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and  S. epidermidis  PSMs upregulated the neutrophil comple-
ment receptor CD11b via FPR2/ALX stimulation in an Agr-de-
pendent fashion. Hence, Agr controls the capacity of staphy-
lococcal pathogens to activate FPR2/ALX-dependent neu-
trophil responses, underscoring the crucial role of FPR2/ALX 
and PSMs in staphylococcus-host interaction. 

 Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Most staphylococcal species control exoprotein bio-
synthesis by the Agr quorum-sensing system, which ac-
tivates gene expression upon accumulation of an auto-
crine pheromone peptide  [1, 2] . In facultative pathogens, 
such as  Staphylococcus aureus  and  S. epidermidis , Agr is 
known to regulate the production of surface adhesins and 
toxins and also many other genes  [3] . The latter include 
the phenol-soluble modulin (PSM) peptide toxins whose 
expression is controlled by direct binding of the Agr re-
sponse regulator AgrA to the PSM promoter regions  [4] . 
An  S. epidermidis  Agr mutant has also been shown to 
 exhibit strongly reduced proinflammatory capacities 
 toward human leukocytes  [5] , indicating that major 
staphylococcal pathogen-associated molecular patterns 
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 Abstract 

 The Agr quorum-sensing system represents the master reg-
ulator for staphylococcal virulence factors and is known to 
have a strong impact on the release of pathogen-associated 
molecular pattern (PAMP) molecules. Among the various 
staphylococcal PAMPs, phenol-soluble modulin (PSM) pep-
tides have attracted increasing interest because they are 
 crucial for staphylococcal virulence and have neutrophil- 
recruiting properties. The latter depend on recognition of 
PSMs by the neutrophil formyl peptide receptor 2 (FPR2/
ALX), for which PSMs are highly efficient agonists. We dem-
onstrate that Agr inactivation in  Staphylococcus aureus  or 
 S. epidermidis  leads to strongly reduced neutrophil respons-
es, which is in agreement with the previously reported strict 
control of PSM expression by Agr. Agr had a distinct and pro-
found impact on activation of FPR2/ALX but not of the re-
lated FPR1 receptor that senses bacterial formylated pep-
tides.  S. epidermidis  PSMs had similar FPR2/ALX-activating 
properties but differed in their dependence on N-terminal 
formylation compared to  S. aureus  PSMs. Moreover,  S. aureus  
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(PAMPs) are controlled by  agr . Staphylococci produce a 
variety of PAMPs including lipoproteins, peptidoglycan 
fragments, formylated peptides and PSM peptides, which 
are sensed by human Toll-like receptor 2 (TLR2)  [6] , nu-
cleotide-oligomerization domain 2 (NOD2) receptor  [7] , 
formyl peptide receptor 1 (FPR1)  [8] , and formyl peptide 
receptor 2 (FPR2/ALX)  [9] . It has remained unclear if Agr 
has a general impact on the release of PAMPs or if it con-
trols only specific classes of staphylococcal proinflam-
matory molecules.

   S. epidermidis  belongs to the class of coagulase-negative 
staphylococci which are usually less pathogenic than the 
coagulase-positive  S. aureus.  Among the coagulase-nega-
tive staphylococci,  S. epidermidis  causes the largest num-
ber of diseases, which are often associated with the infec-
tion of indwelling medical devices  [10, 11] .  S. epidermidis  
infections develop only rarely into life-threatening diseas-
es, but they are often difficult to eradicate because of anti-
biotic resistance genes and the formation of biofilms  [12, 
13] . PSMs were initially identified in  S. epidermidis  culture  
 filtrates  [13–15] . Related peptides have subsequently been 
described in  S. aureus   [16, 17]  and, only recently, in virtu-
ally all staphylococcal pathogens  [18] . The production of 
PSMs appears to correlate with the virulence potential of 
a given staphylococcal species  [18] . PSMs are short, amphi-
phatic peptides, which are secreted by an unknown mech-
anism as formylated peptides in an Agr-regulated fashion 
 [4, 19, 20] .  S. aureus  produces 5 shorter PSM peptides ( � -
type PSMs), with 21–26 amino acids, and 2 longer ( � -type) 
PSMs with 44 amino acids  [17] . An additional  � -type PSM, 
PSMmec, has recently been identified in culture filtrates
of some hospital-acquired methicillin-resistant  S. aureus  
(MRSA) and  S. epidermidis  strains  [16] . In  S. epidermidis , 
4  � -type PSMs (PSM � , PSM � , PSM �  and  � -toxin) and 2 
 � -type PSMs have been identified  [13, 14] . Both  S. epider-
midis  and  S. aureus  produce  � -toxin, which corresponds in 
size and structure to the  � -type PSMs  [17, 21–23].  It has 
been shown to be the most abundantly secreted PSM in 
both organisms  [5, 17] .   

  Translation starts in bacteria with formylated methio-
nine, which distinguishes bacterial from eukaryotic pro-
teins  [24] . Many proteins and N-terminal protein frag-
ments from protein degradation retain the N-terminal 
formyl group. Formylated peptides with hydrophobic 
amino acids adjacent to the N-terminal formylmethio-
nine, such as f-Met-Leu-Phe, are very efficient ligands for 
FPR1  [25] .  � -Toxin and most other  S. aureus  PSMs are se-
creted predominantly with formylated N-termini, but de-
formylated  � -toxin has been observed to accumulate dur-
ing the exponential and early postexponential phase  [26] . 

  Most  � -type PSMs are strongly cytotoxic for neutro-
phils at micromolar concentrations, while  � -type PSMs 
have lower cytotoxicity and seem to have an additional 
role in the release of individual bacteria from biofilms  [17, 
23, 27] . Moreover, PSMs have profound proinflammatory 
capacities in the nanomolar range that encompass the in-
duction of neutrophil chemotaxis, respiratory burst and 
IL-8 release  [17, 23, 28] .  S. aureus  and  S. lugdunensis  PSMs 
have been shown to stimulate neutrophils via FPR2/ALX 
 [9, 18] . Whether or not the various formylated or nonfor-
mylated  S. epidermidis  PSMs also activate FPR2/ALX or 
FPR1 remains unknown. FPR1 and FPR2/ALX are pres-
ent on neutrophils and other leukocytes. They belong 
to the class of G-protein-coupled seven-transmembrane 
receptors  [29] . Many  S. aureus  strains produce specific 
inhibitors of the human FPR1 (CHIPS) and FPR2/ALX 
(FLIPr)  [30, 31] . These proteins are thought to enable bac-
teria to multiply unrecognized by human immune de-
fenses in the early stages of infection.

  To investigate how the Agr system controls the proin-
flammatory capacity of staphylococci, we compared the 
culture filtrates of  S. epidermidis  and  S. aureus  Agr mu-
tants with those from parental strains for their capacity 
to stimulate neutrophils or receptor-transfected cell lines. 
Agr had a profound, distinct impact on FPR2/ALX acti-
vation in both species, while FPR1 activation was hardly 
affected. All tested  S. epidermidis  isolates from catheter 
infections or nasal swabs activated the human FPR2/
ALX. The  S. epidermidis  PSMs were efficient FPR2/ALX 
ligands, but the various peptides differed substantially in 
their dependence on N-terminal formylation. Moreover, 
 S. aureus  and  S. epidermidis  PSMs upregulated the com-
plement receptor CD11b on neutrophils in an Agr-depen-
dent manner. 

  Experimental Procedures 

 Synthetic Peptides 
 PSM peptides with the recently published sequences  [13–15, 

17] , the FPR2/ALX-specific control ligand MMK1 (LESIFRSLL-
FRVM-NH2)  [32]  and the FPR2/ALX inhibitor WRW4 (WRW-
WWW-NH2)  [33, 34]  were synthesized (EMC Microcollections).   
  The peptides were synthesized using solid-phase Fmoc/tBu chem-
istry. All peptides were purified to homogeneity by preparative 
RP-HPLC and characterized by RP-HPLC-ESI-MS (purity  1 90%). 
 S. aureus    PSM � 2 (MGIIAGIIKFIKGLIEKFTGK), PSM � 3 (ME-
FVAKLFKFFKDLLGKFLGNN) and  � -toxin (MAQDIISTIS-
DLVKWIIDTVNKFTKK) as well as  S. epidermidis  PSM �  (MAD-
VIAKIVEIVKGLIDQFTQK), PSM �  (MSIVSTIIEVVKTIVDI-
VKKFKK), PSM �  (MFIINLVKKVISFIKGLFGNNENE),  � -tox  in 
(MAADIISTIGDLVKWIIDTVNKFKK), PSM � 1 (MSKLAEA-



 Agr Controls Human Formyl Peptide 
Receptor 2 Activation 

J Innate Immun 2012;4:201–212 203

IANTVKAAQDQDWTKLGTSIVDIVESGVSVLGKIFGF) and 
PSM � 2 (MEQLFDAIRSVVDAGINQDWSQLASGIAGIVENG-
ISVISKLLG) were synthesized in their formylated and nonfor-
mylated forms. fMLF was purchased from Sigma.

  Bacteria and Cell Lines 
 USA300 is a prevalent community-associated methicillin-re-

sistant  S. aureus  (CA-MRSA) strain  [35] . Defined  psm  mutants 
have recently been described in detail  [17] .  S. aureus  RN6911 is an 
isogenic Agr mutant derived from laboratory strain RN6390  [36] . 
 S. epidermidis  1457 and its isogenic Agr mutant have been de-
scribed previously  [20] .  S. epidermidis  isolates were either ob-
tained from infected catheters or from the nasal swabs of healthy 
volunteers. Bacterial culture filtrates were obtained by centrifu-
gation of overnight cultures grown in tryptic soy broth and fil-
tered through 0.2- � m-pore-size filters. No chemotactic or stimu-
latory activity was detected in the noninoculated medium at the 
used concentrations.

  Recently, HL60 cells stably transfected with human FPR1, 
FPR2/ALX, or FPR3 have been described  [37, 38] . These cells were 
grown in RPMI medium (Biochrom) supplemented with 10% FCS 
(Sigma-Aldrich), 20 m M  Hepes (Biochrom), penicillin (100 units/
ml), streptomycin (100  � g/ml) (Gibco) and 1  !  Glutamax (Gib-
co). Transfected cells were grown in the presence of G418 (Bio-
chrom) at a final concentration of 1 mg/ml.

  Neutrophil Chemotaxis 
 Human neutrophils and peripheral blood mononuclear cells 

were isolated by standard Ficoll/Histopaque gradient centrifuga-
tion. Chemotaxis of neutrophils towards staphylococcal culture 
filtrates or synthetic peptides was determined by using fluores-
cence-labeled neutrophils that migrated through a 3- � m-pore-
size polycarbonate transwell filter as described recently  [8] . Syn-
thetic chemoattractants were used at concentrations in the linear 
range of the dose-response curves. Initial control experiments 
were performed to verify that PSM peptides mobilize neutrophils 
by chemotactic rather than by undirected chemokinetic stimula-
tion. Neutrophil migration from the upper to the lower transwell 
chamber was only observed when the peptides were added to the 
lower chamber. When an equal PSM concentration was present in 
the two chambers, no such migration was observed, confirming 
that PSMs do induce chemotactic migration in neutrophils. For 
chemotaxis, peptides were used at concentrations of 250 n M  for 
formylated PSM �  and PSM � , 2.5  �  M  for formylated PSM � 1, 1  �  M  
for  � -toxin and 100 n M  for nonformylated and formylated PSM �  
and for MMK1. The relative fluorescence measured was corrected 
for the buffer control (i.e. buffer added only to lower compart-
ment) and divided by 1,000.

  Measurement of Calcium Ion Fluxes in Human Neutrophils 
and HL60 Cells 
 Since calcium fluxes can be measured more robustly and ac-

curately than chemotaxis, they were monitored in certain exper-
iments as a surrogate marker for it. They were analyzed by stimu-
lating cells loaded with Fluo-3-AM (Molecular Probes) and mon-
itoring fluorescence with a FACSCalibur flow cytometer (Becton 
Dickinson) as described recently  [30] . In order to study the influ-
ence of pertussis toxin (PTX), cells were preincubated with 1  � g/
ml PTX (List Biological Laboratories) for 3 h at 37   °   C under 5% 
CO 2 . To measure the influence of CHIPS or FLIPr, 1  !  10 6  cells/

ml were preincubated with CHIPS or FLIPr at final concentra-
tions of 1.4 or 0.5  � g/ml, respectively, for 20 min under agitation 
at room temperature. The CHIPS and FLIPr proteins were pre-
pared as described recently  [30,31] . Synthetic chemoattractants 
were used at concentrations in the linear range of the dose-re-
sponse curves. In order to stimulate neutrophils and HL60 cells, 
the following concentrations were used: formylated PSM �  (300 
n M ), PSM �  (200 n M ), formylated and nonformylated PSM � 1 (1.5 
 �  M ), PSM � 2 (1.8  �  M ), formylated  � -toxin (500 n M ), formylated 
PSM �  (200 n M ) and nonformylated PSM �  (300 n M ). fMLF and 
MMK1 were used at final concentrations of 20 and 10 n M , respec-
tively. Culture filtrates for neutrophil calcium influx were used 
at concentrations of 1.5% for  S. epidermidis  1457 and  S. aureus  
RN6390 and their isogenic Agr mutants, or at 0.37% for USA300 
and its isogenic Agr mutant. Measurements of 2,000 events were 
performed and calcium flux was expressed as relative fluores-
cence corrected for buffer controls.

  IL-8 Production  
 Human IL-8 was measured using an ELISA kit (R&D Systems) 

according to the manufacturer’s instructions. Neutrophils were 
incubated with the indicated culture filtrates for 5 h at 37   °   C and 
5% CO 2  with or without preincubation of FLIPr (1  � g/ml) for 20 
min. Then, culture filtrates were centrifuged for 10 min at 250  g  
and 4   °   C and culture filtrates were stored at –20   °   C before use. Me-
dia contained polymyxin B (Sigma) at a final concentration of 10 
 � g/ml to exclude lipopolysaccharide contamination.

  Priming of Human Neutrophils 
 Priming of human neutrophils was determined by measuring 

surface expression of CD11b. After the preincubation of neutro-
phils with FLIPr (1  � g/ml) for 20 min under agitation at room 
temperature, neutrophils were further incubated with different 
concentrations of PSMs or culture filtrates at 37   °   C with rotation 
for 60 min, as described elsewhere  [16] . Cells were stained with a 
phycoerythrin-labeled antibody against CD11b (mAb 44, BD Bio-
sciences) or isotype control antibody (BD Bioscience). Then, neu-
trophils were analyzed on an FACSCalibur flow cytometer (Bec-
ton Dickinson). Media contained polymyxin B at a final concen-
tration of 10  � g/ml to exclude lipopolysaccharide contamination.

  Statistical Methods 
 Statistical analyses were performed with the Prism 4.0 pack-

age (GraphPad Software), and the between-group differences 
were analyzed for significance with the two-tailed paired Student 
t test (culture filtrates; the same filtrates were used for matched 
experiments) or the unpaired Student t test (synthetic peptides).

  Results 

 S. epidermidis PSM Are Specific FPR2/ALX Ligands 
Inducing Ca 2+  Influx and Chemotaxis in Neutrophils  
  S. epidermidis  culture filtrates can stimulate FPR2/

ALX  [18]  and  S. epidermidis  PSM peptide complexes have 
been shown to elicit proinflammatory reactions in human 
neutrophils  [28] . However, it has remained unknown if 
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the individual formylated or nonformylated  S. epidermi-
dis  PSMs can activate neutrophils via FPR1 or FPR2/ALX 
and if they differ in activity. In order to clarify these ques-
tions, chemotaxis of human neutrophils in response to the 
various PSMs was measured in the presence or absence of 
receptor-specific inhibitors. In addition, Ca 2+  influx, 
which usually accompanies chemotactic migration and 
can be measured very sensitively  [39, 40] , was monitored. 
The various synthetic peptides displayed large differences 
in activity. All formylated PSM peptides induced Ca 2+  in-
flux ( fig. 1 a–c) and the same was observed for chemotax-
is with selected PSMs ( fig.  1 d, e). The longer  � -PSMs 
showed lower activity than the shorter  � -PSMs, which is 
in agreement with previous reports on the activities of the 
 S. aureus  PSMs  [17]  ( fig. 1 d). Most PSMs were much more 
active in their formylated forms except for PSM � ,  � 1, and 
 � 2 ( fig. 1 a). PSM �  was the most active peptide and its ac-
tivity was similar in the formylated and nonformylated 
forms ( fig. 1 e). In contrast, the other  � -PSMs were almost 
completely inactive as deformylated peptides. 

  Preincubation of neutrophils with PTX, an inhibitor 
of G i -coupled receptors, completely blocked the PSM-de-
pendent activation of neutrophils ( fig.  1 b, c). CHIPS, a 
specific inhibitor of the human FPR1 and C5a receptors, 
had no major impact on PSM-induced Ca 2+  influx, even 
though the activities of PSM � , PSM � , and  � -toxin were 
entirely depended on formylation ( fig. 1 b, c). In contrast, 
the FPR2/ALX-specific inhibitor FLIPr completely 
blocked the activities of all formylated or nonformylated 
PSMs on neutrophils ( fig.  1 b, c). Moreover, HL60 cell 
lines transfected with FPR2/ALX exhibited strong re-
sponses to the tested  S. epidermidis  PSMs ( fig. 2 b), while 
untransfected HL60 or those transfected with FPR1 
( fig. 2 a) were unresponsive. HL60 cells transfected with 
FPR3, another FPR1 paralog of unknown ligand specific-
ity expressed on monocytes but not on neutrophils, 
showed only weak responses to  S. epidermidis  PSM stim-
ulation ( fig.  2 c)  [41] . These results are reminiscent of 

those obtained with  S. aureus  PSMs  [9]  and confirm that 
 S. epidermidis  PSMs are specific ligands for FPR2/ALX 
but not for FPR1. 

  Culture filtrates of 15  S. epidermidis  catheter-infection 
or nasal isolates activated FPR2/ALX, albeit with differ-
ent potencies ( fig. 2 d) indicating that PSM production is 
a general but variable trait in  S. epidermidis .

  The Staphylococcal Capacity to Stimulate FPR2/ALX 
Depends on an Active Agr Quorum-Sensing System 
 In order to investigate if the Agr quorum-sensing sys-

tem has a general impact on staphylococcal proinflamma-
tory molecules or if it specifically controls the release of 
FPR2/ALX ligands, we used isogenic strain pairs with or 
without functional Agr systems in the background of the 
laboratory strain  S. epidermidis  1457  [42] , the laboratory 
strain  S. aureus  RN6390  [43, 44]  and the CA-MRSA strain 
USA300  [17] . Diluted culture filtrates from cultures grown 
to the stationary phase were incubated with neutrophils 
and analyzed for IL-8 induction. Inactivation of the Agr 
system led to severely reduced IL-8 release in all 3 bacte-
rial strains ( fig. 3 a–c). The largest difference was found in 
 S. aureus  USA300, which is known to produce particu-
larly high amounts of PSMs upon Agr activation  [17, 45] . 
In agreement with this finding,  S. aureus  USA300 elicited 
3- to 6-fold higher IL-8 production in neutrophils than  S. 
aureus  RN6390 or  S. epidermidis  1457, respectively. The 
specific FPR2/ALX inhibitor FLIPr largely inhibited IL-8 
induction by all 3 wild-type strains ( fig. 3 a–c). However, 
FLIPr did not influence the residual IL-8 induction by the 
3 Agr mutants, which supports the notion that FPR2/ALX 
ligands are most critical proinflammatory staphylococcal 
molecules whose expression depends largely on Agr acti-
vation. Similar results were obtained with calcium flux 
experiments in neutrophils ( fig. 3 d). Only the residual cal-
cium influx induced by culture filtrates of the  S. epider-
midis  Agr mutant was slightly inhibited through FLIPr 
preincubation ( fig. 3 d).

  Fig. 1.   S. epidermidis  PSM peptides induce chemotaxis and cal-
cium ion fluxes in human neutrophils.  a  Formylated PSMs and 
nonformylated PSM � , PSM � 1 and PSM � 2 induce Ca 2+  flux in hu-
man neutrophils (values normalized to 1  �  M ).  b ,  c  Neutrophil 
stimulation by PSMs (formylated PSM �  300 n M,  PSM �  200 n M,  
 � -toxin 500 n M,  and PSM �  200 n M,  formylated and nonformylat-
ed PSM � 1 1.5  �  M,  PSM � 2 1.8  �  M  and nonformylated PSM �  300 
n M ) is sensitive to PTX and the FPR2/ALX-specific inhibitor 
FLIPr, but not the FPR1-specific inhibitor CHIPS. fMLF (10 n M ) 
and MMK1 (20 n M ) are synthetic control ligands of FPR1 and 

FPR2/ALX, respectively.  d  Formylated PSM �  (250 n M ), PSM �  
(250 n M ), PSM �  (100 n M ),  � -toxin (1  �  M ) and nonformylated 
PSM �  (100 n M ) induce chemotaxis in human neutrophils.  e  For-
mylated and nonformylated PSM �  stimulates chemotaxis in hu-
man neutrophils at nanomolar concentrations with a typical bell-
shaped dose-response curve. Data represent means  8  SEM of 3 
independent experiments.  *  p  !  0.05;  *  *  p  !  0.005;  *  *  *  p  !  0.001 
versus no inhibition ( b ,  c ).  a–c  All values were significant versus 
buffer control in ( a ).  �  =  � -Toxin; fl = fluorescence; inhib = in-
hibitor; n.s. = not significant. 
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  Ca 2+  influx studies in FPR2/ALX- or FPR1-transfected 
HL60 cells further substantiated these findings. All bac-
terial strains stimulated FPR1- or FPR2/ALX-transfected 
cells in a dose-dependent manner ( fig. 4 ). No significant 
difference in FPR1-mediated activation was detectable 
between wild-type and isogenic Agr mutants in any of the 
3 strain backgrounds, indicating that Agr has no major 
impact on the release of formylated peptides, which con-
stitute the most important bacterial FPR1 ligands  [8] . 
FPR3-transfected cells showed even less activation than 
FPR1-transfected cells and there was no difference in re-
ceptor activation between wild-type and Agr mutants 
( fig. 4 g–i) supporting the notion that FPR3 plays no con-
siderable role in the detection of staphylococcal mole-
cules  [9, 18] . Of note, Ca 2+  influxes in FPR2/ALX-trans-

fected cells stimulated by culture filtrates of the  S. epider-
midis  and  S. aureus  Agr mutants were strongly diminished 
compared to the corresponding wild-type strains ( fig. 4 a–
c), confirming the important role of Agr in controlling 
FPR2/ALX-dependent leukocyte responses. Culture fil-
trates of  S. aureus  induced   stronger activation of FPR2/
ALX than those of  S. epidermidis  ( fig. 4 a–c) ,  which is in 
agreement with the higher production of proinflamma-
tory PSM by  S. aureus  compared to  S. epidermidis   [23] . 

  Upregulation of the Complement Receptor CD11b
by Staphylococcal Culture Filtrates Depends on
Agr-Controlled Activation of FPR2/ALX  
 Previous studies have shown that  S. aureus  and  S. epi-

dermidis  PSMs can prime neutrophils for upregulation of 
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the complement receptor CD11b  [17] . However, it has re-
mained unclear if this process depends on FPR2/ALX 
and if it is controlled by Agr. After the preincubation of 
neutrophils with FLIPr, we observed a significant inhibi-
tion of CD11b upregulation after stimulation with  S. au-
reus  or  S. epidermidis  PSM peptides compared to the 
samples without FLIPr ( fig. 5 a). This inhibitory effect was 
slightly more pronounced with  S. aureus  than with  S. epi-
dermidis  PSM peptides. 

  Culture filtrates of  S. epidermidis  and  S. aureus  also  
 stimulated upregulation of CD11b in neutrophils ( fig. 5 b–
d).   The highly pathogenic  S. aureus  USA300   induced 
CD11b upregulation at a much lower concentration 
(0.09%-diluted culture filtrates), while  S. aureus  RN6390 
and   the less pathogenic  S. epidermidis  1457 did not affect 
CD11b expression at such low amounts (significantly 
higher potency of USA300 with p values of  ! 0.0001, 
RN6390 or 1457, respectively), but at around 8-fold high-
er concentrations ( fig. 5 b), which is in agreement with a 
crucial role of PSMs in the staphylococcal capacity to up-
regulate CD11b. Accordingly, preincubation of neutro-
phils with FLIPr led to a significant inhibition of CD11b 
upregulation by culture filtrates of  S. aureus  USA300 and 

RN6390 wild-type strains ( fig. 5 c). Culture filtrates of the 
 S. epidermidis  and  S. aureus  Agr mutants caused signifi-
cantly lower stimulation of CD11b surface expression 
than those obtained from the corresponding wild-type 
strains ( fig. 5 b). Furthermore, FLIPr had no influence on 
the CD11b expression stimulated by culture filtrates of 
the  S. aureus  Agr mutants ( fig. 5 c, d), indicating that the 
upregulation of CD11b expression by staphylococcal mol-
ecules is fully dependent on FPR2/ALX and follows the 
same pattern as the induction of Ca 2+  fluxes and IL-8 re-
leases.

  Discussion 

 Our study provides further evidence that the staphy-
lococcal Agr system does not only regulate the expression 
of virulence factors and metabolic functions, but is also 
crucial for the proinflammatory properties of  S. aureus  
and  S. epidermidis . Accordingly, Agr mutants of both 
species exhibited strongly reduced capacities to induce 
calcium ion fluxes, IL-8 release and CD11b upregulation 
compared to the parental strains. The proinflammatory 
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activities in culture filtrates of wild-type strains could be 
largely suppressed by FLIPr, while this FPR2/ALX-specif-
ic inhibitor had no/only weak impacts on the residual ac-
tivities of Agr mutants, thereby supporting the notion 
that FPR2/ALX ligands represent the most important 
PAMPs for human neutrophils. These findings are in 
agreement with previous studies that used  S. aureus  mu-

tants lacking PSM genes  [5, 9].  Agr inactivation had no 
major impact on FPR1 activation, indicating that Agr is 
dedicated to the regulation of specific PAMPs such as 
FPR2/ALX agonists. Further studies will be necessary to 
investigate if additional PAMPs are affected by Agr. 

  The Agr system is present in almost all staphylococcal 
species for which genome sequences are available  [46]  

Ca
lc

iu
m

 fl
ux

 (m
ea

n 
fl

uo
re

sc
en

ce
)

0

10

20

30

40 RN6390
RN6911 �agr

FPR2/ALX-
transfected

b

0

10

20

30

40 RN6390
RN6911 �agr

FPR3-
transfected

h

RN6390
RN6911 �agr

0

10

20

30 FPR1-
transfected

e

0

10

20

30

40 S. epidermidis
1457
1457 �agr

FPR2/ALX-
transfected

a

0

10

20

30

40 S. epidermidis
1457
1457 �agr

FPR3-
transfected

g
0

10

20

30 S. epidermidis
1457
1457 �agr

FPR1-
transfected

d

0 0.5 1.0

% culture supernatant

1.5

USA300
USA300 �agr

0

10

20

30 FPR1-
transfected

f
0 0.5 1.0 1.5

0

10

20

30

40 USA300
USA300 �agr

FPR3-
transfected

i
0 0.5 1.0 1.5

0

10

20

30

40 FPR2/ALX-
transfected

USA300
USA300 �agr

c

  Fig. 4.  Calcium influx stimulated by  S. aureus  and  S. epidermidis  
culture filtrates are FPR2/ALX-dependent. FPR2/ALX-transfect-
ed HL60 cells respond strongly to  S. epidermidis  1457 ( a ),  S. au-
reus  RN6390 (                     b ) and USA300 ( c ) wild-type strains but only mod-
erately to the corresponding isogenic Agr   mutants, while FPR1- 
or FPR3-mediated responses differ only slightly between the 

various  S. epidermidis  ( d ,  g ) and  S. aureus  (       e–h ) strains. Non-
transfected HL60 cells exhibited no significant responses (mean 
fluorescence values below 1; data not shown). Data represent 
means  8  SEM of 3 independent experiments and at least 3 differ-
ent culture filtrates.                         



 Agr Controls Human Formyl Peptide 
Receptor 2 Activation 

J Innate Immun 2012;4:201–212 209

and appears to be of particular importance for the ability 
of staphylococci to adapt to different environments  [47] . 
It is interesting to note that both PSMs and Agr are wide-
spread among staphylococcal species, emphasizing the 
basic role of PSM peptides and the Agr regulatory system 
in staphylococcal physiology and virulence  [18] . Accord-
ingly, the Agr system and PSM regulation are intimately 
connected in  S. aureus ,  S. epidermidis  and probably other 
species, and PSMs are regarded as particularly ancient 
targets for Agr regulation  [4] . 

  The level of PSM production correlates closely with 
the virulence potential of a given staphylococcal strain 
 [18]  and the differences in FPR2/ALX activation between 
 S. aureus  and  S. epidermidis  found in this study support 
these previous findings. They also confirm the central 
role of Agr in controlling the degree of virulence and in-
flammation in staphylococcal virulence. Accordingly, 
the Agr systems of highly pathogenic CA-MRSA are re-

garded as being dysregulated  [45]  and  S. aureus  clones 
from chronic infection, which usually have decreased ag-
gressivity, often have inactive Agr systems  [5] . During the 
early stage of infection and during colonization of the 
skin and nose, it may be advantageous for staphylococci 
to remain unrecognized by the innate immune system. 
During this stage, leukocidins may be dispensable and 
the secretion of FPR2/ALX ligands could be harmful, be-
cause neutrophils could easily detect and eradicate small 
numbers of bacteria. Accordingly, the importance of neu-
trophils for curing  S. aureus  infections and their superior 
role, compared to other leukocytes, have been document-
ed repeatedly  [48, 49] . However, at a later stage of infec-
tion, e.g. within an abscess, Agr will be activated, when 
the critical bacterial ‘quorum’ is reached, to produce 
PSMs as weapons against increasing numbers of infiltrat-
ing neutrophils. The FPR2/ALX-dependent neutrophil-
attracting properties may even be advantageous at such 
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  Fig. 5.  PSM-induced CD11b upregulation 
is inhibited by the FPR2/ALX antagonist 
FLIPr. CD11b upregulation of neutrophils 
induced by formylated PSM peptides of
 S. aureus  (PSM         � 2 1  �  M,  PSM � 3 500 n M,  
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 1457 (0.75%),  S. aureus  RN6390 (0.75%), 
and USA300 (0.09%) or the isogenic Agr 
mutants ( b ). CD11b upregulation of neu-
trophils with and without FLIPr preincu-
bation induced by culture filtrates from 
 S. aureus  RN6390 and the isogenic Agr 
mutant (0.75%) ( c ) or  USA300 and USA300 
 �  agr  (0.09%) ( d ). Data represent means  8  
SEM of 3 independent experiments with 
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