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Shedding of Tumor Necrosis Factor Receptor 1 Induced by Protein A
Decreases Tumor Necrosis Factor Alpha Availability and Inflammation
during Systemic Staphylococcus aureus Infection
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Staphylococcus aureus infections are an important public health concern due to their increasing incidence and high rates of mor-
tality. The success of S. aureus as a pathogen is highly related to its enormous capacity to evade the host immune response. The
critical role of tumor necrosis factor alpha (TNF-a) in the initial host defense against systemic staphylococcal infection has been
demonstrated in experimental models and may partially explain the lack of significant benefits observed in clinical trials at-
tempting to neutralize this cytokine in septic patients. S. aureus protein A plays a key role in regulating inflammation through
its ability to bind and signal through the TNF-a receptor 1 (TNFR1). In this study, we demonstrate that S. aureus, via protein
A-mediated signaling, induces early shedding of TNFR1, which precedes the secretion of TNF-« in vitro and in vivo. The results
obtained using a protein A-deficient mutant and tnfr1~'~ mice strongly suggest that the increased levels of soluble TNFR1 pres-
ent during experimental S. aureus infection may neutralize circulating TNF-a and impair the host inflammatory response. Early
shedding of TNFR1 induced by protein A may constitute a novel mechanism by which S. aureus subverts the host immune

response.

S taphylococcus aureus is a major hospital- and community-ac-
quired pathogen (1-3). The incidence of severe sepsis and sep-
tic shock is steadily increasing, and worldwide mortality ranges
from 30% to 50% (4, 5). The increasing worldwide prevalence of
antibiotic-resistant strains, which renders staphylococcal infec-
tions very difficult to treat and eradicate, is a serious public health
concern (6-8).

S. aureus infections are characterized by a profound inflamma-
tory response, which contributes significantly to pathogenesis but
is also required for bacterial clearance (9). Among the proinflam-
matory cytokines induced, tumor necrosis factor alpha (TNF-a)
has been shown to be crucial for the eradication of bacteria in
several experimental models (10, 11). TNF-a-induced signaling is
modulated by the availability of its cognate receptor, TNF recep-
tor 1 (TNFR1), at the cell surface. The abundance of TNFRI is
positively controlled in response to several stimuli by mobiliza-
tion from intracellular compartments and can be negatively reg-
ulated by shedding of the extracellular domain from the surface
(12—14). TNFR1 is cleaved from the cell surface by ADAM17 (15—
17), a mechanism that decreases the amount of receptor available
to respond to the ligand and terminates TNF-a signaling, thus
modulating inflammation (18, 19).

Among the many factors that determine the pathogenicity of S.
aureus, protein A, a surface protein, acts as an exceptionally com-
plex virulence factor, contributing to the success of S. aureus as a
pathogen by interfering with immune clearance and also by in-
ducing inflammation. In addition to its roles in immunoglobulin
G binding (20, 21), platelet activation (22), and B cell activation
(23, 24), protein A plays a key role in stimulating inflammation
through its ability to bind and signal through TNFR1 (25). TNFR1
signaling triggered by protein A initiates the production of inter-
leukin 8 (IL-8) and the recruitment of neutrophils to the site of
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infection (26). Protein A induces other proinflammatory cyto-
kines and chemokines, such as type I interferon (IFN) and
CXCL10, in airway epithelial cells and macrophages, which also
contribute to neutrophil recruitment and bacterial clearance
(27-29).

We have shown previously that S. aureus protein A activates
ADAM17 in airway epithelial cells (30). Considering that this pro-
tease is a key molecule in the regulation of TNF-a—TNFR1 signal-
ing, and given the central role of this cascade in the immune re-
sponses orchestrated by macrophages, this study was aimed at
investigating the role of S. aureus protein A in the activation of
ADAMI17 in macrophages, the induction of soluble TNFRI1
(sTNFR1) in vivo, and the regulation of TNF-a availability during
systemic staphylococcal infection.

MATERIALS AND METHODS

Recombinant proteins and bacterial strains. Full-length protein A
cloned from S. aureus strain Newman, the IgG binding domains (EC
region), the carboxyl-terminal polymorphic region (X), and IgG binding
domain D and its corresponding L17A mutant were expressed as gluta-
thione S-transferase (GST) fusion proteins in Escherichia coli BL21 and
were purified as described previously (29). The recombinant proteins
were dialyzed against phosphate-buffered saline (PBS) and were used at a
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concentration of 2.5 wM for in vitro stimulation. Potentially remaining
traces of lipopolysaccharide (LPS) were removed using Detoxi-Gel endo-
toxin-removing gel and columns (Pierce, Holmdel, NJ). The proteins
were proved to be free of LPS by testing of their stimulatory capacities in
the presence or absence of polymyxin B.

S. aureus strain Newman and the spa-deficient isogenic mutant (defi-
cient in the spa gene, which encodes protein A) were grown in Trypticase
soy broth (Britania, Buenos Aires, Argentina) and were suspended in
RPMI 1640 medium (Life Technologies, Grand Island, NY) at a concen-
tration of 1 X 10° CFU/ml. A clinical isolate of Escherichia coli (isolate 515;
generously provided by D. Centron, IMPaM, UBA-CONICET, Buenos
Aires, Argentina) and Pseudomonas aeruginosa PAO-1 (31) were grown in
Luria-Bertani agar (Britania, Buenos Aires, Argentina) and were sus-
pended in RPMI 1640 medium (Life Technologies, Grand Island, NY) at
a concentration of 1 X 10° CFU/ml. Lactococcus lactis MG1363 carrying
the pKS80 vector containing full-length spa or an empty-vector control
(provided by Tim Foster, Trinity College, Dublin, Ireland) was grown in
M17 medium supplemented with 0.5% glucose and 5 pg/ml erythromy-
cin at 30°C without agitation (29, 32, 33). Cells were harvested by centrif-
ugation at 10,000 rpm for 10 min, and the pellet was suspended in RPMI
1640 medium (Life Technologies, Grand Island, NY) at a concentration of
5 X 10° CFU/ml.

Cell culture. RAW 264.7 cells (a mouse macrophage cell line) and
THP-1 cells (a human monocytic/macrophage cell line) were cultured in
RPMI 1640 medium (Life Technologies, Grand Island, NY) supple-
mented with 10% fetal bovine serum, 0.11 mg/ml pyruvate (Sigma-Al-
drich, St. Louis, MO), 0.29 mg/ml GlutaMAX (Life Technologies, Grand
Island, NY), and 1X nonessential amino acids (Life Technologies, Grand
Island, NY). RAW 264.7 cells cultured to confluence were weaned from
serum 24 h before exposure to stimuli. THP-1 cells were used at 10®/ml.
Where indicated, biochemical inhibitors were added 30 min prior to stim-
ulation and during stimulation.

Detection of TNF-a and soluble TNFR1. TNF-a and soluble TNFR1
were quantified in culture supernatants by enzyme-linked immunosor-
bent assays (ELISA) using DuoSet antibody pairs (R&D Systems, Minne-
apolis, MN).

Flow cytometry. After stimulation, cells were washed three times with
PBS and were stained with an antibody against ADAM17 (Santa Cruz
Biotechnology, Dallas, TX) followed by an Alexa Fluor 488-conjugated
secondary antibody. The cells were analyzed in a Partec PAS III flow cy-
tometer, and the data were analyzed with WinMDI software.

In vivo studies. Six-week-old BALB/c mice obtained from the Depart-
ment of Microbiology, School of Medicine, University of Buenos Aires
animal facility were used unless otherwise indicated. C57BL/6 tnfrp55 '~
(tnfrl /7 mice were obtained from the Max von Pettenkofer Institute,
Munich, Germany. Breeding colonies were established at the animal fa-
cility of the National University of San Luis (San Luis, Argentina). Mice
were inoculated intraperitoneally with 200 .l of either recombinant pro-
tein A (ata dose of 0.125 nmol/g, based on a mouse model of LPS-induced
endotoxemia [34] and our previous studies [29]), wild-type S. aureus, a
protein A-deficient mutant (2 X 10® CFU/ml), E. coli 515 (2 X 10® CFU/
ml), or PBS as control. Blood samples were obtained by puncture of the
retro-orbital plexus at different times after inoculation. Serum was stored
at —80°C for subsequent TNF-« and sTNFR1 quantification. Peritoneal
cells were harvested using 8 ml of cold RPMI 1640 medium supplemented
with 2% fetal bovine serum. The cells were then washed by centrifugation
and were used for RNA extraction or surface antigen staining and flow
cytometry analysis.

For neutrophil detection, peritoneal-cell suspensions were stained
with phycoerythrin (PE)-labeled anti-CD45 and fluorescein isothiocya-
nate (FITC)-labeled anti-Ly6G (BD Pharmingen, San Jose, CA) as de-
scribed previously (26). Negative-control samples were incubated with
irrelevant isotype-matched antibodies. Cells were gated based on their
forward-scatter (FSC)/side-scatter (SSC) profiles and were analyzed for
the double expression of CD45 and Ly6G with WinMDI software.
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Animal studies were approved by the Institutional Committee for the
Care and Use of Laboratory Animals (CICUAL) of the University of Bue-
nos Aires.

Western blotting. Cells were lysed using 60 mM n-octyl-B-p-gluco-
pyranoside in TBS (0.1 M Tris-HCl and 0.15 M NaCl [pH 7.8]) containing
a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO), 1 mM so-
dium orthovanadate, and 100 mM sodium fluoride. Proteins were sepa-
rated on 8% bis-acrylamide gels, transferred to a nitrocellulose mem-
brane, and blocked with 5% milk in TBST (50 mM Tris [pH 7.5], 150 mM
NaCl, and 0.05% Tween) for 1 h at room temperature. Immunodetection
was performed using antibodies against phosphorylated extracellular sig-
nal-regulated kinases 1 and 2 (phospho-ERK1/2) (Santa Cruz Biotechnol-
ogy, Dallas, TX) or actin (Sigma-Aldrich, St. Louis, MO), followed by
secondary antibodies conjugated to horseradish peroxidase (Santa Cruz
Biotechnology, Dallas, TX). Images were analyzed with Image]J software.

Real-time PCR. RNA was isolated using TRIzol reagent (Life Technol-
ogies, Grand Island, NY). cDNA was made from 1 g of RNA using
ImProm-II reverse transcriptase (Promega, Fitchburg, WI). For quanti-
tative real-time PCR, amplification was performed in an Applied Biosys-
tems thermal cycler. The following primers were used for amplification:
for mouse TNF-a, 5'-ATG AGC ACA GAA AGC ATG ATC-3" and 5'-
TAC AGG CTT GTC ACT CGA ATT-3'; for mouse ADAM17, 5'-ATG
TGA GCA GTT TCC CGA ACG-3' and 5'-ATC AAG CTT CTC AAG
TCG CGG-3'; and for mouse glyceraldehyde-3-phosphate dehydroge-
nase (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.

Statistics. Data from samples with normal distribution were analyzed
using the Student ¢ test. Data from samples that did not follow normal
distribution were analyzed with the nonparametric Mann-Whitney test or
the Wilcoxon test from GraphPad Prism software, version 4.0. A P value
lower than 0.05 was considered statistically significant.

RESULTS

S. aureus protein A induces TNFR1 shedding in macrophages.
We investigated the ability of protein A to activate ADAM17 in
macrophages and to induce TNFRI1 shedding. Significant in-
creases in the concentrations of soluble TNFR1 (sTNFR1) were
observed in culture supernatants from macrophages stimulated
with protein A (Fig. 1A and B). We have demonstrated previously
that the interaction of protein A with the epidermal growth factor
receptor (EGFR) mediates ADAM17 activation and TNFRI shed-
ding in airway epithelial cells (30). Thus, we next investigated
whether the amino-terminal portion of protein A, known to in-
teract with the EGFR, was involved in sSTNFR1 production in mac-
rophages. TNFR1 shedding was observed when macrophages
were stimulated with recombinant GST-tagged proteins corre-
sponding to the amino-terminal region containing the IgG bind-
ing domains (EC fragment) of protein A, as opposed to stimula-
tion with the carboxyl-terminal region (X fragment) (Fig. 1A).
The interaction of leucine 17, located in the conserved amino-
terminal domain of protein A, is necessary for the recognition of
protein A by the EGFR and the subsequent phosphorylation of
ADAM17 on threonine by ERK1/2 in airway epithelial cells (30).
Therefore, we determined the role of protein A-EGFR-mediated
signaling in the shedding of TNFR1 from macrophages by using a
mutated (L17A) form of protein A. Cells stimulated with the L17A
mutant showed reduced levels of sSTNFR1 (Fig. 1C). In agreement
with these findings, ERK1/2 phosphorylation was observed start-
ing at 15 min after stimulation (Fig. 1D), and chemical inhibition
of ERK1/2 significantly reduced the levels of sSTNFR1 induced in
response to protein A (Fig. 1E). In agreement with our previous
findings in airway epithelial cells (28), ADAM17 was abundantly
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FIG 1 Activation of ADAM17 and TNFR1 shedding in response to protein A.
(A through C) RAW 264.7 cells (A and C) and THP-1 cells (B) were stimulated
with the amino-terminal portion of protein A (EC), the polymorphic region of
protein A (X), full-length protein A (SpA), IgG binding domain D (D), its
corresponding L17A mutant (L17A), GST (control), or medium alone (un-
stimulated [U]), and the induction of sSTNFR1 was determined by ELISA. (D)
RAW 264.7 cells were stimulated with the amino-terminal portion of protein A
(EC) or with medium alone (U), and phospho-ERK1/2 was detected at differ-
ent time points by immunoblotting. Bars show the densitometric quantifica-
tion of phospho-ERK relative to actin, which was used to normalize the pro-
tein charge. a.u., arbitrary units. (E) RAW 264.7 cells were stimulated with
protein A in the absence (control [C]) or presence (PD) of the MEK1/2 inhib-
itor PD98058 (10 M), and the induction of sSTNFR1 was determined 30 min
later by ELISA. (F) The expression of ADAM17 on the surfaces of unstimulated
RAW 264.7 cells was determined by flow cytometry. Open histogram, cells
stained with an antibody to ADAM17; shaded histogram, cells stained with
normal goat serum as a control. (G) RAW 264.7 cells were stimulated with
recombinant protein A for the times indicated or with medium alone (U) and
were stained for surface expression of ADAM17. MFI, mean fluorescence in-
tensity. (H) RAW 264.7 cells were stimulated for the times indicated with
protein A, GST (control), or medium alone (U), and the transcription of
ADAM17 was quantified by real-time PCR and was standardized to GAPDH
expression. Data in panels A through C, E, G, and H are means and standard
deviations of cumulative data from three independent experiments (n, 3 for
each experiment). Asterisks indicate significant differences (*, P < 0.05; **,
P < 0.01; ¥**, P < 0.001) by Student’s f test.
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FIG 2 TNF-a production and shedding of TNFR1 in response to protein A.
RAW 264.7 cells were stimulated for the times indicated with wild-type S.
aureus or a protein A-deficient mutant (spa mutant) (A and B), L. lactis ex-
pressing protein A (L. lactis SpA) or L. lactis containing a control vector (L.
lactis CV) (C and D), E. coli (E), Pseudomonas aeruginosa (PAO-1) (F), or
medium alone (unstimulated [U]), and the induction of TNF-a (A and C) and
sTNEFRI (B, D, E, and F) was determined by ELISA. Data are means and
standard deviations of cumulative data from three independent experiments
(n, 3 for each experiment). Asterisks indicate significant differences (*, P <
0.05; **, P < 0.01) by Student’s ¢ test.

expressed at the surfaces of macrophages (Fig. 1F); no further
amounts of the enzyme were mobilized in response to protein A
(Fig. 1G); and no transcriptional regulation was observed at the
times studied (Fig. 1H).

Release of STNFR1 precedes TNF-a production in S. aureus-
stimulated macrophages. The kinetics of TNF-a production and
TNFR1 shedding in response to whole live S. aureus was investi-
gated in macrophages. S. aureus induced TNF-a production start-
ingat 1 hafter stimulation, and significantly larger amounts of this
cytokine were detected 1 h later (Fig. 2A). Although the response
was significantly diminished, cells stimulated with a protein A-de-
ficient isogenic mutant still produced TNF-« (Fig. 2A). Interest-
ingly, shedding of TNFR1 occurred as soon as 30 min after the
exposure of macrophages to S. aureus and was highly dependent
on protein A expression (Fig. 2B). The role of protein A in the
induction of both TNF-a and sTNFR1 was confirmed by stimu-
lating macrophages with Lactococcus lactis expressing protein A
(L. lactis SpA). As was found with S. aureus, STNFRI1 released in
response to L. lactis SpA was detected before TNF-a production
(Fig. 2C and D). In contrast, early shedding of TNFR1 was not
observed when macrophages were stimulated with an equal dose
of the Gram-negative bacterium Escherichia coli or Pseudomonas
aeruginosa (Fig. 2E and F).

S. aureus protein A induces shedding of TNFR1 in vivo. To
demonstrate the biological relevance of the in vitro findings, we
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FIG 3 Induction of sSTNFRI in response to protein A. Groups of mice were
inoculated intraperitoneally with recombinant protein A (filled circles) or PBS
(control) (open circles), and at different time points, sSTNFR1 (A, C, E, and G)
and TNF-a (B, D, F, and H) levels in serum were quantified by ELISA. Each
pair of dots represents an individual mouse at the time points indicated. As-
terisks indicate significant differences (*, P < 0.05; **, P < 0.01) by the Wil-
coxon matched-pairs test.

determined whether protein A could induce TNFR1 shedding in
vivo. Mice were inoculated intraperitoneally with protein A, and
the amounts of sSTNFR1 and TNF-« in serum were quantified over
time. A significant increase in the level of circulating sSTNFR1 was
observed as soon as 30 min after inoculation (Fig. 3A), and this
response was sustained at least up to 4 h (Fig. 3C, E, and G).
TNF-« levels in serum increased 1 h after inoculation (median,
716 pg/ml) (Fig. 3D) and peaked 1 h later (median, 1,800 pg/ml)
(Fig. 3F). These results show that in agreement with the kinetics
seen in vitro, after in vivo inoculation of protein A, significant
levels of sSTNFR1 were found in the circulation before TNF-a was
detected.

Soluble TNFR1 released in response to protein A neutralizes
TNF-« during systemic S. aureus infection. In order to evaluate
the kinetics of TNFRI1 shedding and TNF-a induction during
staphylococcal infection, groups of mice were inoculated intra-
peritoneally with S. aureus or the spa-deficient strain, and the lev-
els of sSTNFR1 and TNF-« in serum were analyzed over time. A
significant increase in the amount of circulating sSTNFR1 was ob-
served starting at 1 h after challenge with wild-type S. aureus (Fig.
4A). By 2 h after inoculation with S. aureus, the amount of
sTNFRI in the circulation had increased ~2,000 pg over basal
levels, whereas no differences were observed for mice inoculated
with the spa-deficient mutant (Fig. 4A). Conversely, a significant
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FIG 4 Shedding of TNFRI during S. aureus infection. Groups of mice were inoc-
ulated intraperitoneally with wild-type S. aureus (light shaded boxes), a protein
A-deficient mutant (spa-deficient mutant) (dark shaded boxes), or PBS (control)
(open boxes). At different time points, STNFR1 (A) and TNF-a (B) levels in serum
were quantified by ELISA. Each box represents an individual group of mice, and
horizontal lines show the median value for each group. Asterisks indicate signifi-
cant differences (¥, P < 0.05; **, P < 0.01; ***, P < 0.001) by the Mann-Whitney
test for nonparametric data. (A) The change in STNFRI levels (AsSTNFR1) was
calculated for each individual mouse at the indicated time points as the sSTNFR1
level after inoculation minus the sSTNFRI1 level prior to inoculation. (B) The
change in TNF-a levels (ATNF-a) was calculated for each individual mouse at the
indicated time points as the TNF-a level after inoculation minus the TNF-a level
prior to inoculation. Basal levels of STNFR1 and TNF-a prior to inoculation (me-
dian values) were 1,500 pg/ml and 45 pg/ml, respectively.

increase in the levels of circulating TNF-a was observed for mice
inoculated with the spa-deficient mutant 4 h after inoculation,
whereas this cytokine could not be detected in sera from mice
inoculated with wild-type S. aureus (Fig. 4B).

We confirmed that S. aureus infection was indeed able to in-
duce TNF-a production in vivo by quantifying TNF-a transcrip-
tion in peritoneal infiltrates. Significant increases in TNF-a
mRNA levels were observed in mice infected with either S. aureus
or the spa-deficient mutant by 2 and 4 h after inoculation (Fig. 5).

Based on the data obtained using the wild-type strain and the
spa-deficient mutant, we hypothesized that the absence of detect-

TNF-a mRNA

2h 4h

24 h

FIG 5 TNF-a expression during S. aureus infection. Mice were inoculated
intraperitoneally with wild-type S. aureus, a protein A-deficient mutant (spa-
deficient mutant), or PBS (control), and TNF-« expression by peritoneal cells
at the times indicated was quantified by real-time PCR and was normalized to
GAPDH expression. Each bar represents the mean and standard deviation for
3 to 5 mice. Asterisks indicate significant differences (¥, P < 0.05) by Student’s
t test. n.s., not significant.
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FIG 6 TNF-a induction during systemic S. aureus infection in TNFR1-defi-
cient mice. Groups of C57BL6 (wild-type) and tnfrl '~ mice were inoculated
intraperitoneally with wild-type S. aureus (A and B) or the spa-deficient mu-
tant (A), and 4 h later, TNF-a levels in serum were quantified by ELISA. Each
symbol represents an individual mouse, and horizontal lines show the median
value for each group. Asterisks indicate significant differences (¥, P < 0.05; **,
P < 0.01; ***, P < 0.001) by the Mann-Whitney test for nonparametric data.

able TNF-« during infection with S. aureus may be due to its
neutralization by the sSTNFR1 induced in response to protein A. In
agreement with this hypothesis, we observed that mice inoculated
with E. coli did not present an increase in circulating sTNFR1
levels and showed increased levels of TNF-a in serum at 2 and 4 h
after challenge (data not shown). These results agree with previous
observations for mice challenged with LPS, where TNF-a was
found in the circulation at 2 h postinoculation, while sSTNFR1 was
detected only at 24 h (35). To further demonstrate the neutraliza-
tion of TNF-a by sTNFRI1 in vivo, we compared the levels of
TNF-a in serum from TNFR1-deficient (¢tnfr1 '~ ) and wild-type
(C57BL/6) mice under basal conditions and after S. aureus inoc-
ulation. In agreement with the results obtained for BALB/c mice,
C57BL/6 mice challenged with the spa-deficient mutant had levels
of TNF-a in the circulation significantly higher than those in mice
challenged with wild-type S. aureus (Fig. 6A). Basal levels of cir-
culating TNF-a were similar in wild-type and tnfr1 '~ mice (Fig.
6B). Although the levels of circulating TNF-« increased in both
groups after S. aureus inoculation, the amounts of TNF-a detected
in the sera of tnfrI '~ mice were double those found in wild-type
mice (Fig. 6B). However, statistical significance was not achieved,
probably due to the lack of positive regulation of TNF-a via
TNFRI signaling in #nfr1 '~ mice. This hypothesis is supported
by the fact that the concentrations of TNF-« in sera from tnfrl '~
mice challenged with S. aureus were indeed lower than the
amounts found in wild-type mice challenged with the spa-defi-
cient mutant (Fig. 6A and B).

Early shedding of TNFR1 decreases inflammation during S.
aureus infection. We then determined the consequences of the
early shedding of TNFR1 for the inflammatory status of mice sys-
temically infected with S. aureus. We observed that 24 h after
inoculation, the levels of circulating TNF-a were significantly
lower in mice inoculated with wild-type S. aureus than in those
inoculated with the spa-deficient mutant (Fig. 7A). The levels of
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FIG 7 Inflammatory response induced during systemic S. aureus infection.
Groups of mice were inoculated intraperitoneally with wild-type S. aureus
(filled circles) or a protein A-deficient mutant (spa-deficient mutant) (shaded
circles). Open circles indicate values for mice inoculated with PBS as a control.
Twenty-four hours later, the levels of TNF-a (A), IL-18 (B), and IL-6 (C) in
serum were quantified by ELISA, and the percentage of neutrophils in the
peritoneum was determined by flow cytometry (D). Each symbol represents an
individual mouse, and horizontal lines show the median value for each group.
Asterisks indicate significant differences (¥, P < 0.05; **, P < 0.01; ***, P <
0.001) by the Mann-Whitney test for nonparametric data.

IL-1, a proinflammatory cytokine regulated by TNF-a, were also
significantly lower in mice inoculated with wild-type S. aureus
than in mice inoculated with the spa-deficient mutant (Fig. 7B).
The levels of IL-6, a cytokine that has dual pro- and anti-inflam-
matory functions, were not affected (Fig. 7C). Moreover, the per-
centage of neutrophils recruited to the infection site 24 h after
inoculation was significantly lower in mice inoculated with wild-
type S. aureus than in mice inoculated with the spa-deficient mu-
tant (Fig. 7D).

DISCUSSION

Despite the critical role of TNF-a in the eradication of bacteria,
excessively high levels of this cytokine may lead to tissue damage,
organ failure, and death, a frequent scenario for septic patients
(36). For this reason, TNF-a has been neutralized in many clinical
trials in an attempt to prevent the undesirable effects of this cyto-
kine (37). The different approaches considered have included the
use of monoclonal antibodies to TNF-« (38) and the TNF recep-
tor fused to the Fc portion of 1gG (39). The outcomes of these
trials, however, failed to show any significant beneficial effect on
the evolution of septic patients, indicating not only that other
mediators of inflammation are involved in sepsis but also that,
clearly, certain levels of TNF-a are required for bacterial eradica-
tion (10, 40). TNF-a supports host antibacterial defenses through
several mechanisms, including potentiation of the killing of bac-
teria by neutrophils and upregulation of vascular and adhesion
molecules, which are necessary for neutrophil recruitment (40).
In this regard, treatment of inflammatory diseases, such as lupus
or rheumatoid arthritis, with neutralizing antibodies to TNF-a
has led to increased risks of infectious diseases (41, 42), including
infections caused by S. aureus (43).

One of the major strategies through which S. aureus causes
infection in humans is evasion of the host immune response, for
which it has an enormous capacity (21, 44). In the present study,
we demonstrated that protein A induces the early shedding of
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TNEFRI1 in vivo during systemic S. aureus infection. Receptor cleav-
age precedes the release of TNF-a both in vitro and in vivo. The
results obtained in experiments using a protein A-deficient mu-
tantand tnfr] /" mice strongly suggest that the increased levels of
circulating sSTNFR1 induced by S. aureus may neutralize circulat-
ing TNF-a and interfere with the host inflammatory response in
the initial phase of infection.

TNF-a signaling is finely regulated by the availability of
TNEFR1 at the cell surface. The cleavage of the receptor ectodo-
main by ADAM17 culminates TNFR1 signaling and produces a
soluble receptor that potentially neutralizes circulating TNF-a.
The importance of downregulating TNF-a signaling has been
demonstrated in patients with TNFR-associated periodic syn-
drome (TRAPS). These patients exhibit a mutation in TNFR1 that
impairs its cleavage from the cell surface, reducing the levels of
STNFRI1 in serum to half of those found in normal individuals,
which leads to a chronic inflammatory condition characterized by
fever and cutaneous and articular inflammation (45). Whereas
downregulation of TNF-a signaling is important, excessive liber-
ation of STNFRI may lead to an imbalance of the immune re-
sponse. In this regard, the presence of high levels of circulating
STNFRI1 and other soluble molecules, such as sSTNFR2 and IL-1
receptor antagonist (IL-1Ra), is a marker of poor prognosis for
septic patients. It has been proposed that these molecules may
contribute to an anti-inflammatory state by blocking the action of
TNF-a and IL-1B, thus impairing bacterial clearance (46). To
date, no experimental studies aimed at investigating the release of
these decoy molecules during S. aureus infection in vivo have been
performed.

Activation of ADAM17 and shedding of TNFR1 by immune
cells have been reported in response to septic stimuli in vitro (13,
47) and in animal models of LPS-induced endotoxemia (19, 35).
Shedding of TNFR1, which occurs between 6 and 24 h after LPS
inoculation, was critical for the neutralization of TNF-a signaling
and the arrest of inflammation (19). The results presented in this
study suggest that S. aureus may exploit this physiological down-
regulatory mechanism to its own benefit and that the cleavage of
TNFR1 at an early time point during infection may serve to neu-
tralize the action of TNF-a. Whereas TNF-« induction depends
on the recognition of several S. aureus antigens, such as teichoic
acids, peptidoglycan, lipoproteins, and protein A (9), we demon-
strated that early shedding of TNFR1 is highly dependent on pro-
tein A expression, underscoring the role of this virulence factor in
the evasion of the immune response. The ability of protein A to
activate ADAM17 rapidly seems crucial in this process, since
TNFRI is already available at the cell surface and thus can be
cleaved before TNF-a is induced. Whereas blockade of TNF-a
using a neutralizing antibody given in combination with antibiot-
ics 3 days after infection reduces staphylococcal arthritis and sep-
sis (48), early studies with experimental models using recombi-
nant TNF-a have demonstrated that this cytokine contributes to
the initial host defense against S. aureus (49). Moreover, it has also
been reported that inhibition of endogenous TNF-a increases
mortality during S. aureus infection (11, 48), demonstrating the
important role of this cytokine during the initial host response.

Interestingly, P. aeruginosa and E. coli did not induce early
shedding of TNFRI, indicating that receptor cleavage is not a gen-
eral immune evasion mechanism used by bacteria and highlight-
ing the importance of distinguishing between Gram-positive and
Gram-negative bacteria during the study of ADAM17 and TNEF-
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FIG 8 Protein A induces pro- and anti-inflammatory signaling cascades.
(Left) Protein A interacts with TNF-a receptor 1 (TNFR1) in airway epithelial
and immune cells. Activation of TNFRI causes the induction of IL-8 by airway
epithelial cells and of TNF-a and IL-18 by immune cells, with consequent
recruitment of neutrophils to the infection site. (Right) The interaction of
protein A with the epidermal growth factor receptor (EGFR) mediates
ADAM17 activation and TNFR1 shedding in airway epithelial and immune
cells. The release of soluble TNFR1 in response to protein A neutralizes the
action of TNF-a and decreases the amount of receptor that is available to
respond to this cytokine, thus impairing the downstream inflammatory cas-
cade.

o/ TNFRI1 signaling modulation in sepsis. In this regard, it is note-
worthy that the majority of clinical trials attempting to modulate
TNF-a-driven immune responses have not taken into account
during data analysis the potential differences in results according
to the etiology of sepsis. Moreover, the most commonly used
experimental model of sepsis is the murine cecal ligation and
puncture model, in which peritonitis is induced by a mixture of
anaerobic and facultatively anaerobic Gram-negative and Gram-
positive bacteria (50-52). Whereas this model might be very use-
ful for understanding the pathophysiology of sepsis with a perito-
neal focus, studies investigating the immune responses induced by
single pathogens are also needed. Indeed, it has been demon-
strated that ADAM17 deficiency leads to protection against lethal
shock by LPS (53, 54), whereas iRhom2-deficient mice, in which
ADAM17 cannot be activated, failed to control the replication of
the Gram-positive bacterium Listeria monocytogenes (55). More-
over, several experimental studies reveal that TNF-a-neutralizing
therapy may adversely affect survival in Gram-positive models of
peritonitis, cerebritis, and bacteremia (40).

The results presented here also seem to indicate that a given
virulence factor may have differential roles in pathogenesis ac-
cording to the type of infection. Protein A can act either as a
proinflammatory or as an anti-inflammatory molecule. In the
context of pulmonary infection, the inflammatory response in-
duced by protein A via TNFR1 initiates IL-8 signaling and neutro-
phil recruitment to the lungs (Fig. 8), with deleterious conse-
quences for pulmonary function (26). The early action of TNF-a
in the lung is very limited, because airway epithelial cells do not
produce significant levels of this cytokine, and prior recruitment
of immune cells is required for TNF-a levels to peak. In contrast,
in a systemic infection, immune cells are readily available to pro-
duce TNF-a, a potent contributor to bacterial clearance. In this
scenario, the early shedding of TNFR1 induced by protein A may
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constitute a novel strategy by which S. aureus subverts the host
immune response by neutralizing the action of TNF-a (Fig. 8).
The study of signaling cascades that are critical for the initiation of
the host immune response and that are altered by bacterial com-
ponents may allow the identification of novel alternative targets
for S. aureus infection therapy.
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