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Abstract

Interleukin 1 (IL-1)  is a critical cytokine that orchestrates
host defenses against Staphylococcus aureus and is crucial
for the eradication of bacteria. The production and action of
IL-1B are regulated by multiple control pathways. Among
them, IL-1RII (the type Il IL-1 receptor) acts as a decoy recep-
tor and has been shown to regulate the biological effects of
IL-1PB. High levels of soluble IL-1RII are present in septic pa-
tients; however, the stimuli that regulate the expression and
release of IL-1RIl in pathological conditions are incompletely
elucidated. In the present study, we demonstrated the abil-
ity of S. aureus and protein A to induce IL-1RIl shedding in
myeloid cells. The positive modulation of IL-1RIl expression
and cleavage was associated with the failure to detect IL-13
in response to S. aureus both in vitro and in vivo, suggesting
that the soluble form of the receptor could be masking the
availability of IL-1(3. The absence of detectable IL-1 was as-
sociated with low levels of inflammatory cytokines and che-
mokines known to be regulated by IL-13 and with increased

bacterial persistence. Modulation of decoy receptors during
systemic S. aureus infection is proposed as a new strategy
used by this bacterium to evade the immune response.

© 2016 S. Karger AG, Basel

Introduction

Staphylococcus aureus is a human pathogen that can
cause localized infections, such as soft-tissue abscesses, as
well as life-threatening systemic diseases, such as sepsis
[1]. The increasing worldwide prevalence of antibiotic-
resistant isolates and the rising incidence of severe sepsis
and septic shock caused by this microorganism have be-
come a serious public health concern [2].

Staphylococcal infections are usually characterized by
a profound inflammatory response. Among the proin-
flammatory cytokines produced, IL-1p is a key cytokine
that orchestrates host defenses against S. aureus and is
crucial for the eradication of bacteria in several experi-
mental models [3, 4]. However, this cytokine may be
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harmful to the host if it is produced in excessive amounts
or for extended periods of time [5, 6]. Increased levels of
IL-1P have been reported in experimental animal models
and in human subjects with sepsis or shock, [3, 7] and
they were often associated with organ damage, morbid-
ity and mortality [7]. Therefore, the production, secre-
tion and action of IL-1p are finely regulated by multiple
control pathways [8]. IL-1f binds to two types of cell-
surface receptors, IL-1RI (the type I IL-1 receptor),
broadly expressed in host cells and responsible for intra-
cellular signal transduction [9], and IL-1RII (the type II
IL-1 receptor), which is expressed mainly by neutrophils,
monocytes, B cells and bone marrow progenitor cells,
and lacks a signaling domain [10]. In contrast to the IL-
1R, type Il receptors bind to IL-1p and prevent its inter-
action with type I receptors, therefore acting as decoy,
dominant-negative molecules and scavengers [10]. IL-
1RII also regulates the proinflammatory activities of IL-
1B by capturing the accessory protein and thus inhibiting
the formation of the heterodimeric signaling complex
with IL-1RI [10].

IL-1RII can be proteolytically processed and released
in a soluble form via the action of ADAM17 [11-14] or
alpha, beta and gamma secretases [15]. Moreover, a splice
variant of the soluble IL-1RII (sIL-1RII) has been demon-
strated [10]. Similarly to the membrane-bound form, sIL-
1RII inhibits IL-1 activity by competing with the cellular
IL-1RI for IL-1p binding. Basal levels of sIL-1RII are nor-
mally present in the plasma of healthy individuals, sug-
gesting that they might serve to control any transient in-
crease in IL-1P secretion [10]. Defective or increased ex-
pression of tissue or body fluid levels of sIL-1RII have
been described in diverse pathological conditions [10].
However, how the expression and release of sIL-1RII is
regulated by diverse stimuli is not completely under-
stood.

Among the many factors that determine the pathoge-
nicity of S. aureus, protein A acts as an exceptionally com-
plex virulence factor, contributing to evasion of immune
clearance and also inducing inflammation [16-20]. We
have previously demonstrated that S. aureus protein A
activates ADAM17 in airway epithelial cells and macro-
phages [21, 22] and induces shedding of TNFR1 [19, 21-
23] and IL-6R [24], and that both mechanisms act to
counteract the proinflammatory action of TNF-a and IL-
6. Therefore, this study was aimed at investigating the
ability of S. aureus and protein A to induce IL-1RII shed-
ding in myeloid cells and its potential role in the regula-
tion of IL-1p availability during systemic staphylococcal
infection.

S. aureus Induces IL-1RII Shedding

Materials and Methods

Recombinant Proteins and Bacterial Strains

Full-length protein A cloned from S. aureus strain Newman,
the IgG-binding domains (E-C region), the carboxyl-terminal
polymorphic region (X), the IgG-binding domain D and its cor-
responding L17A mutant were expressed as GST fusion proteins
in E. coli BL21 and purified as described previously [22]. The re-
combinant proteins were dialyzed against PBS and used at a con-
centration of 2.5 uM for in vitro stimulation. Potentially remaining
lipopolysaccharide (LPS) traces were removed using Detoxi-Gel
Endotoxin Removing Gel columns (Pierce, Holmdel, N.J., USA).
The proteins were proven to be free of LPS by testing their stimu-
latory capacity in the presence or absence of polymyxin B.

S. aureus strain Newman and the isogenic protein A-deficient
(SpA~) mutant were grown in trypticase soy broth (Britania, Bue-
nos Aires, Argentina) and suspended in RPMI 1640 medium (Life
Technologies, Grand Island, N.Y., USA) at a concentration of 5 x
108 CFU/mL. S. aureus and the SpA~ mutant have the same replica-
tion time. Lactococcus lactis MG1363 carrying the pKS80 vector
containing the full-length spa or an empty vector control (pro-
vided by Dr. Tim Foster, Trinity College, Dublin, Ireland) were
grown in M17 medium supplemented with 0.5% glucose and 5 pg/
ml erythromycin at 30°C without agitation. Cells were harvested
by centrifugation at 10,000 rpm for 10 min and the pellet was sus-
pended in RPMI 1640 medium (Life Technologies). L. lactis was
inactivated by heating at 80°C in a water bath for 2 h and used at
a concentration of 5 x 108 CFU/ml.

Cell Culture

THP-1 cells (a human monocytic/macrophage cell line) were
cultured in RPMI 1640 medium (Life Technologies) supplemented
with 10% fetal bovine serum, 0.11 mg/ml sodium pyruvate (Sigma-
Aldrich, St. Louis, Mo., USA), 0.29 mg/ml Glutamax (Life Tech-
nologies), 4.8 mM B-mercaptoethanol (Merck, Darmstadt, Germa-
ny) and 0.025% glucose (Britania). THP-1 cells were used at a final
concentration of 10° cells/ml and stimulated with S. aureus at mul-
tiplicity of infection (MOI): 500. When indicated, biochemical in-
hibitors were added 1 h prior to stimulation and during stimulation.

Human monocytes and neutrophils were purified from blood
samples obtained from healthy donors under informed consent
according to the Declaration of Helsinki by venipuncture of the
forearm vein. Neutrophils were isolated from heparinized hu-
man blood by Ficoll-Triyosom (Ficoll: GE Healthcare, Munich,
Germany; Triyosom: Bracco Imaging, Milan, Italy) gradient cen-
trifugation and dextran (GE Healthcare) sedimentation, as previ-
ously described [25]. Contaminating erythrocytes were removed
by hypotonic lysis. After washing, cell pellets were suspended in
RPMI 1640 medium (Life Technologies) supplemented with
0.5% human serum albumin. Purity >98% was confirmed by flow
cytometry. Neutrophils were used at a final concentration of 5 x
106 cells/ml and stimulated with S. aureus at MOI: 20. Monocytes
were purified from peripheral blood mononuclear cells by using
magnetic microbeads conjugated to monoclonal anti-CD14 an-
tibodies (Miltenyi Biotec, Bergisch Gladbach, Germany) follow-
ing the manufacturer’s recommendations. Monocytes were re-
suspended in RPMI 1640 medium (Life Technologies) and sup-
plemented with 10% fetal bovine serum. Purity >98% was
confirmed by flow cytometry. Monocytes were used at a final
concentration of 10° cells/ml and stimulated with S. aureus at
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MOI: 500. Cell viability after stimulation was evaluated for the
different cell types by propidium iodine staining and determined
to be equivalent to 90%.

ELISA

Human IL-1p and sIL-1RII in culture supernatants were quan-
tified by ELISA using DuoSet antibody pairs (R&D Systems, Min-
neapolis, Minn., USA). Mouse IL-1p, IL-6, TNF-a, IEN-y, CXCL1,
CXCL10 and MCP-1 were quantified in peritoneal fluid or plasma
by ELISA using matched antibody pairs (mIL-1B: R&D Systems;
IL-6, TNF-a, IFN-y, CXCLI and CXCL10: BD Biosciences, Frank-
lin Lakes, N.J., USA; MCP-1: e-Bioscience, San Diego, Calif., USA).

Flow Cytometry

Human monocytes and neutrophils were washed twice with
PBS and stained with phycoerythrin-labeled anti-IL-1RII (R&D
Systems). For murine neutrophil and monocyte/macrophage de-
tection, peritoneal cell suspensions were stained with allophycocy-
anin-labeled anti-Ly6G (Biolegend, San Diego, Calif., USA) and
phycoerythrin-labeled anti-F4/80 (Biolegend). The cells were
washed, fixed in 1% paraformaldehyde and analyzed with a Becton
Dickinson FACSCalibur. Data were collected using Cell Quest
software and analyzed with Cyflogic. The populations were quan-
tified based on fluorescent labeling and the FSC/SSC profile.

In vivo Studies

Six-week-old BALB/c mice obtained from the Department of
Microbiology, School of Medicine, University of Buenos Aires an-
imal facility were used. The mice were intraperitoneally inoculated
with 0.2 ml of a suspension of S. aureus or the SpA~ mutant con-
taining 2 x 108 CFU/ml. PBS was used for the control groups.
Blood samples were obtained by puncture of the retro-orbital plex-
us at different times before and after inoculation. Plasma was
stored at -80°C for subsequent IL-1p, IL-6 and TNF-a quantifica-
tion. Peritoneal lavages were collected using 8 ml of cold RPMI
1640 media supplemented with 2% fetal bovine serum for RNA
extraction, or using 2 ml of cold PBS for bacterial counting, flow
cytometry and cytokine/chemokine quantification. The animal
studies were approved by the Institutional Committee for Care and
Use of Laboratory Animals (CICUAL) of the School of Medicine,
University of Buenos Aires, approval number 1101.

Real Time PCR
RNA was isolated using TRIzol Reagent (Life Technologies).
cDNA was made from 1 ug of RNA using ImProm-II reverse tran-

Fig. 1. Shedding of IL-1RII in response to S. aureus. a, b Expression
of IL-1RII on the cell surface of naive human monocytes and neu-
trophils as determined by flow cytometry. Boxes and whiskers de-
pict the percentage of cells positive for IL-1RII (a) and mean fluo-
rescence intensity of IL-1RII (b). Data are presented as the maxi-
mum and minimum values obtained from individuals donors (8
per group), and the horizontal line represents the median for each
group. c-j Monocytes (¢, e-g) and neutrophils (d, h-j) were stim-
ulated for up to 2 h with S. aureus or media alone, sIL-1RII in the
supernatant was quantified by ELISA (c, d) and surface expression
of IL-1RII was quantified by flow cytometry (e-j). ¢, d Boxes and
whiskers depict maximum and minimum values obtained from
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scriptase (Promega, Fitchburg, Wis., USA). For quantitative real-
time PCR, amplification was performed in an Applied Biosystems
thermal cycler. The following primers were used for amplification:
mouse IL-1p 5'-TTG ACA GTG ATG AGA ATG ACC-3" and 5'-
CAA AGA TGA AGG AAA AGA AGG-3', mouse IL-1RII 5'-GGT
GCG GAC AAT GTT CAT CTT G-3' and 5-GGG AAC TGC
TGG AGA TGT CGG AGT G-3', mouse IL-1RI 5-GAG TTA
CCC GAG GTC CAG TGG-3"and 5'-GAG GGC TCA GGA TAA
CAG G-3/, mouse IL-1Ra 5'-AGA AGA AAA GAT AGA CAT
GG-3' and 5'-ATA TCA TCT CCA GAC TTG G-3', and mouse
GAPDH 5'-GAA GGT GGT GAA GCA GGC AT-3' and 5'-TCG
AAG GTG GAA GAG TGG GA-3'. GAPDH was used as a control
for standardization.

Statistical Analysis

Data from samples with a normal distribution were analyzed
using the Student t test. Data from samples that did not have a nor-
mal distribution were analyzed with the nonparametric Friedman
test and Dunn’s multiple comparison post hoc test, Wilcoxon
matched-ranked test, Kruskal-Wallis test and Dunn’s multiple
comparison post hoc test, or Mann-Whitney test. The rate of bac-
teremia from in vivo studies was analyzed using Fisher’s exact test.
The nonparametric correlation Spearman test was used to analyze
the correlation between the production of IL-1p and sIL-1RIL
Graph Pad Prism Software version 4.0 was used. A p value <0.05
was considered statistically significant.

Results

S. aureus Induces Shedding of IL-1RII in Myeloid Cells

We first evaluated the expression of IL-1RII on the
surface of human monocytes and neutrophils purified
from peripheral blood. In agreement with previous find-
ings [10, 11, 26], IL-1RII was expressed at the surface of
monocytes and neutrophils (fig. 1a, b). The percentage
of cells expressing IL-1RII as well as the amount of re-
ceptor on the surface was higher in the neutrophil pop-
ulation than in monocytes (fig. 1a, b), although the dif-
ferences were not statistically significant. In order to de-
termine the ability of S. aureus to induce the shedding

individual donors (10-11 per group) and the horizontal line rep-
resents the median for each group. ** p <0.01, Wilcoxon matched-
pairs signed rank test. The percentage of positive cells for IL-1RII
(e, h) and mean fluorescence intensity (MFI) of IL-1RII (f, i) were
determined by flow cytometry. Each pair of dots represents an in-
dividual donor. g, j The change in IL-1RII expression at the cell
surface (AMFI) was calculated for each individual donor as the IL-
1RII expression in response to S. aureus minus the IL-1RII expres-
sion in response to media. Representative histograms are shown.
Open histograms represent cells stained with antibody to IL-1RII,
solid histograms represent controls.

(For figure see next page.)
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of IL-1RII, monocytes and neutrophils purified from
peripheral blood were stimulated with S. aureus. A sig-
nificant increase in the levels of sIL-1RII was observed
at 2 h after stimulation in monocytes (fig. 1¢) and neu-
trophils (fig. 1d). In monocytes, the increased levels of

sIL-1RII were associated with a decrease in the percent-
age of cells positive for IL-1RII (fig. le) as well as with
diminished levels of receptor surface expression (fig. 1f,
g). In neutrophils, the increased levels of sIL-1RII were
associated with a decrease in the amount of receptor ex-
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Fig. 2. Role of protein A in IL-1RII shedding by myeloid cells.
THP-1 cells (a-c), monocytes (d, e) and neutrophils (f, g) were
stimulated for 1 (a) or 2 h (b-g) with full-length protein A (SpA),
GST (as a control), L. lactis SpA, L. lactis containing a control vec-
tor (L. lactis CV), wild-type S. aureus, the SpA~ mutant or media
alone, and sIL-1RII in the supernatant was quantified by ELISA.
a-c Data are presented as the mean and standard deviation of trip-

pressed on the cell surface (fig. 11, j), although the major-
ity of the population continued to express IL-1RII
(fig. 1h).

In order to assess the contribution of protein A to IL-
IRII release, THP-1 cells, monocytes and neutrophils
were stimulated with recombinant protein A (SpA) and
Lactococcus lactis-expressing protein A (L. lactis SpA). A
significant increase in the levels of sIL-1RII released from
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licate wells from 1 representative experiment out of 3. * p < 0.05;
**p <0.01; *** p < 0.001, Student’s t test. d-g Boxes and whiskers
depict maximum and minimum values obtained from individual
donors (4-5 per group) and the horizontal line represents the me-
dian for each group. * p < 0.05, one-way ANOVA-Friedman’s test
with Dunn’s post hoc test.

THP-1 cells (fig. 2a, b) and human monocytes (fig. 2d, e)
was observed in response to both recombinant protein A
and L. lactis SpA (fig. 2a, b, d, and e). Protein A, either
purified or expressed at the surface of L. lactis, did not
induce shedding of IL-1RII in neutrophils (fig. 2f, g). The
role of protein A in IL-1RII shedding from monocytes
was further confirmed by stimulating THP-1 cells with S.
aureus or an SpA~ mutant. The levels of sIL-1RII released
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Fig. 3. Signaling cascades involved in the cleavage of IL-1RII. a-
g THP-1 cells were stimulated with full-length protein A (SpA),
the amino-terminal portion of protein A (indicated as EC), the
polymorphic region of SpA (indicated as X), the IgG-binding do-
main D, its corresponding L17A mutant (indicated as L17A), GST
(as a control), L. lactis SpA, L. lactis containing a control vector (L.
lactis CV) or media alone in the absence (control) or presence of

in response to the SpA~ mutant were significantly lower
than those detected in response to S. aureus (fig. 2c). Tak-
en together, these results demonstrate that S. aureus in-
duces IL-1RII shedding by myeloid cells and that in
monocytes the release of IL-1RII is highly dependent on
protein A expression.

S. aureus Induces IL-1RII Shedding

an ADAMI17 inhibitor TAPI-I (a, b), an EGFR phosphorylation
inhibitor AG1478 (e, f) and a erkl/2 phosphorylation inhibitor
UO0126 (g). The induction of sIL-1RII was determined at 1 (a, c-e,
g) or 2 h (b, f) after stimulation by ELISA. Data are presented as
the mean and standard deviation of triplicate wells from 1 repre-
sentative experiment out of 3. * p < 0.05; ** p < 0.01; *** p < 0.001,
Student’s t test.

Cleavage from the cell surface mediated by ADAM17
has been described as the major mechanism of sIL-1RII
release [12, 14]. We then investigated the role of ADAM17
in IL-1RII shedding induced by protein A in monocytes.
The levels of sIL-1RII released in response to protein A or
L. lactis SpA were significantly decreased in a dose-de-
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pendent manner in cells treated with a chemical inhibitor
of ADAM17 (fig. 3a, b). We have previously demonstrat-
ed that the interaction of protein A with the epidermal
growth factor receptor (EGFR) mediates ADAM17 acti-
vation and TNFR1 shedding in airway epithelial cells and
immune cells [21, 22]. Thus, we investigated whether the
amino-terminal region of protein A known to interact
with EGFR was involved in sIL-1RII production in mono-
cytes. IL-1RII shedding was observed in monocytes
stimulated with recombinant GST-tagged protein cor-
responding to the amino-terminal region of protein A
containing the IgG-binding domains (EC fragment) as
opposed to stimulation with the carboxy-terminal region
(X fragment; fig. 3c). The interaction of the leucine 17 lo-
cated in the conserved amino-terminal domains of pro-
tein A is necessary for EGFR recognition of protein A and
the subsequent phosphorylation of ADAM17 in threo-
nine by erk1/2 in airway epithelial cells and immune cells
[21, 22]. Thus, we next determined the role of protein A-
EGFR-mediated signaling in IL-1RII shedding from
monocytes by using a mutated protein A (L17A). Cells
stimulated with the L17A mutant did not produce sIL-
1RII, in contrast to the wild-type D domain (fig. 3d). Con-
sistent with these findings, chemical inhibition of EGFR
phosphorylation significantly reduced the levels of sIL-
1RIT induced in response to protein A and L. lactis SpA in
adose-dependent manner (fig. 3e, f) without affecting cell
viability. Moreover, the levels of sIL-1RII were signifi-
cantly decreased in cells stimulated with protein A in the
presence of a chemical inhibitor of erkl/2 phosphoryla-
tion (fig. 3g). Taken together, these results indicate that
protein A induces IL-1RII shedding by initiating EGFR-
mediated signaling and subsequent ADAM17 activation.

IL-1RII Shedding Induced by S. aureus Precedes IL-1

Secretion

In order to characterize the kinetics of IL-1RII shed-
ding, myeloid cells were stimulated for different periods
of time with S. aureus and the levels of sIL-1RII in the
culture supernatant were determined. A significant in-
crease in sIL-1RII was observed in response to S. aureus
in THP-1 cells as early as 15 min after stimulation (fig. 4a).
In human monocytes, the release of IL-1RII was observed
starting at 1 h poststimulation (fig. 4c). We then charac-
terized the kinetics of IL-1P production by immune cells
in response to S. aureus. Detectable levels of secreted IL-
1 were observed starting at 1 and 2 h after stimulation of
THP-1 cells and human monocytes, respectively (fig. 4b,
d). These results demonstrate that in monocytes the ap-
pearance of sIL-1RII preceded IL-1p detection indicating
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an early production of sIL-1RII in comparison with the
induction of inflammatory mediators. Moreover, at 2 h
poststimulation, a time point in which both sIL-1RII and
IL-1pB were detected, there was an inverse correlation be-
tween the levels of receptor released and IL-1p analyzed
for each individual donor (fig. 4e). Shedding of IL-1RII
was observed starting at 2 h poststimulation in neutro-
phils (fig. 4f) and secreted IL-1P was detected at the same
time point (fig. 4g), although the levels of this cytokine
were lower than those produced by monocytes (fig. 4d).
In addition, there was no correlation between the amount
of sIL-1RII and IL-1p at a single donor level (fig. 4h).

S. aureus Protein A Modulates IL-1RII Expression,

IL-1f3 Availability and Inflammation

We then evaluated IL-1RII and IL-1p expression dur-
ing early S. aureus infection in vivo. Mice were inoculated
by the intraperitoneal route with S. aureus, the SpA~ mu-
tant or PBS (control), and the levels of IL-1RIIl mRNA
were quantified in peritoneal infiltrates. A significant in-
crease in IL-1RII mRNA expression was observed in mice
infected with S. aureus at 2 h postinoculation (fig. 5a).
Although the expression of IL-RII was also induced after
inoculation with the SpA™ mutant, it was lower than that
observed in mice inoculated with S. aureus and it did not
significantly differ from control mice (fig. 5a). Transcrip-
tion of IL-1RII had decreased by 4 h postinoculation in
both groups (fig. 5a). S. aureus also induced a significant
increase in the early expression of IL-1Ra, a molecule
known to negatively regulate IL-1p signaling (fig. 5b). IL-
1RI expression was increased in both groups at 2 h after
inoculation (fig. 5c) whereas at 4 h it was only increased
in the SpA~ mutant-inoculated group (fig. 5¢). The levels
of IL-1p detected in the peritoneal fluid of mice inocu-
lated with S. aureus at 2 and 4 h after challenge were low-
er than those detected in mice inoculated with the SpA~
mutant (fig. 5d). We confirmed that S. aureus infection
was able to induce IL-1f production in vivo by quantify-
ing IL-1f transcription in peritoneal infiltrates. A signifi-
cant increase in the levels of IL-1p mRNA was observed
in mice inoculated with S. aureus at 2 h after inoculation
and with both strains at 4 h postinoculation (fig. 5e).
Moreover, the levels of IL-1p mRNA expression induced
at 2 h postinoculation were higher in mice inoculated
with S. aureus compared with mice inoculated with the
SpA™ mutant (fig. 5e), indicating that the low levels of IL-
1P detected in the peritoneal fluid of S. aureus-inoculated
mice was not due to a defect on IL-1 induction.

We then determined the consequences of protein A
regulation of IL-1P availability during early S. aureus in-
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Fig. 4. Kinetics of IL-1p and sIL-1RII production in response to S.
aureus. THP-1 cells (a, b), monocytes (c-e) and neutrophils (f-h)
were stimulated for different periods of time with S. aureus or me-
dia alone and the induction of sIL-1RII (a, ¢, f) and IL-1p (b, d, g)
was determined by ELISA. a, b Data are presented as the mean and
standard deviation of triplicate wells from 1 representative experi-
ment out of 3. * p < 0.05; ** p < 0.01; *** p < 0.001, Student’s t test.

fection in the modulation of the local and systemic in-
flammatory response. The levels of inflammatory cyto-
kines and chemokines in response to S. aureus challenge
were quantified in the peritoneum. Increased levels of
IL-6 were observed at 2 h after inoculation with both the
wild-type and the SpA~ mutant (fig. 6a). However, at 4 h

S. aureus Induces IL-1RII Shedding

¢, d, f, g Boxes and whiskers depict maximum and minimum val-
ues obtained from individual donors, 8-10 per group, and the hor-
izontal line represents the median for each group. * p < 0.05;
**p <0.01, Wilcoxon matched-pairs signed rank test. e, h Correla-
tion analysis of the induction of sIL-1RII versus IL-1p production
at 2 h poststimulus with S. aureus.

after challenge, the levels of IL-6 in mice inoculated with
the SpA~ mutant were significantly higher than those
found in the S. aureus-inoculated group (fig. 6a). This cy-
tokine returned to basal levels by 24 h after inoculation
(data not shown). The levels of IFN-y in the peritoneum
were only significantly increased in mice inoculated with

J Innate Immun 2016;8:284-298 291

DOI: 10.1159/000443663


http://dx.doi.org/10.1159%2F000443663

O PBS OPBS
@ S. aureus ®S. aureus
20 - O SpA- oL k% OSpA-
<D: * % ° g 20 [ )
= 15+ d =
A% ® .g 30 +
2 10 ° o ®
S —O0- S 20 * %
S 5 o° 5 R Kk
4 e® oo ® & 10 o _ °
i 4 .. J
T 0 —ﬁ—ooen—@@w_ag T —%—OM
a 2h 4h b 2h 4h
O PBS -~ PBS
@ S. aureus ® S. aureus
" O SpA- 0 SpA-
Fig. 5. Expression of IL-1 family members . 40 300 oo
during S. aureus infection. Mice were intra- 2 o
peritoneally inoculated with wild-type S. g 307 * £ 200 p = 0.06
aureus, the SpA™ mutant or PBS (control). ‘@ o — > °
IL-1RII (a), TL-1Ra (b) and IL-1RI (c) ex- g4 o0 L o
pression in peritoneal cells at the indicated o) ve e o = 100 ° “o®
time points after challenge was quantified & 10 - o o . IR S 0@‘————8 —————— o o
by RT real-time PCR and normalized to = o — ° i
GAPDH. Each dot represents an individu- 0-lege ® s o 0 ®
al mouse and horizontal lines show the me- C 2h 4h d 2h 4h
dian value in each group. ** p < 0.01, Krus-
kal-Wallis test with Dunn’s post hoc test
for multiple comparisons. d IL-1p levels in OPBS
peritoneal fluid were quantified by ELISA. ®S. aureus
Each dot represents an individual mouse 300, X** OSpA”
and horizontal lines show the median val- g 250 °
ue in each group (nonparametric Mann- =
Whitney test). e IL-1p expression in peri- -2 200 * %
toneal cells at the indicated time points 3 150 1 -e— o _*
a‘fter challenge was quagtiﬁed by RT real- g 100 4 . ™
time PCR and normalized to GAPDH. = -% °
Each dot represents an individual mouse = 507 -
and horizontal lines show the median value 0- s
in each group. * p < 0.05; ** p < 0.01, Krus- e > h 4n
kal-Wallis test with Dunn’s post hoc test
for multiple comparisons.

the SpA~ mutant at 4 h after challenge (fig. 6b). CXCL1
levels were increased at 2 h after inoculation with both S.
aureus and the SpA™ mutant compared with mice inocu-
lated with PBS as a control (fig. 6¢). Two hours later, the
levels of this chemokine were significantly reduced in
mice inoculated with S. aureus (fig. 6¢c). Conversely, sig-
nificantly increased levels of CXCL1 persisted at 4 h after
challenge in mice inoculated with the SpA~ mutant
(fig. 6¢). Moreover, at 24 h, when CXCLI levels had al-
most returned to basal values, there was a trend to in-
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creased production of this chemokine in mice inoculated
with the SpA™ mutant (fig. 6¢). The increased levels of
IL-6 and IFN-y as well as sustained production of CXCL1
in the SpA~-inoculated group could be explained by the
increased levels of available IL-1p in these mice (fig. 5¢),
as has been previously described for the regulation of
these inflammatory molecules [27-30]. We have previ-
ously reported that protein A induces CXCL10 produc-
tion in macrophages [31]. The critical role of protein A in
the induction of this chemokine in vivo was further con-
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firmed in this study. CXCL10 was detected as earlyas 2 h
after inoculation with S. aureus and it was significantly
increased 2 h later (fig. 6d). Mice inoculated with the
SpA™ mutant had significantly reduced levels of CXCL10
at both time points (fig. 6d), confirming the role of pro-

S. aureus Induces IL-1RII Shedding

tein A in the early induction of this chemokine. The levels
of CXCL10 in mice inoculated with S. aureus had de-
creased by 24 h (fig. 6d). Conversely, mice inoculated
with the SpA~ mutant showed significantly increased lev-
els of CXCL10 at 24 h after inoculation compared with
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Fig. 7. S. aureus systemic infection. Mice were intraperitoneally
inoculated with wild-type S. aureus, the SpA~ mutant or PBS (con-
trol). IL-1P (a), TNF-a (b) and IL-6 (c) levels in serum were quan-
tified by ELISA. Each dot represents an individual mouse and
horizontal lines show the median value in each group. * p < 0.05;
** p < 0.01, nonparametric Mann-Whitney test. The rate of bacte-

those detected at 4 h after challenge (fig. 6d). The upregu-
lation of CXCL10 in the SpA~-inoculated mice at this
time point could be explained by the combined action of
IL-1P and IFN-y, as has been previously reported [27, 32].
The levels of TNF-a in peritoneal fluid were low and they
did not significantly differ between infected and control
mice at the times evaluated, whereas MCP-1 was not de-
tected in any of the experimental groups (data not shown).

In order to further characterize the inflammatory re-
sponse in the peritoneum, cellular infiltration was evalu-
ated by flow cytometry. At 4 h after inoculation similar
percentages of neutrophils were observed in S. aureus and
SpA~ mutant-inoculated mice (fig. 6e). In both groups
resident macrophages were not detected, as has been pre-
viously described for early peritoneal inflammation [33].
A significant infiltration of newly recruited monocytes,
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remia (d) and bacterial counts in blood from mice with positive
culture (e) were determined at 2 and 4 h postinoculation. d Bars
represent the percentage of bacteremia for each group. e Each box
represents an individual group of mice and horizontal lines show
the median value for each group. * p < 0.05; ** p < 0.01; *** p <
0.001, nonparametric Mann-Whitney test and Fisher’s exact test.

cells known to be critical for the resolution of inflamma-
tion, was observed in S. aureus-inoculated mice com-
pared with the SpA™ mutant-inoculated group (fig. 6f). As
a consequence, the ratio between neutrophils, cells re-
sponsible for bacterial killing, and monocytes was signif-
icantly lower in mice inoculated with S. aureus compared
to that in mice inoculated with the SpA™ mutant (fig. 6g).
The amount of bacteria recovered from the peritoneum
of mice at 2 and 4 h postinoculation was higher in those
challenged with S. aureus than those inoculated with the
SpA~ mutant (fig. 6h), probably as a consequence of the
lower neutrophil/monocyte ratio as well as the lower
levels of cytokines critical for bacterial eradication pres-
ent in the peritoneum of S. aureus-inoculated mice.
Similarly to the results observed in the peritoneum, a
significant increase in the levels of circulating IL-1{ was
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observed in mice challenged with the SpA~ mutant at4 h
after inoculation, whereas this cytokine was not detected
in sera from mice inoculated with S. aureus (fig. 7a). The
levels of TNF-a were also significantly higher in mice in-
oculated with the SpA~ mutant than those found in mice
inoculated with S. aureus (fig. 7b), which is in accordance
with our previous findings [22]. Although the levels of
IL-6 were significantly lower in mice inoculated with the
SpA™ mutant, an important induction of this cytokine
was observed at 4 h after inoculation in both groups
(fig. 7c), consistent with a previously described role of this
cytokine during S. aureus sepsis [34]. The analysis of leu-
kocyte populations in blood during early S. aureus infec-
tion revealed that, between 2 and 4 h after inoculation, the
percentage of neutrophils was double that found before
challenge (median basal, 18%; median after inoculation,
36%), and no differences were observed compared with
the SpA~ mutant-inoculated mice (median basal, 19%;
median after inoculation, 33%). In order to evaluate the
consequences of the increased inflaimmatory status of
mice inoculated with the SpA~ mutant compared to those
inoculated with S. aureus, the rate of bacteremia after
challenge with both strains was determined. Decreased
rates of bacteremia were observed in mice inoculated with
the SpA™ mutant compared to those inoculated with S.
aureus at 4 h after inoculation (fig. 7d). Moreover, the
bacterial counts in blood from those mice that had bac-
teremia were significantly lower in the SpA~ mutant-in-
oculated group compared with the S. aureus-inoculated
group (fig. 7e). Taken together, these results suggest that
S. aureus, via protein A, regulates the expression of IL-
1RIT and IL-1p availability, therefore modulating the sub-
sequent inflammatory status during early systemic infec-
tion and contributing to the bacterial persistence in blood.

Discussion

The role that cytokine decoy receptors play under
physiological conditions has been explored during the
last decade [10]. Their function under pathological con-
ditions and during infectious diseases in particular is
more intriguing. There is experimental evidence support-
ing the requirement of IL-1p to promote neutrophil re-
cruitment and bacterial clearance during the early phase
of S. aureus infection [4]; however, elevated levels of the
decoyreceptor IL-1RII are found in the circulation of sep-
tic patients caused by Gram-negative and Gram-positive
bacteria [5, 35] and they are usually associated with poor
patient outcome [5, 35]. In the present study, we demon-

S. aureus Induces IL-1RII Shedding

strated that S. aureus and protein A induce the early shed-
ding of IL-1RII in myeloid cells. Receptor cleavage pre-
ceded the detection of IL-1p in vitro. The results obtained
using an SpA~ mutant suggest that the masking of detect-
able IL-1f induced by S. aureus both in vitro and in vivo
could be due to the induction of IL-1RII expression and
the presence of its soluble form in the extracellular me-
dium. The early induction of IL-1RII during systemic S.
aureus infection was associated with decreased levels of
inflammatory cytokines and chemokines, as well as an
increased bacterial persistence in blood.

ADAM17 along with other proteases is proposed to be
involved in the release of membrane-bound IL-1RII [11,
12, 14]. Similar to our previous results regarding the
cleavage of TNFR1 from airway epithelial cells and mac-
rophages [19, 22], our present results suggest that protein
A induces the cleavage of IL-1RII mainly through the ac-
tion of ADAM17, which is activated via EGFR-mediated
signaling. We observed, however, residual cleavage of IL-
IRII in the presence of TAPI-I suggesting the putative
involvement of other proteases. Moreover, considering
that the inhibitor used may present certain nonspecific
activities, it cannot be ruled out that the inhibition ob-
served was partially due to the role of other metallopro-
teases. In this regard, it has been proposed that IL-1RII is
proteolytically processed in a manner similar to the amy-
loid precursor protein by which the receptor first under-
goes ectodomain shedding in an a-secretase-like manner,
resulting in secretion of the IL-1RII ectodomain and the
generation of an IL-1RII C-terminal fragment. This frag-
ment undergoes further intramembrane proteolysis by a
y-secretase, leading to the generation of the soluble intra-
cellular domain of IL-1RII [15]. Moreover, in addition to
the action of metalloproteinases, it has been described
that the aminopeptidase regulator of TNFR1 shedding
(ARTS-1) is required for IL-1RII shedding [10]. The rela-
tive contribution of the above-described signaling path-
ways in the cleavage of IL-1RII induced by protein A re-
mains to be elucidated. Induction of ADAM17 activity by
several molecules, including bacterial antigens, has been
reported [13]. The cellular targets of this metalloprotease
are extremely diverse and the signaling cascades that link
a certain stimuli with the action of ADAM17 on a spe-
cific target are poorly understood. Whereas liberation of
TNF-a from the cell surface by ADAM17 induced by
S. aureus depends on the recognition of several antigens
and PAMPs, such peptidoglycan, 6-hemolysin, protein A,
lipoteichoic acid and teichoic acids [36], shedding of
TNEFRI1 is highly dependent on protein A expression [19,
22]. Similarly, in this study we observed that the early
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shedding of IL-1RII from monocytes is dependent on
protein A expression. Our results also suggest that either
protein A is not able to activate ADAM17 in neutrophils
or that in this cell type other proteases activated by anti-
gens other than protein A may have a more prominent
role in IL-1RII shedding.

The beneficial anti-inflammatory role of IL-1RII in
different pathological conditions has been demonstrated
using animal models and exogenous receptor adminis-
tration [10]. Intravenous inoculation of sIL-1RII signifi-
cantly reduced joint swelling and erosion in an arthritis
model in rabbits [10], and gene transfer of a sIL-1RII-Ig
fusion protein reduced allograft rejection and prolonged
graft survival in a rat model of heart transplantation [10].
On the contrary, there is very little understanding about
how the expression of endogenous IL-1RII and its shed-
ding is regulated. IL-1RII expression has been described
in human monocytes, neutrophils and keratinocytes, as
well as in activated T and B cells [10]. Moreover, it has
been recently demonstrated that mouse monocytes and
neutrophils express IL-1RII under naive and inflamma-
tory conditions [26]. Increased endogenous expression
of sIL-1RII has been associated with diverse pathological
conditions [10]. High levels of circulating sIL-1RII have
been found in septic patients with a Gram-negative or
Gram-positive infectious foci [35], as well as in necrotiz-
ing enterocolitis in preterm infants [10]. Moreover, dur-
ing acute meningococcal infections, increased levels of
sIL-1RII correlate with disease severity [10]. In an at-
tempt to elucidate the molecular events that regulate IL-
1P signaling, previous studies have described that mole-
cules with anti-inflammatory activity, such as glucocor-
ticoids, IL-4 and IL-13, induce an increase in IL-1RII
expression and shedding, providing an excess of avail-
able, surface-exposed and soluble decoy receptor that
would serve to neutralize IL-1p signaling [10]. In support
of the putative role of sIL-1RII in neutralizing IL-1p ac-
tivity, it has been described that during endometriosis, a
pathology for which IL-1f has a critical role in the devel-
opment of the disease, a defective expression of IL-1RII
contributes to pathogenesis [10]. Moreover, sIL-1-RII
administered intraperitoneally reduced the expression of
IL-1B-dependent inflammatory, angiogenic and cell
growth mediators in mice [10]. Proinflammatory mole-
cules such as TNF-a and bacterial LPS also modulate IL-
IRII expression and shedding to serve its own purpose.
LPS causes rapid shedding of IL-1RII in human cells in
vitro [37] and murine cells in vivo [26]. IL-1RII cleavage
induced by LPS in vitro is associated with its transcrip-
tion inhibition and increased expression of IL-1RI, sug-
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gesting that LPS-induced cleavage would function to de-
plete the cell from IL-1RII, thus increasing IL-1p signal-
ing through IL-1RI [37]. In addition to the action of
sIL-1RIL IL-1p activity may be interfered by the presence
of the IL-1 receptor antagonist (IL-1Ra), a cytokine
which competitively inhibits IL-1p by binding to IL-1RI
without agonist activity [38]. Increased IL-1Ra concen-
trations have also been demonstrated in septic patients
[38]. In this study we demonstrated that S. aureus and
protein A induce rapid shedding of IL-1RII from the cell
surface. In parallel, an increase in IL-1RII and IL-1Ra
transcription was observed in peritoneal infiltrates from
S. aureus-infected mice. Taken together, our results sug-
gest that, in contrast to LPS-mediated responses, IL-1RII
shedding induced by protein A could be part of an anti-
inflammatory program triggered by S. aureus. In this re-
gard, it is important to note that not only S. aureus in-
duced early shedding of IL-1RII in myeloid cells, but also
the appearance of the soluble form of IL-1RII preceded
IL-1f production. The presence of increased levels of IL-
1B found in peritoneal fluid and plasma from mice chal-
lenged with an SpA™ mutant together with the absence of
detectable IL-1f during the infection with wild-type S.
aureus strongly suggest that early shedding of IL-1RII
induced by protein A might constitute an evasion mech-
anism by which the bacteria modulates the activity of IL-
1P, a cytokine known to be critical for its own eradica-
tion. These observations are in agreement with previous
results that demonstrate a role for soluble TNFRI1 in neu-
tralizing circulating TNF-a and impairing the host in-
flammatory response during experimental S. aureus in-
fection [22].

The critical role of inflammatory cytokines and che-
mokines in the eradication of S. aureus during systemic
infections has been previously demonstrated [3, 4, 39,
40]. The in vivo results presented in this work show that
mice challenged with S. aureus presented an attenuated
inflammatory state characterized by local decreased levels
of inflammatory cytokines, such as IL-6 and IFN-y, as
well as CXCL1 compared with those inoculated with an
SpA~ mutant in which IL-1f was highly available. More-
over, protein A also contributed to the early induction of
CXCL10, a chemokine known to participate in the resolu-
tion of inflammation [41]. The combined effect of de-
creased inflammatory mediators as a consequence of neg-
ative regulation on IL-1(B availability and increased
CXCL10 production in response to protein A resulted in
the early recruitment of monocytes to the peritoneum in
mice inoculated with S. aureus compared to those inocu-
lated with the SpA~ mutant. The early arrival of mono-
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cytes could contribute to accelerating the resolution of
inflammation, as was evidenced by rapid CXCL1 down-
regulation to the detriment of bacterial eradication.
Therefore, the higher rate of bacteremia observed in S.
aureus-inoculated mice could be explained by both de-
creased bacterial killing in blood due to the low levels of
TNF-aand IL-1, cytokines critical for neutrophil activa-
tion, and increased leaking of bacteria from the perito-
neum. In this regard, the importance of CXCL1 and neu-
trophils in the eradication of bacteria from the peritone-
um, preventing systemic dissemination, has been
previously demonstrated [42].

Taken together, our findings indicate that in addition
to the induction of soluble cytokine receptors [22, 24], S.
aureus may subvert other physiological control mecha-
nisms via the induction of decoy receptors such as IL-
IRII. The ability of S. aureus to downregulate the avail-

ability of cytokines known to be critical for bacterial erad-
ication constitutes a novel mechanism of immune evasion
by this microorganism.
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