
by proteoglycan content loss and histopathology (Figures 6F–H).  

The septic arthritis development pattern was thoroughly different 
comparing WT and IFN-γ−/− mice as observed by the knee joint 
edema and clinical score (Figures 6B,C). In fact, a lower bacterial 
killing was observed resulting in higher CFU counts in the joint and 
spleen of IFN-γ−/− mice compared with WT mice (Figures 6I,J). 
Ultimately, this profile observed in IFN-γ−/− mice was related to 
higher IL-33 production, and lower sST2 levels than WT mice 
(Figures 6K,L). All the parameters were observed up to or in the 
28th day post-infection (Figure 6). Importantly, the same dose of 
S. aureus was used in WT C57BL/6 and WT Balb/c mice to induce 
septic arthritis. Both mouse strains were susceptible to infection; 
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FigUre 6 | Interferon-γ (IFN-γ) contributes to the resolution of staphylococcal arthritis. Staphylococcus aureus or saline was injected in in the femur-tibial joint of 
wild-type (WT) and IFN-γ−/− mice. (a) Mechanical hyperalgesia, (B) articular edema, and (c) clinical score were evaluated over 27 days post-infection. At 28-day 
post-infection, knee joint samples were collected at 28-day post-infection to determine: (D) leukocyte recruitment to the articular cavity, histopathological analysis  
of hematoxylin/eosin stained slices: (e) representative images of knee joints at 28 post-infection in original magnification ×10. The letter a indicates a heavily 
inflamed joint with cartilage destruction and pannus formation, (F) synovitis score (intensity: 1–4), and (g) cartilage destruction score (intensity: 1–4). At 28-day 
post-infection, (h) proteoglycan content in patellas, (i) bacterial counts in knee joint cavity, (J) and were determined, and (K) interleukin-33 (IL-33) and (l) sST2 
concentrations in knee joints were determined by ELISA. Correlation analysis of IL-33 and IFN-γ levels determined by ELISA in synovial fluid samples from patients 
with septic arthritis. For inflammatory parameters and proteoglycan content: n = 6 per group per in vivo experiment, representative of two independent experiments. 
*P < 0.05 vs naïve mice group, #P < 0.05 vs WT mice group (a–D,h–l). One-way ANOVA followed by Tukey’s test. For histological analysis: n = 8 per group per 
experiment, representative of two independent experiments. *P < 0.05 vs naïve mice group, #P < 0.05 vs WT mice group (e–g). Kruskal–Wallis test followed by 
Dunn’s test. Spearman rank correlation test was used for the assessment of correlation (M). Abbreviations: C, cartilage; JC, joint cavity.
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however, there was a clear difference in the disease intensity. The 
C57BL/6 mouse with pronounced type 1 and type 3 immune 
responses presented lessened disease severity that allowed 
observing the disease exacerbation in IFN-γ−/− mouse (Figure 6). 
The WT Balb/c with a more prominent type 2 profile could not 
inhibit bacterial growth. The ST2 deficiency enhanced the type 1 
immune response resembling the WT C57BL/6 profile, indicate 
that IFN-γ deficiency impairs the immune response against S. 
aureus-induced septic arthritis similarly to Balb/c mice expressing 
ST2, which lines up with the data showing that IFN-γ deficiency 
increased IL-33 production. Thus, enhancing IFN-γ is an essential 
mechanism to solve septic arthritis and can be achieved by ST2 
deficiency. Finally, we quantitated IFN-γ in synovial fluid samples 
of patients with septic arthritis and compared with the IL-33 
levels observed in Figure  1A. An inverse relationship between 
the levels of IL-33 and IFN-γ was observed (Figure  6M and  
Figure S3 in Supplementary Material). Making a parallel of the 
data presented in this manuscript and Figure  6M, we would 

suggest that with higher levels of IL-33, lower levels of IFN-γ will 
be observed in the synovial fluid of septic arthritis patients, and 
changing the balance of this relationship may interfere with the 
disease outcome.

DiscUssiOn

The present study demonstrates that the IL-33 receptor, ST2, con-
tributes to the development of S. aureus-induced septic arthritis. 
This contribution is drastic in a manner that ST2 deficiency 
resulted in a better disease outcome. ST2 deficiency increased 
the Th1 skewing and induced IFN-γ production by BMDM that 
presented a boosted response with enhanced bacteria killing via 
NO. Septic arthritis presents severe and permanent joint sequelae 
(29, 31), and the present data suggests that ST2 deficiency amelio-
rates this infections disease.

The knees are the most common joints that are affected in septic 
arthritis in humans (27). The diagnosis of septic arthritis depends 
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on isolating the pathogen from aspirated synovial fluid from knee 
joints (29, 56). We observed that patients have significantly more 
IL-33 and no detectable concentrations of sST2 in their synovial 
fluid compared those of the osteoarthritis patients. In the mouse 
model of septic arthritis, substantial amounts of IL-33 as well as 
markedly reduced sST2 levels were observed in the knee joint. 
Thus, the mouse septic arthritis model replicates this IL-33/
sST2 balance observed in septic arthritis patients. These clinical 
and experimental findings are consistent with the notion that 
the IL-33 levels are tightly regulated by sST2 availability (1, 4, 
11, 57), suggesting that during S. aureus septic arthritis there is an 
enhanced availability and, potentially, activity of IL-33.

Infectious disease is the outcome of an intense crosstalk 
between invading pathogen and host defense armory (58). In 
septic arthritis, the synovial membrane inflammation leads to 
tissue destruction and dysfunction, resulting into significant 
painful condition and morbidity (28, 56, 59). In this context, the 
effect of ST2 deficiency in staphylococcal arthritis was evident 
since the first day after bacteria injection, inducing articular 
hyperalgesia, edema and a focal collection of immune cells that 
secret proinflammatory mediators such as TNF-α and IL-1β, 
which in turn contribute to the knee joint lesion, abscess and 
function loss (28). Indeed, IL-33 can orchestrate the influx of 
neutrophils and other immune cells subsidizing a dysfunctional 
joint inflammation in other arthritis models (13–15, 60). 
Conversely, using ST2 deficient mice, we observed a decrease in 
articular hyperalgesia, clinical score, and all inflammatory profile 
of staphylococcal arthritis over 28 days as result of a better control 
of infection, establishing a relationship between ST2 deficiency 
and intrinsic factors modulating microbicide mechanisms. The 
initial phenotype results could represent a reduction of inflam-
matory response since IL-33 induces hyperalgesia and edema 
(13, 41). Reduced inflammation would result in diminished 
killing of bacteria, which would be in line with evidence that in 
ovalbumin-induced airway inflammation IL-33 does not affect 
NO production from iNOS (61). However, this was not true in 
the present experimental condition since ST2 deficiency resulted 
in a better killing activity and control of staphylococcal arthritis 
avoiding the infection to become systemic. The ST2 deficiency 
allowed an enhancement of a Th1 cells activation of neutrophils 
and macrophages with IFN-γ with enhanced anti-bacterial activ-
ity. Unexpectedly, ST2 deficient macrophages produced IFN-γ for 
an autocrine induction of iNOS expression/NO production and 
killing activity, thus, suggesting that ST2 deficiency also favors an 
M1 macrophage phenotype that contributes to protect the host 
against S. aureus infection. Corroborating these data, an essential 
role for NO and other NO congeners in controlling septic arthritis 
was demonstrated (28, 62).

Extrapolating to others bacterial infections, IL-33/ST2 axis has 
apparent pleiotropic functions shaped by the local microenviron-
ment (4, 19, 21, 38, 63, 64). Our findings appear to contradict the 
reports showing the beneficial role of IL-33 on bacterial infec-
tions, including cutaneous S. aureus infection (21, 63, 64). One 
fundamental explanation is that even before the recognition of 
IL-33, it was demonstrated that ST2 makes a negative-feedback 
control of IL-1RI and TLR signaling via sequestration of MyD88 
and Mal through TIR domain (3, 65). Direct activation of TLRs 

in neutrophils, specifically TLR2 in staphylococcal infections, 
downregulates the expression of chemokine receptor CXCR2 that 
keeps their recruitment to infectious foci. Thus, once at infectious 
focus, neutrophils no longer need to continue migrating, but they 
must solve the infection by producing microbicide molecules such 
as NO (19, 66). Further, NO produced from iNOS also down-
regulates chemokine receptor expression (19,  67). Considering 
that IL-33 interferes with TLR signaling (19), it is reasonable to 
suppose that in ST2−/− mice with septic arthritis, TLR2 signaling 
will be boosted allowing neutrophils and macrophages to produce 
larger amounts of NO via iNOS to eliminate the bacteria. This 
signaling also links innate and Th1-biased adaptive response (65). 
Moreover, acute sepsis also presents differences with septic arthri-
tis that contribute to understand the pleiotropic roles of IL-33. 
Acute sepsis is dependent on innate immune responses, although 
it triggers immune suppression in the patients that survive (38). 
On the other hand, septic arthritis is a disease with extremely 
aggressive acute effects, but also with a chronic temporal profile 
that allows the development of adaptive immune response as 
observed here in. The present data supports that ST2 deficiency 
will allow the development of Th1 adaptive immune response and 
a better control of infection via enhanced IFN-γ production and 
consequent increase microbicide activity of phagocytes.

NO has a selective enhancing effect on the induction and dif-
ferentiation of Th1 but not Th2 cells (49, 68, 69). Th1 cells in a 
feedback loop amplify NO synthesis further via activation of M1 
macrophages by IFN-γ and suppress IL-4 synthesis, leading to 
the production of large amounts of NO that is essential for killing 
pathogens (68). Importantly, a strong Th1 response is desirable for 
effective host defense against S. aureus (63). Conversely, a skew-
ing toward a type 2 immune response is thought to contribute to 
impaired immune defenses in S. aureus-induced septic arthritis 
(70). Consistent with the inability of WT mice in controlling the 
infection, these mice showed Th2 profile in septic arthritis with 
high-IL-4/CD4+T  cell and low-IFN-γ/CD4+T  cell counts. In 
the absence of ST2, the polarization of lymphocytes and type 2 
cytokines production was abolished allowing the skewing toward 
Th1 phenotype. The ST2 deficiency also inhibited Th17 expansion 
and promoted IL-10 production. These data are in agreement that 
IFN-γ production might overlap IL-17 release in septic arthritis 
(71) and that IL-10 was released in order to achieve a state of 
tissue homeostasis in chronic phase of septic arthritis (72).

Concluding, we find a novel endogenous role for the IL-33 
receptor, ST2, in septic arthritis. Abrogating ST2 expression 
enhances the Th0 polarization toward a Th1 phenotype that via 
IFN-γ induces iNOS-derived NO production by macrophages 
and neutrophils improving the killing activity of these innate 
immune cells. Furthermore, ST2 deficient macrophages produce 
IFN-γ that boosts their bactericide armory. Therefore, ST2 defi-
ciency is beneficial in S. aureus-induced septic arthritis.

eThics sTaTeMenT

Animal care and handling procedures were in accordance with 
the International Association for Study of Pain (IASP) guidelines, 
and approved by the Ethics Committee of the Londrina State 
University (OF.CIRC.CEUA, process number 20165/2009).

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


12

Staurengo-Ferrari et al. ST2 Role in Septic Arthritis

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 962

aUThOr cOnTriBUTiOns

LS-F, JA-F, and WV conceived and designed the experiments. 
LS-F, ST, VF, DN, and KL performed the experiments. LS-F and 
FF pathological analysis. RO and PL-J patient’s recruitment, 
collection of human samples. LS-F, ST, VF, DN, KL, and WV 
collection of data and analysis. JP, RC, SF, MT, TC, FL, FC, JA-F, 
and WV contributed reagents/materials/analysis tools. LS-F, 
VF, and WV writing-original draft. LS-F, RC, TC, FC, JA-F, 
and WV writing-review and editing. All authors contributed to 
manuscript revision, read and approved the final version of the 
manuscript.

acKnOWleDgMenTs

The authors thank Giuliana Francisco, Ieda Schivo, Sérgio Rosa, 
and Tadeu Vieira for their technical assistance.

FUnDing

This work was supported by grants from CNPq (Conselho 
Nacional de Desenvolvimento Científico e Tecnológico); MCTI/

SETI/Fundação Araucária (Ministério da Ciência, Tecnologia e 
Inovação/Secretaria da Ciência, Tecnologia, e Ensino Superior 
do Paraná/Fundação Araucária); PPSUS grant from Decit/
SCTIE/MS (Departamento de Ciência e Tecnologia da Secretaria 
de Ciência, Tecnologia e Insumos Estratégicos, Ministério 
da Saúde) intermediated by CNPq and support of Fundação 
Araucári; Coordenadoria de Aperfeiçoamento de Pessoal de 
Nível Superior (CAPES); INCT (National Institutes of Science 
and Technology)—MCTI/CNPq/CAPES/Fundação Araucária; 
São Paulo Research Foundation under grant agreements 
2011/19670-0 (Thematic Project) and 2013/08216-2 (Center for 
Research in Inflammatory Disease); Financiadora de Estudos e 
Projetos and Secretaria de Estado da Ciência, Tecnologia e Ensino 
Superior do Paraná (FINEP/SETI-PR) and Central Multiusuária 
de Laboratórios de Pesquisa da UEL (CMLP). LS-F received a 
postdoctoral fellowship from CAPES.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00962/
full#supplementary-material.

reFerences

1. Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, et al. 
IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related 
protein ST2 and induces T helper type 2-associated cytokines. Immunity 
(2005) 23(5):479–90. doi:10.1016/j.immuni.2005.09.015 

2. Carriere V, Roussel L, Ortega N, Lacorre DA, Americh L, Aguilar L, et  al. 
IL-33, the IL-1-like cytokine ligand for ST2 receptor, is a chromatin-associ-
ated nuclear factor in vivo. Proc Natl Acad Sci U S A (2007) 104(1):282–7. 
doi:10.1073/pnas.0606854104 

3. Liew FY, Xu D, Brint EK, O’Neill LA. Negative regulation of toll-like 
 receptor-mediated immune responses. Nat Rev Immunol (2005) 5(6):446–58. 
doi:10.1038/nri1630 

4. Liew FY, Girard JP, Turnquist HR. Interleukin-33 in health and disease. Nat 
Rev Immunol (2016) 16(11):676–89. doi:10.1038/nri.2016.95 

5. Meisel C, Bonhagen K, Lohning M, Coyle AJ, Gutierrez-Ramos JC, 
Radbruch A, et al. Regulation and function of T1/ST2 expression on CD4+ 
T  cells: induction of type 2 cytokine production by T1/ST2 cross-linking. 
J Immunol (2001) 166(5):3143–50. doi:10.4049/jimmunol.166.5.3143 

6. Allakhverdi Z, Smith DE, Comeau MR, Delespesse G. Cutting edge: the ST2 
ligand IL-33 potently activates and drives maturation of human mast cells. 
J Immunol (2007) 179(4):2051–4. doi:10.4049/jimmunol.179.4.2051 

7. Bartemes KR, Iijima K, Kobayashi T, Kephart GM, McKenzie AN, Kita H. 
IL-33-responsive lineage- CD25+ CD44(hi) lymphoid cells mediate innate 
type 2 immunity and allergic inflammation in the lungs. J Immunol (2012) 
188(3):1503–13. doi:10.4049/jimmunol.1102832 

8. Trajkovic V, Sweet MJ, Xu D. T1/ST2—an IL-1 receptor-like modulator 
of immune responses. Cytokine Growth Factor Rev (2004) 15(2–3):87–95. 
doi:10.1016/j.cytogfr.2004.02.004 

9. Townsend MJ, Fallon PG, Matthews DJ, Jolin HE, McKenzie AN. T1/ST2-
deficient mice demonstrate the importance of T1/ST2 in developing primary 
T helper cell type 2 responses. J Exp Med (2000) 191(6):1069–76. doi:10.1084/
jem.191.6.1069 

10. Kropf P, Herath S, Klemenz R, Muller I. Signaling through the T1/ST2 molecule 
is not necessary for Th2 differentiation but is important for the regulation of 
type 1 responses in nonhealing Leishmania major infection. Infect Immun 
(2003) 71(4):1961–71. doi:10.1128/IAI.71.4.1961-1971.2003 

11. Liew FY, Pitman NI, McInnes IB. Disease-associated functions of IL-33: 
the   new kid in the IL-1 family. Nat Rev Immunol (2010) 10(2):103–10. 
doi:10.1038/nri2692 

12. Fattori V, Hohmann MSN, Rossaneis AC, Manchope MF, Alves-Filho JC, 
Cunha TM, et al. Targeting IL-33/St2 signaling: regulation of immune func-
tion and analgesia. Expert Opin Ther Targets (2017) 12:1141–52. doi:10.1080/ 
14728222.2017.1398734 

13. Verri WA Jr, Guerrero AT, Fukada SY, Valerio DA, Cunha TM, Xu D, et al. 
IL-33 mediates antigen-induced cutaneous and articular hypernociception 
in mice. Proc Natl Acad Sci U S A (2008) 105(7):2723–8. doi:10.1073/pnas. 
0712116105 

14. Verri WA Jr, Souto FO, Vieira SM, Almeida SC, Fukada SY, Xu D, et  al. 
IL-33 induces neutrophil migration in rheumatoid arthritis and is a target 
of anti-TNF therapy. Ann Rheum Dis (2010) 69(9):1697–703. doi:10.1136/
ard.2009.122655 

15. Xu D, Jiang HR, Kewin P, Li Y, Mu R, Fraser AR, et  al. IL-33 exacerbates 
antigen-induced arthritis by activating mast cells. Proc Natl Acad Sci U S A 
(2008) 105(31):10913–8. doi:10.1073/pnas.0801898105 

16. Palmer G, Talabot-Ayer D, Lamacchia C, Toy D, Seemayer CA, Viatte S, et al. 
Inhibition of interleukin-33 signaling attenuates the severity of experimental 
arthritis. Arthritis Rheum (2009) 60(3):738–49. doi:10.1002/art.24305 

17. Matsuyama Y, Okazaki H, Tamemoto H, Kimura H, Kamata Y, Nagatani K, 
et  al. Increased levels of interleukin 33 in sera and synovial fluid from 
patients with active rheumatoid arthritis. J Rheumatol (2010) 37(1):18–25. 
doi:10.3899/jrheum.090492 

18. Lee EJ, So MW, Hong S, Kim YG, Yoo B, Lee CK. Interleukin-33 acts as a tran-
scriptional repressor and extracellular cytokine in fibroblast-like synoviocytes 
in patients with rheumatoid arthritis. Cytokine (2016) 77:35–43. doi:10.1016/j.
cyto.2015.10.005 

19. Alves-Filho JC, Sonego F, Souto FO, Freitas A, Verri WA Jr, Auxiliadora-
Martins M, et  al. Interleukin-33 attenuates sepsis by enhancing neutrophil 
influx to the site of infection. Nat Med (2010) 16(6):708–12. doi:10.1038/
nm.2156 

20. Hazlett LD, McClellan SA, Barrett RP, Huang X, Zhang Y, Wu M, et al. IL-33 
shifts macrophage polarization, promoting resistance against Pseudomonas 
aeruginosa keratitis. Invest Ophthalmol Vis Sci (2010) 51(3):1524–32. 
doi:10.1167/iovs.09-3983 

21. Yin H, Li X, Hu S, Liu T, Yuan B, Ni Q, et al. IL-33 promotes Staphylococcus 
aureus-infected wound healing in mice. Int Immunopharmacol (2013) 
17(2):432–8. doi:10.1016/j.intimp.2013.07.008 

22. Humphreys NE, Xu D, Hepworth MR, Liew FY, Grencis RK. IL-33, a potent 
inducer of adaptive immunity to intestinal nematodes. J Immunol (2008) 
180(4):2443–9. doi:10.4049/jimmunol.180.4.2443 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00962/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00962/full#supplementary-material
https://doi.org/10.1016/j.immuni.2005.09.015
https://doi.org/10.1073/pnas.0606854104
https://doi.org/10.1038/nri1630
https://doi.org/10.1038/nri.2016.95
https://doi.org/10.4049/jimmunol.166.5.3143
https://doi.org/10.4049/jimmunol.179.4.2051
https://doi.org/10.4049/jimmunol.1102832
https://doi.org/10.1016/j.cytogfr.2004.02.004
https://doi.org/10.1084/jem.191.6.1069
https://doi.org/10.1084/jem.191.6.1069
https://doi.org/10.1128/IAI.71.4.1961-1971.2003
https://doi.org/10.1038/nri2692
https://doi.org/10.1080/14728222.2017.1398734
https://doi.org/10.1080/14728222.2017.1398734
https://doi.org/10.1073/pnas.0712116105
https://doi.org/10.1073/pnas.0712116105
https://doi.org/10.1136/ard.2009.122655
https://doi.org/10.1136/ard.2009.122655
https://doi.org/10.1073/pnas.0801898105
https://doi.org/10.1002/art.24305
https://doi.org/10.3899/jrheum.090492
https://doi.org/10.1016/j.cyto.2015.10.005
https://doi.org/10.1016/j.cyto.2015.10.005
https://doi.org/10.1038/nm.2156
https://doi.org/10.1038/nm.2156
https://doi.org/10.1167/iovs.09-3983
https://doi.org/10.1016/j.intimp.2013.07.008
https://doi.org/10.4049/jimmunol.180.4.2443


13

Staurengo-Ferrari et al. ST2 Role in Septic Arthritis

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 962

23. Hams E, Bermingham R, Wurlod FA, Hogan AE, O’Shea D, Preston RJ, 
et  al. The helminth T2 RNase omega1 promotes metabolic homeostasis in 
an IL-33- and group 2 innate lymphoid cell-dependent mechanism. FASEB J 
(2016) 30(2):824–35. doi:10.1096/fj.15-277822 

24. Jones LA, Roberts F, Nickdel MB, Brombacher F, McKenzie AN, Henriquez FL, 
et al. IL-33 receptor (T1/ST2) signalling is necessary to prevent the develop-
ment of encephalitis in mice infected with Toxoplasma gondii. Eur J Immunol 
(2010) 40(2):426–36. doi:10.1002/eji.200939705 

25. Rostan O, Gangneux JP, Piquet-Pellorce C, Manuel C, McKenzie AN, 
Guiguen C, et al. The IL-33/ST2 axis is associated with human visceral leish-
maniasis and suppresses Th1 responses in the livers of BALB/c mice infected 
with Leishmania donovani. MBio (2013) 4(5):e00383–13. doi:10.1128/mBio. 
00383-13 

26. Khalid KE, Nascimento MSL, Sacramento LA, Costa DL, Lima-Junior DS, 
Carregaro V, et al. T1/ST2 deficient mice display protection against Leishmania 
infantum experimental infection. Acta Trop (2017) 172:1–6. doi:10.1016/j.
actatropica.2017.04.011 

27. Tarkowski A. Infection and musculoskeletal conditions: infectious arthritis. 
Best Pract Res Clin Rheumatol (2006) 20(6):1029–44. doi:10.1016/j.berh. 
2006.08.001 

28. Staurengo-Ferrari L, Ruiz-Miyazawa KW, Pinho-Ribeiro FA, Domiciano TP, 
Fattori V, Mizokami SS, et  al. The nitroxyl donor Angeli’s salt ameliorates 
Staphylococcus aureus-induced septic arthritis in mice. Free Radic Biol Med 
(2017) 108:487–99. doi:10.1016/j.freeradbiomed.2017.04.016 

29. Sharff KA, Richards EP, Townes JM. Clinical management of septic arthritis. 
Curr Rheumatol Rep (2013) 15(6):332. doi:10.1007/s11926-013-0332-4 

30. Fattori V, Amaral FA, Verri WA Jr. Neutrophils and arthritis: role in disease and 
pharmacological perspectives. Pharmacol Res (2016) 112:84–98. doi:10.1016/ 
j.phrs.2016.01.027 

31. Shirtliff ME, Mader JT. Acute septic arthritis. Clin Microbiol Rev (2002) 
15(4):527–44. doi:10.1128/CMR.15.4.527-544.2002 

32. Caporali R, Caprioli M, Bobbio-Pallavicini F, Montecucco C. DMARDS 
and infections in rheumatoid arthritis. Autoimmun Rev (2008) 8(2):139–43. 
doi:10.1016/j.autrev.2008.05.001 

33. Kaplan SL. Recent lessons for the management of bone and joint infections. 
J Infect (2014) 68(Suppl 1):S51–6. doi:10.1016/j.jinf.2013.09.014 

34. Boff D, Oliveira VLS, Queiroz Junior CM, Silva TA, Allegretti M, Verri WA Jr, 
et al. CXCR2 is critical for bacterial control and development of joint damage 
and pain in Staphylococcus aureus-induced septic arthritis in mouse. Eur 
J Immunol (2017) 48(3):454–63. doi:10.1002/eji.201747198 

35. Pinto LG, Cunha TM, Vieira SM, Lemos HP, Verri WA Jr, Cunha FQ, et al. 
IL-17 mediates articular hypernociception in antigen-induced arthritis in 
mice. Pain (2010) 148(2):247–56. doi:10.1016/j.pain.2009.11.006 

36. Valerio DA, Ferreira FI, Cunha TM, Alves-Filho JC, Lima FO, De Oliveira JR, 
et  al. Fructose-1,6-bisphosphate reduces inflammatory pain-like behaviour 
in mice: role of adenosine acting on A1 receptors. Br J Pharmacol (2009) 
158(2):558–68. doi:10.1111/j.1476-5381.2009.00325.x 

37. Zhu F, Zhou Y, Jian C, Zhang X. Role of JAK-STAT in signaling in maturation 
og phagosomes contaning Staphylococcus aureus. Sci Rep (2015) 5:14854. 
doi:10.1038/srep14854 

38. Nascimento DC, Melo PH, Pineros AR, Ferreira RG, Colon DF, Donate PB, 
et al. IL-33 contributes to sepsis-induced long-term immunosuppression by 
expanding the regulatory T  cell population. Nat Commun (2017) 8:14919. 
doi:10.1038/ncomms14919 

39. Oh H, Siano B, Diamond S. Neutrophil isolation protocol. J Vis Exp (2008) 
(17):e745. doi:10.3791/745 

40. Gutierrez FR, Lalu MM, Mariano FS, Milanezi CM, Cena J, Gerlach RF, et al. 
Increased activities of cardiac matrix metalloproteinases matrix metallo-
proteinase (MMP)-2 and MMP-9 are associated with mortality during the 
acute phase of experimental Trypanosoma cruzi infection. J Infect Dis (2008) 
197(10):1468–76. doi:10.1086/587487 

41. Zarpelon AC, Cunha TM, Alves-Filho JC, Pinto LG, Ferreira SH, McInnes 
IB, et  al. IL-33/ST2 signalling contributes to carrageenin-induced innate 
inflammation and inflammatory pain: role of cytokines, endothelin-1 and 
prostaglandin E2. Br J Pharmacol (2013) 169(1):90–101. doi:10.1111/bph. 
12110 

42. Walsh MC, Choi Y. Biology of the RANKL-RANK-OPG System in Immunity, 
Bone, and Beyond. Front Immun (2014) 5:511. doi:10.3389/fimmu.2014. 
00511

43. Espinassous Q, Garcia-de-Paco E, Garcia-Verdugo I, Synguelakis M, von 
Aulock S, Sallenave JM, et  al. IL-33 enhances lipopolysaccharide-induced 
inflammatory cytokine production from mouse macrophages by regulating 
lipopolysaccharide receptor complex. J Immunol (2009) 183(2):1446–55. 
doi:10.4049/jimmunol.0803067 

44. Oboki K, Ohno T, Kajiwara N, Arae K, Morita H, Ishii A, et al. IL-33 is a crucial 
amplifier of innate rather than acquired immunity. Proc Natl Acad Sci U S A 
(2010) 107(43):18581–6. doi:10.1073/pnas.1003059107 

45. Fournier B, Philpott DJ. Recognition of Staphylococcus aureus by the innate 
immune system. Clin Microbiol Rev (2005) 18(3):521–40. doi:10.1128/CMR. 
18.3.521-540.2005 

46. Stuyt RJ, Kim SH, Reznikov LL, Fantuzzi G, Novick D, Rubinstein M, et al. 
Regulation of Staphylococcus epidermidis-induced IFN-gamma in whole 
human blood: the role of endogenous IL-18, IL-12, IL-1, and TNF. Cytokine 
(2003) 21(2):65–73. doi:10.1016/S1043-4666(02)00501-X 

47. Hucke C, MacKenzie CR, Adjogble KD, Takikawa O, Daubener W. Nitric 
oxide-mediated regulation of gamma interferon-induced bacteriostasis: 
 inhibition and degradation of human indoleamine 2,3-dioxygenase. Infect 
Immun (2004) 72(5):2723–30. doi:10.1128/IAI.72.5.2723-2730.2004 

48. Huang FP, Niedbala W, Wei XQ, Xu D, Feng GJ, Robinson JH, et al. Nitric 
oxide regulates Th1  cell development through the inhibition of IL-12 syn-
thesis by macrophages. Eur J Immunol (1998) 28(12):4062–70. doi:10.1002/
(SICI)1521-4141(199812)28:12<4062::AID-IMMU4062>3.0.CO;2-K 

49. Niedbala W, Cai B, Liew FY. Role of nitric oxide in the regulation of T cell 
functions. Ann Rheum Dis (2006) 65(Suppl 3):iii37–40. doi:10.1136/ard.2006. 
058446 

50. Niedbala W, Besnard AG, Jiang HR, Alves-Filho JC, Fukada SY, Nascimento D, 
et  al. Nitric oxide-induced regulatory T  cells inhibit Th17 but not Th1  cell 
differentiation and function. J Immunol (2013) 191(1):164–70. doi:10.4049/
jimmunol.1202580 

51. Lin L, Ibrahim AS, Xu X, Farber JM, Avanesian V, Baquir B, et al. Th1-Th17 cells 
mediate protective adaptive immunity against Staphylococcus aureus and 
Candida albicans infection in mice. PLoS Pathog (2009) 5(12):e1000703. 
doi:10.1371/journal.ppat.1000703 

52. Damsker JM, Hansen AM, Caspi RR. Th1 and Th17  cells: adversaries and 
collaborators. Ann N Y Acad Sci (2010) 1183:211–21. doi:10.1111/j.1749-6632. 
2009.05133.x 

53. Luger D, Silver PB, Tang J, Cua D, Chen Z, Iwakura Y, et al. Either a Th17 or 
a Th1 effector response can drive autoimmunity: conditions of disease induc-
tion affect dominant effector category. J Exp Med (2008) 205(4):799–810. 
doi:10.1084/jem.20071258 

54. Leech JM, Lacey KA, Mulcahy ME, Medina E, McLoughlin RM. IL-10 
plays opposing roles during Staphylococcus aureus systemic and localized 
infec tions. J Immunol (2017) 198(6):2352–65. doi:10.4049/jimmunol. 
1601018 

55. Lima-Junior DS, Costa DL, Carregaro V, Cunha LD, Silva AL, Mineo TW, 
et al. Inflammasome-derived IL-1β production induces nitric oxide-mediated 
resistance to Leishmania. Nat Med (2013) 19(7):909–15. doi:10.1038/nm.3221 

56. Mathew AJ, Ravindran V. Infections and arthritis. Best Pract Res Clin 
Rheumatol (2014) 28(6):935–59. doi:10.1016/j.berh.2015.04.009 

57. Sanada S, Hakuno D, Higgins LJ, Schreiter ER, McKenzie AN, Lee RT. 
IL-33 and ST2 comprise a critical biomechanically induced and cardiopro-
tective signaling system. J Clin Invest (2007) 117(6):1538–49. doi:10.1172/ 
JCI30634 

58. Kaufmann SHE, Dorhoi A. Molecular determinants in phagocyte- bacteria 
 interactions. Immunity (2016) 44(3):476–91. doi:10.1016/j.immuni.2016.02.014 

59. Rowton J. Three cases of septic arthritis following a recent arthroscopic 
procedure. BMJ Case Rep (2013) 2013:bcr2012007507. doi:10.1136/bcr-2012- 
007507 

60. Chen S, Chen B, Wen Z, Huang Z, Ye L. IL-33/ST2-mediated inflammation 
in macrophages is directly abrogated by IL-10 during rheumatoid arthritis. 
Oncotarget (2017) 8(20):32407–18. doi:10.18632/oncotarget.16299 

61. Kurowska-Stolarska M, Stolarski B, Kewin P, Murphy G, Corrigan CJ, Ying S, 
et al. IL-33 amplifies the polarization of alternatively activated macrophages 
that contribute to airway inflammation. J Immunol (2009) 183(10):6469–77. 
doi:10.4049/jimmunol.0901575 

62. McInnes IB, Leung B, Wei XQ, Gemmell CC, Liew FY. Septic arthritis fol-
lowing Staphylococcus aureus infection in mice lacking inducible nitric oxide 
synthase. J Immunol (1998) 160(1):308–15. 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1096/fj.15-277822
https://doi.org/10.1002/eji.200939705
https://doi.org/10.1128/mBio.
00383-13
https://doi.org/10.1128/mBio.
00383-13
https://doi.org/10.1016/j.actatropica.2017.04.011
https://doi.org/10.1016/j.actatropica.2017.04.011
https://doi.org/10.1016/j.berh.
2006.08.001
https://doi.org/10.1016/j.berh.
2006.08.001
https://doi.org/10.1016/j.freeradbiomed.2017.04.016
https://doi.org/10.1007/s11926-013-0332-4
https://doi.org/10.1016/
j.phrs.2016.01.027
https://doi.org/10.1016/
j.phrs.2016.01.027
https://doi.org/10.1128/CMR.15.4.527-544.2002
https://doi.org/10.1016/j.autrev.2008.05.001
https://doi.org/10.1016/j.jinf.2013.09.014
https://doi.org/10.1002/eji.201747198
https://doi.org/10.1016/j.pain.2009.11.006
https://doi.org/10.1111/j.1476-5381.2009.00325.x
https://doi.org/10.1038/srep14854
https://doi.org/10.1038/ncomms14919
https://doi.org/10.3791/745
https://doi.org/10.1086/587487
https://doi.org/10.1111/bph.12110
https://doi.org/10.1111/bph.12110
https://doi.org/10.3389/fimmu.2014.00511
https://doi.org/10.3389/fimmu.2014.00511
https://doi.org/10.4049/jimmunol.0803067
https://doi.org/10.1073/pnas.1003059107
https://doi.org/10.1128/CMR.
18.3.521-540.2005
https://doi.org/10.1128/CMR.
18.3.521-540.2005
https://doi.org/10.1016/S1043-4666(02)00501-X
https://doi.org/10.1128/IAI.72.5.2723-2730.2004
https://doi.org/10.1002/(SICI)1521-4141(199812)28:12 < 4062::AID-IMMU4062 > 3.0.CO;2-K
https://doi.org/10.1002/(SICI)1521-4141(199812)28:12 < 4062::AID-IMMU4062 > 3.0.CO;2-K
https://doi.org/10.1136/ard.2006.
058446
https://doi.org/10.1136/ard.2006.
058446
https://doi.org/10.4049/jimmunol.1202580
https://doi.org/10.4049/jimmunol.1202580
https://doi.org/10.1371/journal.ppat.1000703
https://doi.org/10.1111/j.1749-6632.
2009.05133.x
https://doi.org/10.1111/j.1749-6632.
2009.05133.x
https://doi.org/10.1084/jem.20071258
https://doi.org/10.4049/jimmunol.1601018
https://doi.org/10.4049/jimmunol.1601018
https://doi.org/10.1038/nm.3221
https://doi.org/10.1016/j.berh.2015.04.009
https://doi.org/10.1172/JCI30634
https://doi.org/10.1172/JCI30634
https://doi.org/10.1016/j.immuni.2016.02.014
https://doi.org/10.1136/bcr-2012-007507
https://doi.org/10.1136/bcr-2012-007507
https://doi.org/10.18632/oncotarget.16299
https://doi.org/10.4049/jimmunol.0901575


14

Staurengo-Ferrari et al. ST2 Role in Septic Arthritis

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 962

63. Li C, Li H, Jiang Z, Zhang T, Wang Y, Li Z, et  al. Interleukin-33 increases 
antibacterial defense by activation of inducible nitric oxide synthase in skin. 
PLoS Pathog (2014) 10(2):e1003918. doi:10.1371/journal.ppat.1003918 

64. Lan F, Yuan B, Liu T, Luo X, Huang P, Liu Y, et al. Interleukin-33 facilitates 
neutrophil recruitment and bacterial clearance in S. aureus-caused peritonitis. 
Mol Immunol (2016) 72:74–80. doi:10.1016/j.molimm.2016.03.004 

65. Brint EK, Xu D, Liu H, Dunne A, McKenzie AN, O’Neill LA, et  al. ST2 is 
an inhibitor of interleukin 1 receptor and toll-like receptor 4 signaling and 
maintains endotoxin tolerance. Nat Immunol (2004) 5(4):373–9. doi:10.1038/
ni1050 

66. Alves-Filho JC, Freitas A, Souto FO, Spiller F, Paula-Neto H, Silva JS, et al. 
Regulation of chemokine receptor by toll-like receptor 2 is critical to neu-
trophil migration and resistance to polymicrobial sepsis. Proc Natl Acad Sci  
U S A (2009) 106(10):4018–23. doi:10.1073/pnas.0900196106 

67. Rios-Santos F, Alves-Filho JC, Souto FO, Spiller F, Freitas A, Lotufo CM, et al. 
Down-regulation of CXCR2 on neutrophils in severe sepsis is mediated by 
inducible nitric oxide synthase-derived nitric oxide. Am J Respir Crit Care Med 
(2007) 175(5):490–7. doi:10.1164/rccm.200601-103OC 

68. Niedbala W, Wei XQ, Piedrafita D, Xu D, Liew FY. Effects of nitric oxide on the 
induction and differentiation of Th1 cells. Eur J Immunol (1999) 29(8):2498–505. 
doi:10.1002/(SICI)1521-4141(199908)29:08<2498::AID-IMMU2498>3.0. 
CO;2-M 

69. Niedbala W, Wei XQ, Campbell C, Thomson D, Komai-Koma M, Liew FY. 
Nitric oxide preferentially induces type 1 T cell differentiation by selectively 

up-regulating IL-12 receptor beta 2 expression via cGMP. Proc Natl Acad Sci 
U S A (2002) 99(25):16186–91. doi:10.1073/pnas.252464599 

70. Spellberg B, Edwards JE Jr. Type 1/Type 2 immunity in infectious diseases. 
Clin Infect Dis (2001) 32(1):76–102. doi:10.1086/317537 

71. Henningsson L, Jirholt P, Lindholm C, Eneljung T, Silverpil E, Iwakura Y, et al. 
Interleukin-17A during local and systemic Staphylococcus aureus-induced 
arthritis in mice. Infect Immun (2010) 78(9):3783–90. doi:10.1128/IAI.00385-10 

72. Gjertsson I, Hultgren OH, Tarkowski A. Interleukin-10 ameliorates the 
outcome of Staphylococcus aureus arthritis by promoting bacterial clearance. 
Clin Exp Immunol (2002) 130(3):409–14. doi:10.1046/j.1365-2249.2002. 
01999.x 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Staurengo-Ferrari, Trevelin, Fattori, Nascimento, de Lima, Pelayo, 
Figueiredo, Casagrande, Fukada, Teixeira, Cunha, Liew, Oliveira, Louzada-Junior, 
Cunha, Alves-Filho and Verri. This is an open-access article distributed under the 
terms of the Creative Commons Attribution License (CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s) and the 
copyright owner are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction 
is permitted which does not comply with these terms.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1371/journal.ppat.1003918
https://doi.org/10.1016/j.molimm.2016.03.004
https://doi.org/10.1038/ni1050
https://doi.org/10.1038/ni1050
https://doi.org/10.1073/pnas.0900196106
https://doi.org/10.1164/rccm.200601-103OC
https://doi.org/10.1002/(SICI)1521-4141(199908)29:08 < 2498::AID-IMMU2498 > 3.0.
CO;2-M
https://doi.org/10.1002/(SICI)1521-4141(199908)29:08 < 2498::AID-IMMU2498 > 3.0.
CO;2-M
https://doi.org/10.1073/pnas.252464599
https://doi.org/10.1086/317537
https://doi.org/10.1128/IAI.00385-10
https://doi.org/10.1046/j.1365-2249.2002.
01999.x
https://doi.org/10.1046/j.1365-2249.2002.
01999.x
https://creativecommons.org/licenses/by/4.0/

	Interleukin-33 Receptor (ST2) Deficiency Improves the Outcome 
of Staphylococcus aureus-Induced Septic Arthritis
	Introduction
	Materials and Methods
	Animals
	Clinical Samples
	Mouse Model of S. aureus-Induced Arthritis
	Assessment of Articular Hyperalgesia
	Determination of Knee Joint Edema
	Quantification of Cytokines
	Determination of Joint Leukocyte Infiltration and Bacterial Counts
	Histological Analysis
	Proteoglycan Quantification Assay
	RT-qPCR
	Western Blot
	FITC-Labeling of Staphylococci
	Flow Cytometry Analysis
	Killing Assay
	Nitrite Determination
	Pharmacological Treatment of Mice
	Culture of Macrophages Like-Cells
	Statistical Analysis

	Results
	IL-33 and sST2 Levels in Synovial Fluids of Septic Arthritis and Osteoarthritis Patients, and a Similar Profile in Mouse Septic Arthritis
	ST2 Receptor Deficiency Ameliorates 
S. aureus-Induced Septic Arthritis
	ST2 Deficiency Enhances Neutrophil and Macrophages Bactericidal Activity Against S. aureus
	ST2 Deficiency Enhances NO Production by Neutrophils and Macrophages and Reduces S. aureus-Induced Septic Arthritis
	ST2 Deficiency Enhances Type 1-Driven Immune Response Against S. aureus in Septic Arthritis
	IFN-γ Contributes to the Resolution of Staphylococcal Arthritis

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


