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There are few examples of host signals that are beneficial to
bacteria during infection. Here we found that 31 out of 42 host
immunoregulatory chemokines were able to induce release of
the virulence factor protein A (SPA) from a strain of commu-
nity-associated methicillin-resistant Staphylococcus aureus
(CA-MRSA). Detailed study of chemokine CXCL9 revealed
that SPA release occurred through a post-translational mecha-
nism and was inversely proportional to bacterial density.
CXCL9 bound specifically to the cell membrane of CA-MRSA,
and the related SPA-releasing chemokine CXCL10 bound to
both cell wall and cell membrane. Clinical samples from pa-
tients infected with S. aureus and samples from a mouse model
of CA-MRSA skin abscess all contained extracellular SPA. Fur-
ther, SPA-releasing chemokines were present in mouse skin
lesions infected with CA-MRSA. Our data identify a potential
new mode of immune evasion, in which the pathogen exploits
a host defense factor to release a virulence factor; moreover,
chemokine binding may serve a scavenging function in im-
mune evasion by S. aureus.

Staphylococcus aureus causes a broad range of human dis-
ease, including skin and soft tissue infections, osteomyelitis,
endocarditis, pneumonia, and septicemia (1). Mortality attrib-
uted to S. aureus in the United States is estimated to be
~18,000 per year (2), and the organism appears to be increas-
ing in virulence due to multiple adaptations, including in-
creasing resistance to antibiotics.

Although many virulence factors have been identified in
S. aureus, little is known about how they are regulated in the
host environment. Quorum sensing is a general mechanism
for inter- and intra-species communication among bacteria
(3—6), however, there are few examples of bacterial pathogens
that can detect and respond to host-derived signals directly
(7, 8). Chemokines are cationic peptides that the host uses as
signals for recruitment of immune cells to sites of infection; in
addition, some chemokines have been reported to have anti-
microbial activity, including anti-staphylococcal activity (9,
10), suggesting that direct interactions with microbes may
occur. Because chemokines are characteristically found in
high concentrations at sites of infection in vivo, chemokine
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recognition could be exploited by bacteria to sense host re-
sponses and regulate deployment of virulence factors.

While evaluating the mechanisms responsible for chemo-
kine antistaphylococcal activity, we made the serendipitous
finding that a large subset of them is able to induce release of
the virulence factor S. aureus protein A (SPA)* from commu-
nity-associated methicillin-resistant S. aureus (CA-MRSA),
and in the present report we characterize this activity.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant human chemokines were obtained
from either Peprotech (Rocky Hill, NJ) or R&D (Minneapolis,
MN). The CA-MRSA strain FPR3757 was purchased from
American Type Culture Collection (Manassas, VA). This is a
USA300 LAC epidemic strain whose genome has been com-
pletely sequenced, that was originally isolated from an HIV
patient (11). Primary rabbit polyclonal antibodies to human
CXCL9 were a gift from Dr. Joshua Farber (NIAID, NIH). An-
tibodies to CXCL10 (rabbit polyclonal ab9807), antibodies to
protein A conjugated with HRP (goat polyclonal ab7245), and
secondary antibodies were purchased from Abcam (Cam-
bridge, MA).

SPA Release Assay—Bacteria were grown overnight from
frozen permanent stock. Fresh trypticase soy broth (TSB) was
inoculated with this overnight culture at a 1:100 dilution and
grown to midlog phase, Ay, = 0.5-1.0. Bacteria were resus-
pended into phosphate buffered saline (PBS) and brought to a
final target A, indicated in the figure legends by mixing with
an appropriate concentration of chemokine diluted in PBS.
All incubations were carried out at room temperature
(~24 °C) with shaking (250 rpm). Separate reaction tubes
were used for each time point. At designated time points, re-
actions were sampled for assay of colony forming units (CFU)
and then spun at 15,000 rpm for 5 min. Before Western blot
analysis, protein concentration in the supernatants was meas-
ured by micro BCA assay (Thermo Fisher Scientific, Rock-
ford, IL) to ensure that equal amounts of protein were loaded
onto SDS-PAGE gels. Protein A EIA kit (Enzo Life Sciences,
Plymouth Meeting, PA) was used to determine SPA concen-
trations in samples according to the manufacturer’s instruc-
tions. For total SPA concentration, a 10-fold dilution was
used. An equal amount of protein was loaded in the stimu-
lated and unstimulated lanes. To test whether SPA release
relied on protein synthesis, we modified a previously pub-

2 The abbreviations used are: SPA, S. aureus protein A; CA-MRSA, community-
associated methicillin-resistant S. aureus.
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lished assay showing that chloramphenicol at 10 mg/ml could
inhibit 100% amino acid assimilation in S. aureus (12). Briefly,
100 wl of bacteria at A4y, 0.1-0.2 in PBS were incubated with
100 wl of 32 mg/ml chloramphenicol = 1000 nm CXCL9 in
PBS at room temperature. The low optical density is to ensure
no spontaneous SPA release in the negative control tubes.
Eight tubes were set up for each assay condition: four for anal-
ysis of SPA in supernatant and four for total protein. Both
zero and overnight time (20 h) points were analyzed, and each
time point was performed in duplicate. For the zero time
point, reactions were processed immediately and stored at
—80 °C. To harvest SPA released into the supernatant, tubes
were centrifuged at 15,000 rpm for 10 min, and 150 ul of su-
pernatant were removed. To determine total SPA amount,
200 wl of SMM buffer (0.5 M sucrose, 0.02 M maleate, pH 6.5,
0.02 M MgCl,) containing 100 mg/ml of lysostaphin were
added to reaction tubes and incubated for 1-2 h at 37 °C to
release cell wall bound SPA. The total reaction was then pre-
cipitated with 100 pl of 100% trichloroacetic acid (TCA).
Tubes were incubated on ice and then centrifuged at 15,000
rpm for 10 min. Supernatant was removed, and the pellet was
washed once with cold acetone. Dried pellet was resuspended
in 200 ul of PBS and stored at —80 °C.

Anti-staphylococcal Growth Assay— Anti-staphylococcal
activity was determined as previously described (9). CA-
MRSA was diluted 1:100 in TSB and grown to mid-log phase
before testing in 10 mm sodium phosphate buffer or phos-
phate buffer saline (137 mm sodium) containing 1% TSB. Bac-
teria were washed once and resuspended in buffer in the ab-
sence or presence of 1 uM final concentration of chemokine.
The reactions were incubated at 37 °C for 2 h and serial dilu-
tion was used to determine CFU. Percent of inhibition was
determined by the formula [(CFU without chemokine-CFU
with chemokine)/CFU without chemokine] X 100.

Western Blot Analysis—Samples with equal amounts of
protein in buffer were boiled for 10 min before loading onto
4-15% Tris-HCI polyacrylamide gels in SDS-PAGE. Proteins
were transferred onto PVDF membrane and blocked with 5%
dry milk in PBS/Tween 20 (0.05%) for at least 30 min. Blots
were then incubated with the indicated antibodies. For de-
tecting CXCL9 and CXCL10, rabbit polyclonal antisera di-
rected against CXCL9 or CXCL10 were incubated at 1:5000
dilution in 5% dry milk in PBS/Tween 20 with blots for 1 h.
Blots were then washed with PBS/Tween 20 four times and
then incubated with secondary goat anti-rabbit IgG antibod-
ies conjugated with horseradish peroxidase (HRP) at a 1:5000
dilution. After 4 additional washes with PBS/Tween 20, blots
were then developed with SuperSignal West Pico Chemilumi-
nescent Substrate according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific). For detection of SPA, goat
anti-protein A conjugated to HRP (Abcam ab7245) at 1:5000
dilution was used. Densitometry of band signals was deter-
mined using NIH Image]J software.

Subcellular Fractionation of S. aureus—Subcellular frac-
tionation was performed according to a published protocol
for SPA (13). Bacteria at A4y, = 1.6 were incubated with or
without 500 nm CXCL9 or CXCL10 for 2 h at room tempera-
ture, shaking (250 rpm) in PBS. Bacteria were centrifuged at
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15,000 rpm for 5 min, and the supernatant fraction was saved.
Then the pellet was resuspended with SMM buffer containing
lysostaphin [0.5 M sucrose, 0.02 M maleate, 0.02 M MgCl, (pH
6.5), 100 mg/ml lysostaphin] to remove cell wall proteins at
37 °C for 30 min with mixing. Then the reaction was centri-
fuged at 15,000 rpm for 10 min. The supernatant contains the
cell wall proteins. The pellet containing protoplasts was
washed once with SMM buffer. Protoplast was resuspended
in membrane buffer (0.1 M NaCl, 0.1 m Tris-HCI, 0.01 m
MgCl,, pH 7.5) and lysed by 5 freeze-thaw cycles in a dry ice/
ethanol bath. Cell membrane and cytoplasmic proteins were
separated by ultracentrifugation at 100,000 X g for 30 min at
4 °C. All fractions were precipitated with TCA and washed
with acetone before SDS-PAGE/Western blot analysis.

Clinical Samples and Mouse Skin Abscess Model—Sixteen
anonymized clinical samples were obtained from the Dept. of
Pathology of George Washington University Hospital. Only
the anatomical site of the sample and the microbiology cul-
ture report were provided. Samples included sputum, skin
wound, bronchoalveolar lavage, and joint fluid. Ten samples
were culture-positive for either MSSA or MRSA, and six were
culture-negative for both MSSA and MRSA. The latter sam-
ples grew either normal flora or non-staphylococcal patho-
gens, or had no growth, and served as negative controls.
Occasionally, 1 ml of PBS was added to samples before
centrifugation to reduce viscosity. Samples were centrifuged
at 15,000 rpm for 10 min to remove cellular debris and bacte-
ria. Supernatants were boiled to disrupt SPA and immuno-
globulin binding, and were then recentrifuged at 15,000 rpm
for 10 min. The resulting fluid samples were saved for extra-
cellular SPA analysis using the protein A EIA kit (Enzo Life
Sciences) according to manufacturer’s protocol. For the
mouse skin abscess model, mice were infected with MRSA
strain FPR3757 according to a previously published protocol
(14). All animal procedures adhered to a protocol approved by
the NIAID Animal Care and Use Committee. Briefly,
C57BL/6 mice were injected subcutaneously with 100 ul of
fluid containing 50 ul of OD,, 0.95 MRSA and 50 ul of dex-
tran beads in PBS. As negative controls, mice were injected
with dextran beads in PBS only. Animals were euthanized,
and skin lesions were harvested by cutting with surgical scis-
sors at post-infection day 1, 4, 7, and 14. Tissues were
weighed and transferred to 15 ml centrifuge tubes with 2 ml
of HBSS containing a mixture of protease inhibitors (Roche,
Indianapolis, IN). Then, each tissue was homogenized with a
handheld tissue homogenizer equipped with a hard tissue
Omni tip (Omni International). Tubes were kept on ice dur-
ing the homogenization process. Once homogenized, fluid
was transferred to 1.6 ml tubes, flash frozen in a dry ice bath,
and stored at —80 °C. To test for extracellular SPA, samples
were boiled for 10 min, and spun at 15,000 rpm for 10 min.
The supernatant was analyzed for extracellular SPA with the
protein A EIA kit. The amount of SPA detected was normal-
ized to the amount of tissue tested. To test mouse skin lesions
for KC, Cxcl9, and Cxcl10, samples were analyzed with com-
mercial ELISA kits according to the manufacturer’s protocol
(R&D).

VOLUME 286-NUMBER 7+-FEBRUARY 18, 2011



RESULTS

CXCL9 Stimulates Release of a 50 kDa Protein from
S. aureus—CXCL9 has been reported to have direct anti-
staphylococcal activity for MSSA strains at 10 mm Na™ con-
centration, and to be present at sites of S. aureus infection in a
rat pneumonia model (15). To extend these findings and to
investigate mechanisms we incubated MSSA and MRSA
strains with CXCL9 at room temperature overnight in PBS
containing either 10 mm or 137 mM (physiological) Na™ con-
centration. The reason to perform reactions at room tempera-
ture instead of 37 °C is because >99% of the organisms died
when incubated at 37 °C, confirming a previously published
observation (16). This effect is Na™ concentration-dependent
and chemokine-independent.

Supernatants were analyzed by Western blot to determine
the fate of CXCL9 in the presence of MRSA. Full-length
CXCL9 has a molecular mass of ~11 kDa (Fig. 1, black ar-
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FIGURE 1. CXCL9 induces release of a 50 kDa protein from MRSA. CXCL9
was incubated at concentrations indicated at the top of each lane with and
without MRSA overnight in PBS at room temperature. Supernatant proteins
were separated by SDS-PAGE and revealed by immunoblotting with anti-
CXCL9 antibody plus secondary antibody. Black arrow, size of full-length
CXCL9; white arrow, unexpected 50 kDa protein induced in the system

by CXCL9. Data are representative of three independent experiments.
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row); MRSA appeared to process this to a truncated form. In
addition, less CXCL9 appeared in the supernatant suggesting
that MRSA was capable of depleting CXCL9 either by degra-
dation, or by binding, or by both mechanisms. However, the
immunoblot analysis revealed a second and unexpected find-
ing, the appearance of a 50 kDa protein from MRSA that was
induced in a CXCL9-dependent manner (Fig. 1, white arrow).
This 50 kDa protein can also be seen faintly when MRSA was
cultured in the absence of chemokines (Fig. 1) indicating it is
bacterial in origin. At higher bacterial density, CXCL9 could
also induce SPA release at 37 °C within 2 h, whereas no re-
lease was observed under these conditions when the organ-
isms was cultured under these conditions in the absence of
chemokine (data not shown).

The 50 kDa Protein Is Protein A of S. aureus—Because the
50 kDa protein required antibody reagents for visualization, it
could potentially represent a multimeric form of CXCL9, or a
cross-reactive protein, or a protein able to bind antibodies
nonspecifically. We favored the third possibility, and in par-
ticular considered SPA which can bind specifically to the Fc
portion of IgG and has a molecular mass of 50 kDa. In sup-
port of this hypothesis, specific anti-SPA antibodies conju-
gated with HRP were able to detect induction of a 50 kDa pro-
tein in supernatants of MRSA after overnight incubation with
CXCL9. Induction was CXCL9 concentration-dependent (Fig.
2A), and required a threshold of ~5 nwm (or 50 ng/ml) CXCL9,
which is close to the K, for binding of CXCL9 to its receptor
CXCR3 (17). The increase in amount of this protein was not
due to differences in CFU or total protein content induced by
the different conditions tested (Fig. 2B and data not shown).
In the staphylococcus literature, there are no acceptable
housekeeping protein controls, like actin in mammalian sys-
tems. Together our results suggest that CXCL9 can directly
induce SPA release into the supernatant. We next analyzed
the kinetics of SPA release from MRSA (Fig. 2C). In the ab-
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FIGURE 2. The 50 kDa protein induced by CXCL9 incubation with MRSA is SPA. MRSA was incubated with the concentration of CXCL9 indicated on the x
axis in each panel overnight at room temperature. Supernatant proteins were separated by SDS-PAGE and revealed by Western blotting using anti-SPA
antibody conjugated to horseradish peroxidase (A, top panel); SPA protein content was quantitated by NIH ImageJ software (A, bottom panel). CXCL9 did
not affect the viability of MRSA in the system (B). Data are representative of three independent experiments. MRSA in the absence or presence of 500 nm
CXCL10 was assayed for SPA release at different time points by Western blot with anti-protein A antibodies (C).
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FIGURE 3. Chemokine induction of SPA release from MRSA is dependent on bacterial density. Bacteria at the indicated density were incubated with or with-
out 500 nM CXCL9 or CXCL10 (plus and minus signs, respectively) overnight at room temperature, and supernatants were then analyzed for SPA content by SDS-
PAGE/Western blot using anti-protein A antibody (4, C). SPA content was quantified by NIH ImageJ software, and the ratio of SPA signal in the presence and ab-
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FIGURE 4. Chemokine induction of SPA release from MRSA does not require new protein synthesis. MRSA was incubated in the presence or absence of
500 nm CXCL9 and 16 mg/ml chloramphenicol (Cm) for the time indicated on the x axis at room temperature, then extracellular SPA concentration (A) and
total SPA content (B) were determined by ELISA as described under “Experimental Procedures.” The experiment was performed using low bacterial density
(Agoo = 0.1) to optimize the induced SPA signal. Data are from a single experiment representative of two experiments performed.

sence of chemokines, only a low level of spontaneous SPA
release was observed and not until 5 h after the start of incu-
bation, whereas when MRSA was incubated with CXCL9 (not
shown) or with 500 nm of the related chemokine CXCL10
(Fig. 2C), SPA release could be observed as early as 2 h after
incubation, and attained much higher levels.

CXCL9 and CXCLI10 Induction of SPA Release from MRSA
Is Bacterial Density-dependent—Because MRSA releases SPA
spontaneously, we analyzed the effect of bacterial density on
this process. We found that spontaneous release of SPA was
directly dependent on bacterial density whereas chemokine-
dependent release was inversely dependent on bacterial den-
sity (Fig. 3, A and B). Thus, CXCL9 was most effective at in-
ducing SPA release at low bacterial density. CXCL10 showed
the same bacterial density dependence for induction of SPA
release from MRSA (Fig. 3, C and D).

CXCL9 Acts at a Post-translational Step to Induce Release
of SPA from MRSA—To determine whether SPA release by
CXCL9 is dependent on new protein synthesis, we used chlor-
amphenicol, a ribosomal inhibitor, to block translation (12).
For this assay, the density of bacteria was purposely kept low
to prevent spontaneous SPA release by the organism (Fig. 44).
Under these conditions, 500 nm CXCL9 was able to promote
SPA release, and this was not affected by incubation with
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chloramphenicol at a concentration known to inhibit S. au-
reus protein synthesis (Fig. 44). The concentration of chlor-
amphenicol used did not affect bacterial viability in PBS, as
PBS contains no nutrients, but it was active in inhibiting
MRSA growth in trypticase soy agar plates (data not shown).
Thus, induction of SPA release from MRSA by CXCL9 is in-
dependent of new protein synthesis.

The total amount of SPA in the system was also determined
for each reaction by treatment with lysostaphin (Fig. 4B). SPA
is normally covalently linked to the bacterial cell wall, and this
enzyme specifically cleaves it from this site quantitatively. The
results indicated that total SPA remains constant throughout
the experiment, and is unaffected by CXCL9 or chloramphen-
icol. In addition, the results indicated that the amount of SPA
released from the cell in response to CXCL9 represented only
a small fraction of total SPA.

CXCL9 and CXCLI0 Differentially Bind to MRSA Cell Wall
and Cell Membrane—Preliminary data indicated that CXCL9
was being removed from the supernatant in the system (Fig.
1) in part due to association with the bacterial pellet (data not
shown). To determine where CXCL9 binds to MRSA, a sub-
cellular fractionation analysis was performed using a proce-
dure originally developed to identify the subcellular location
of SPA (13). MRSA was incubated with or without chemokine
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FIGURE 5. CXCL9 and CXCL10 bind directly to MRSA. MRSA was incu-
bated in the presence or absence of 500 nm CXCL9 or CXCL10 for 2 h at
room temperature, and then subjected to subcellular fractionation. Super-
natant (S), cell wall (CW), cytoplasm (C), and cell membrane (CM) fractions
were analyzed by SDS-PAGE/Western blot with antibodies specific for SPA
(A, Q) or for chemokines CXCL9 (B) or CXCL10 (D). Data are from a single ex-
periment representative of two experiments performed.

in PBS for 2 h before subcellular fractionation. As expected,
SPA was detected in the cell wall fraction (Fig. 54). In con-
trast, CXCL9 was associated with the cell membrane fraction
of MRSA (Fig. 5B). The CXCL9 in the supernatant fraction
represented unbound CXCL9. The same procedure was also
performed using CXCL10. Again, SPA was detected in the cell
wall fraction (Fig. 5C). However, unlike CXCL9, CXCL10 was
associated with both cell wall and cell membrane fractions of
MRSA (Fig. 5D). The CXCL10 in the supernatant represented
unbound CXCL10.

Many but Not All Chemokines Stimulate Release of SPA
from MRSA—To determine the chemokine specificity of SPA
release from MRSA, all available human chemokines were
screened at 500 nM concentration; the antimicrobial proper-
ties of chemokines against MSSA and MRSA were also deter-
mined (Table 1). Protein content and CFUs were determined
for each reaction. Consistent with previous reports, in 10 mm
Na™ all ELR- CXC chemokines strongly inhibited bacterial
viability. However, this antimicrobial effect was diminished or
absent at 137 mm Na ™ concentration for both MSSA and
MRSA. In general, this trend of diminished or absent antimi-
crobial activity at 137 mm Na™* concentration was observed
for all anti-staphylococcal chemokines. In contrast, thirty-one
of forty two chemokines tested were able to induce SPA re-
lease from MRSA in 137 mM Na™ concentration. All of these
were basic chemokines (pI >8.0). In addition, all chemokines
with antimicrobial properties in low salt were able to induce
SPA release at 137 mM Na™* concentration. However, there
were chemokines that induced SPA release that lacked anti-
microbial activity. Interestingly, these included the ELR+
CXC chemokines that attract neutrophils.
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Extracellular SPA and SPA-inducing Chemokines Are Pres-
ent in Human and Mouse Tissue Samples Infected with
S. aureus—To determine whether chemokine induction of
SPA release from S. aureus may occur in the context of actual
infection of mammalian hosts, we measured SPA levels and
chemokine content in clinical samples from patients known
to be infected with the organism. Four of ten clinical samples
analyzed were positive for extracellular SPA (Fig. 6A4). Of
these, one contained MSSA and three contained MRSA. The
control samples, which grew normal flora or non-S. aureus
pathogens, or had no growth, were all negative for extracellu-
lar SPA. Consistent with this, we also detected extracellular
SPA in skin samples from mice challenged with MRSA strain
FPR3757 in a skin abscess model on days 1, 4, and 7 post-in-
fection (Fig. 6B). Negative control mice injected with PBS had
no detectable extracellular SPA (dotted line in Fig. 6B). Thus,
extracellular SPA can be found in the context of staphylococ-
cal infections in vivo.

Skin lesions infected with MRSA also contained at the pro-
tein level three out of three SPA-releasing chemokines that
were assayed: KC, Cxcl9, and Cxcl10 (Fig. 6C). Of the three
chemokines tested, Cxcl9 was present at the highest level,
followed by KC; Cxcl10 was present at very low levels. As con-
trols, recombinant SPA (from 10 ng/ml to 10 mg/ml) and
mice injected with dextran beads in PBS did not interfere with
the ELISA conditions (data not shown).

DISCUSSION

The present work has identified an unexpected direct pro-
microbial activity for human chemokines: the ability to induce
release of the virulence factor protein A (SPA) from the hu-
man pathogen S. aureus. In addition, we have confirmed that
many chemokines have direct, leukocyte-independent anti-
staphylococcal activity, and we have extended this by defining
anti-staphylococcal activity against clinical isolates of both
MSSA and MRSA for all 42 commercially available human
chemokines in both high and low concentrations of Na™. In
contrast to the anti-staphylococcal activity, which requires
extremely high concentrations of chemokine and low concen-
tration of Na™*, we found that SPA-inducing activity occurs at
low nanomolar concentrations of chemokine and at physio-
logic concentrations of Na™.

Consistent with these in vitro findings, in vivo we detected
SPA in an extracellular soluble form in tissue and body fluids
of patients infected naturally with MSSA or MRSA, as well as
in mice infected experimentally with MRSA; we also found
SPA-releasing chemokines in the context of experimental
MRSA skin abscess in mice. Together these results imply that
S. aureus may exploit chemokines, which are normally used in
host defense to recruit leukocytes to sites of infection, as a
trigger for deploying a virulence factor that acts through im-
mune evasion. More generally, our work implies that bacteria
can detect and respond to host-derived signals. Sensing che-
mokines may provide S. aureus, and potentially other bacte-
ria, with knowledge of an impending antimicrobial response
by the host. To date, there is only one other report of bacteria
sensing a host immune activation factor: Pseudomonas
aeruginosa binding to interferon vy via its outer membrane
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TABLE 1

Direct effects of chemokines on S. aureus: antibacterial and SPA-releasing activities

Survey of two direct effects of chemokines on S. aureus: antibacterial activity versus SPA-releasing activity. All commercially available human chemokines (42) were
tested for their ability to induce SPA release in 137 mm Na™ concentration. Antimicrobial properties of chemokines against MSSA strain ATCC 29213 and MRSA
strain FPR3757 were also tested, at both 10 mm and 137 mM Na™* concentration, as described under “Experimental Procedures.” Symbols denote percent inhibition of
bacterial growth compared with control: ++++, >80%; +++, 60-79%; ++, 40 -59%; +, 20-39%; —, <20%, ND; not done. Only MRSA strain FPR 3757 was tested
for SPA release. Symbols + and — represent positive and negative SPA release, respectively. Both ELISA and Western blots for SPA were performed to generate this
table. Chemokines in parentheses are found in mouse but not human. The pI of each chemokine is also shown.

Inhibition assay SPA release
MSSA MRSA MRSA
Chemokine [Na*] [Na™*] [Na*]
Family Member pI 10 mm 137 mm 10 mm 137 mm 137 mm
CXCELR+ CXCL1 10.09 - — - - +
CXCL2 10.45 + ++ + - +
CXCL3 10.15 - — + - —
CXC ELR- CXCL4 8.71 — — - - +
CXCELR+ CXCL5 114 — — - - +
CXCL6 10.44 — + ++ - +
CXCL7 8.73 - — - - -
CXCL8 9.85 + — + - +
CXCELR- CXCL9 11.1 ++++ ++ ++++ - +
CXCL10 10.77 ++++ — ++++ — +
CXCL11 11.1 ++++ ++ ++++ + +
CXCL12 10.48 ++++ — ++++ + +
CXCL13 10.92 ++++ ++ ++++ + +
CXCL14 10.47 — — - - +
CXCELR+ (CXCL15) 7.07 ND
CXCELR+ CXCL16 8.75 - - + - +
CX3C CX3CL1 10.24 — — - + +
C XCL1 11.28 - - - - +
XCL2 11.20 ND
CC CCL1 10.48 + — ++ - +
CCL2 9.74 + + - - -
CCL3 4.48 — — - - —
CCL3L1 4.47 - - - - —
CCL4 4.47 - ++ - + —
CCL5 8.61 - - - - —
(CCL6) 9.22 ND
CCL7 10.33 - — - + —
CCL8 9.88 - — - - +
(CCL9/10) 8.64 ND
CCL11 10.74 - - - - +
(CCL12) 9.27 ND
CCL13 10.62 + + +++ ++
CCL14 8.25 - ++ + — -
CCL15 8.01 - - - - —
CCL16 9.86 — — - - +
CCL17 9.81 ++ - - + +
CCL18 9.47 — — + - +
CCL19 10.31 — — +++ - +
CCL20 10.26 +++ + +++ - +
CCL21 10.71 + + + + +
CCL22 8.98 — — + - +
CCL23 9.09 - - + + +
CCL24 10.76 - - - - —
CCL25 10.92 ++++ ++ +++ + +
CCL26 10.85 ++++ — ++++ + +
CCL27 9.07 — — - - +
CCL28 10.88 ++++ ++ ++++ — +

protein F and responding by expressing quorum sensing viru-
lence genes (8). Taken together, the data suggest that out-
come of S. aureus infection may be determined in part by a
balance of antimicrobial and promicrobial chemokine-depen-
dent activities: 1) recruitment of leukocytes to the site, 2) di-
rect antimicrobial activity and 3) pro-microbial induction of
SPA release.

Host factors that control staphylococcal infection mainly
involve the innate immune system. In particular, at the cellu-
lar level, phagocytes, especially neutrophils, are critical (18,
19). Consistent with this, at the molecular level, pattern rec-
ognition receptors such as TLR2 & its downstream transducer
MyD88 are important for control of S. aureus infection in
both mice and humans (20, 21). However, little is known in
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S. aureus infection about the role of the chemokines that sub-
serve innate immunity. CXCR2, which is preferentially ex-
pressed on neutrophils, is the only chemokine receptor re-
ported to be important in clearing S. aureus, as shown using
Cxcr2 knock-out mice in a brain abscess model (22).
Nevertheless, several groups have reported that many che-
mokines and chemokine receptors can be strongly up-regu-
lated by S. aureus infection in both pneumonia and skin ab-
scess models (23-25). In the pneumonia model, 20 of 25
chemokines tested were found to be up-regulated (23). Of
these 20, we initially focused on CXCL9 and CXCL10, since
they were reported to be highly expressed at infected sites, yet
are highly selective for Th1 effector T cells, which paradoxi-
cally are not present at these sites. Thus, we hypothesized that
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FIGURE 6. Extracellular SPA is present in both human and mouse tissue sites infected with S. aureus. A, human. Clinical samples known to be infected
with MSSA or MRSA were tested for extracellular SPA by ELISA. As controls, samples infected with other pathogens, or that grew only normal flora or that
had no growth were also tested for SPA. B, mouse. Skin lesions of C57BI/6 mice infected subcutaneously with MRSA were harvested and tested for extracel-
lular SPA on the days indicated post-infection. Dotted line represents signal of control dextran beads in PBS injected skin lesions. C, MRSA skin abscesses in
mice contain chemokines able to induce SPA release from MRSA. Skin lesions of mice infected with MRSA were harvested and assayed by ELISA for the indi-
cated chemokine at the indicated times post-infection. Each data point represents the average of duplicate determinations minus the control dextran
beads in PBS-injected skin lesion values. The S.E. is <17% of the mean and is not plotted.

CXCL9 and CXCL10 may have an unconventional role, unre-
lated to leukocyte recruitment and their specific receptor
CXCR3. Both chemokines are highly inducible by the signa-
ture Th1 cytokine interferon-vy. Because interferon-y admin-
istration is detrimental in S. aureus bacteremia, and since
both IFN-vy knock-out mice and mice administered neutraliz-
ing antibodies directed against IFN-+y are all protected from
lethality in S. aureus bacteremia (26, 27), IEN-vy or possibly
factors induced by IFN-v, such as CXCL9 and/or CXCL10,
must enhance staphylococcal virulence. Our data showing
that these chemokines induce SPA release provide a potential
mechanism consistent with this hypothesis.

Protein A is a well-established virulence factor, as deter-
mined by experiments in vivo showing that Protein A mutants
of S. aureus have attenuated virulence in pneumonia and bac-
teremia models (28 —30), and that protein A could function as
a vaccine target for MRSA (31). Although a number of poten-
tial mechanisms have been identified, which of these accounts
for virulence in vivo has not been clearly delineated. In partic-
ular, SPA is best known for its ability to bind IgG (32), but can
also bind other host factors, including von Willebrand’s factor
(33) and the VH3 receptor of B-cells (34). SPA also possesses
antiphagocytic activity (35, 36), and the ability to activate
TNFR1 (37) and to induce apoptosis of naive B cells (38). Pu-
rified protein A has been reported to be sufficient to stimulate
CXCLS8 production by lung epithelial cells and cause neutro-
phil recruitment in vivo. Recent data also suggest that extra-
cellular protein A contributes to biofilm formation by S. au-
reus (39). The ability of chemokines to induce SPA release
could simply serve to enlarge a protective shield around the
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organism through one or more of these activities, defending it
from the immune response. Transcriptional analysis has re-
vealed that both Cxcl9 and Cxcl10 are up-regulated in a
mouse model of wound healing (40). According to our cur-
rent data on SPA release, the presence of these chemokines
could enhance the vulnerability of wounds to S. aureus infec-
tions. In addition to wounds, CXCL9 and CXCL10 levels are
also up-regulated during influenza infections (41), and many
secondary bacterial pneumonias after influenza are caused by
S. aureus, including community-associated MRSA strains (42,
43). However, it is unclear if the presence of chemokines di-
rectly affects MRSA susceptibility in this setting.

SPA is covalently linked to the cell wall of S. aureus by ac-
tion of the enzyme sortase (44). However, a small portion of
SPA can be released into the extracellular environment dur-
ing exponential growth in vitro (45— 47). Some strains of
MRSA produce only extracellular protein A (48). The release
mechanism is unknown and the significance has not been
previously evaluated in vivo.

Additional work will be needed to delineate the structural
basis for chemokine induction of SPA release. Our survey
identified 31 of 42 human chemokines that possessed this
activity. Most chemokines are basic proteins, and all chemo-
kines that induced SPA release had a pI greater than 8 (Table
1). However, not all basic chemokines induced SPA release.
There was a stronger association of this activity with the pres-
ence of a cationic C terminus, a feature that has also been as-
sociated with the antimicrobial properties of chemokines.
Thus, chemokines that possess antimicrobial properties at
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low sodium concentration tend to induce SPA release at 137
mM sodium concentration.

We also analyzed the three-dimensional structures of che-
mokines that promote protein A release for similarity. In par-
ticular, the electrostatic potentials of chemokines with solved
structures were calculated and visualized by PDB2PQR and
Jmol (49, 50). Both active and inactive chemokines for protein
A release had areas of cationic patches, with no clear differ-
ences between the two groups.

To our knowledge, this is the first report identifying extra-
cellular protein A in clinical samples from humans. However,
extracellular protein A was not detected in every clinical sam-
ple infected with S. aureus. Several factors might explain this.
First, the bacterial load in the infected site might be below the
threshold necessary for detection of SPA release. In this re-
gard, one of the S. aureus culture-positive samples grew only
in a liquid culture medium and not directly on the culture
plates. Second, most (~97%) but not all strains of S. aureus
produce protein A, and the amount expressed varies among
strains (46, 51, 52). Finally, samples obtained by lavage may
dilute extracellular SPA below the threshold for detection.

In the mouse skin abscess model of MRSA infection, we
detected both extracellular protein A and several chemokines
capable of inducing protein A release. We cannot conclude
from this that chemokines are responsible for the release of
protein A from the organism ix vivo, only that bacteria and
chemokines are in the same environment where they may
interact. Proving that chemokines induce SPA release in vivo
will be difficult since there are so many chemokines with this
activity at the infected site.

The ability of MRSA to bind CXCL9 and CXCL10, and pre-
sumably other chemokines, could also attenuate the immune
response independent of any functional response by the orga-
nism, by a simple scavenging mechanism that would limit the
amount of chemokine available to bind to leukocyte chemo-
kine receptors for promoting leukocyte chemotaxis. Host che-
mokine-binding proteins have been identified that are
thought to limit inflammation through the same type of
mechanism (53-55). For CXCLY, less protein was detected
after incubation with MRSA by Western blot. It remains to be
seen how many other chemokines besides CXCL9 and
CXCL10 bind to MRSA, and whether protein A release corre-
lates with binding.

In conclusion, our data show that chemokines can bind to
MRSA and that this is associated with both direct antimicrobial
and SPA-releasing activity in vitro. These activities have very
different requirements for chemokine and sodium concentration
such that SPA-releasing activity may be more likely to occur in
vivo than anti-staphylococcal activity. Defining S. aureus-en-
coded chemokine-binding factors will be needed to further de-
lineate the mechanism underlying this activity, and such factors
may provide targets for development of novel anti-staphylococ-
cal antibiotics, an important goal given the increasing resistance
of this organism to currently available agents.
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