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 Introduction 

 Neutrophils and monocytes play a significant role in 
the phagocytosis and killing of invading microorgan-
isms. For this purpose, these cells possess a variety of re-
ceptors, along with enzymatic and oxidative apparatus, 
that enable them to engulf and subsequently kill phago-
cytosed bacteria  [1] . The effective clearance of microbes 
by the circulating cells of the host innate defense system 
is crucial in combating infection. The importance of neu-
trophils in protecting against invading staphylococci is 
primary, and indeed neutropenic patients, or those suf-
fering from granulomatous disease, are particularly sus-
ceptible to  Staphylococcus aureus  infections  [2] . 

  Phagocytosis is mediated by specialized plasma mem-
brane receptors that recognize specific ligands and opso-
nins on the surface of particles to be engulfed. Fc � R and 
CD11b/CD18 integrin (Mac-1, CR3,  � M � 2 and Mo-1) are 
the best-characterized components engaged in the phago-
cytosis of particles (including bacteria) by neutrophils, 
monocytes and macrophages  [3] . During phagocytosis, 
the specific interaction of Fc � R or CD11b/CD18 integrin 
with IgG- or C3bi-opsonized particles induces the local 
clustering of receptors. This results in the phosphoryla-
tion of tyrosine residues in immunoreceptor tyrosine-
based activation motifs of Fc � RIIA and the accessory  � -
chain of Fc � RI and Fc � RIIIA. This is followed by subse-
quent activation of several downstream proteins, such as 
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 Abstract 

 Circulating neutrophils and monocytes form the first line of 
cellular defense against invading bacteria. Here, we describe 
a novel and specific mechanism of disabling and eliminating 
phagocytes by  Staphylococcus aureus . Staphopain B (SspB) 
selectively cleaved CD11b on phagocytes, which rapidly ac-
quired features of cell death. SspB-treated phagocytes ex-
pressed phosphatidylserine as well as annexin I and became 
permeable to propidium iodide, thus demonstrating dis-
tinctive features of both apoptosis and necrosis, respective-
ly. The cell death observed was caspase and Syk tyrosine ki-
nase independent, whilst cytochalasin D efficiently inhibited 
the staphopain-induced neutrophil killing. Neutrophil and 
monocyte cell death was not affected by integrin clustering 
ligands (ICAM-1 or fibrin) and was prevented, and even re-
versed, by IgG. This protective effect was dependent on the 
Fc fragment, collectively suggesting cooperation of the 
CD16 receptor and integrin Mac-1 (CD11b/CD18). We con-
clude that SspB, particularly in the presence of staphylococ-
cal protein A, may reduce the number of functional phago-
cytes at infection sites, thus facilitating colonization and 
dissemination of  S. aureus .  Copyright © 2008 S. Karger AG, Basel 
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Src and Syk family kinases  [4, 5] . Fc � RIII (CD16) forms a 
functional surface complex with integrin CD11b/CD18, 
thus modulating a variety of processes, including cell ac-
tivation, adhesion, phagocytosis and the regulation of ox-
idative burst  [6–8] . 

   S. aureus  is a versatile pathogen responsible for both 
community- and hospital-acquired infections, ranging 
from relatively minor skin and wound infections to life-
threatening diseases, including arthritis, endocarditis, 
osteomyelitis, toxic shock syndrome and sepsis  [9] . The 
treatment of  S. aureus  infections, which is already com-
plicated by the high prevalence of methicillin-resistant 
strains, has been made even more problematic by the 
emergence of vancomycin-insensitive and even vanco-
mycin-resistant isolates during the last 3 decades  [10] . 
The versatile nature of  S. aureus  pathogenesis is inextri-
cably linked to the vast arsenal of virulence factors en-
coded within its genome  [11] . These factors cover many 
broad groups, including surface proteins that function as 
adhesion factors, extracellular proteins (e.g. toxins) and 
regulatory loci  [12] . 

  It has previously been shown that  S. aureus  is able to 
induce apoptosis and necrosis in a multitude of cell types, 
including endothelial cells  [13] , epithelial cells  [14] , mono-
cytes  [15]  and lymphocytes  [16, 17] . In addition, a large 
body of evidence suggests that extracellular toxins, in-
cluding  � -toxin  [16, 17] , Panton-Valentine leukocidin 
 [18]  and toxic shock syndrome toxin  [19] , play a major 
role in this process. The apoptosis induced in circulating 
phagocytes by  S. aureus , or its pore-forming toxins, is 
preferentially mediated by the mitochondrial pathway, 
although at higher toxin concentration it bears features 
of necrosis  [17] . Consequently, the induced apoptosis in-
volves the rapid disruption of mitochondrial homeosta-
sis, cytochrome  c  release and the sequential activation of 
caspase-9 and caspase-3 followed by nuclear DNA frag-
mentation  [15, 17, 18] . This type of apoptosis is regulated 
by members of the Bcl-2 family and not by those belong-
ing to the death receptor pathway  [16, 18] . 

   S. aureus  secretes 4 major proteases: a serine protease 
(SspA or V8 protease), 2 cysteine proteases (staphopain 
A, ScpA, and staphopain B, SspB) and a metalloprotease 
(aureolysin, Aur)  [20] . The significance of these proteases 
in staphylococcal pathogenicity has been documented in 
several studies, but their role in apoptosis or necrosis has 
not been investigated thus far. Here, we report that SspB 
is able to induce a mixed necrotic- and apoptotic-like 
form of cell death in human neutrophils and monocytes. 
Our data reveal that cell death is initiated by an SspB-me-
diated reduction in the surface expression of CD11b/

CD18 (Mac-1, CR3,  � M � 2 and Mo-1) integrins on both 
cell types. This observation correlates with CD11b/CD18 
receptor engagement in the control of neutrophil apopto-
sis at the molecular level  [21–23] . 

  Materials and Methods 

 Cells 
 Peripheral blood mononuclear cells were isolated from citrate-

treated human peripheral blood obtained from healthy donors 
using standard density gradient centrifugation. Peripheral blood 
mononuclear cells were further subjected to counterflow centri-
fugation, as described previously  [15] , to isolate fractions highly 
enriched in monocytes (85–95% CD14 positive; clone: TÜK4; 
 DakoCytomation Denmark A/S, Glostrup, Denmark). Mono-
cytes were either used immediately upon isolation or precultured 
for 2 h under adherent conditions (adherent monocytes).

  Polymorphonuclear cells (neutrophils) were isolated from 
 erythrosediments by sedimentation in 1% polyvinyl alcohol so-
lution (Merck, Hohenbrunn, Germany) for 20 min at room tem-
perature. Neutrophils were collected from the upper layer, and 
contaminating erythrocytes were lysed with distilled water for
20 s. Pappenheim staining indicated that cells isolated in this
way were at least 90% homogenous. Neutrophils were used im-
mediately after harvesting.

  Detection of Cell Death: Flow Cytometry and DNA Laddering 
 The externalization of phosphatidylserine (PS) and annexin 

(Anx) I to the cell surface was assessed by staining PS with FITC-
labeled AnxV and AnxI with FITC-labeled anti-AnxI monoclo-
nal antibodies (both from BD Pharmingen, Franklin Lakes, N.J., 
USA). In parallel, the exclusion of propidium iodide (PI) was de-
termined according to the manufacturer’s recommendations 
(Annexin V-FITC kit; Bender MedSystems, Vienna, Austria). 
Cells were analyzed with a FACScan flow cytometer (Becton 
Dickinson, Franklin Lakes, N.J., USA). Furthermore, cellular 
morphology was evaluated for features of apoptosis or necrosis 
using bright-field phase contrast microscopy.

  To detect ladder-like DNA fragmentation (a typical feature of 
advanced apoptosis), neutrophils or monocytes were suspended 
in medium containing 1% BSA and SspB (12.5, 25, 50, 75 and 100 
n M ) and incubated for 24 h under standard culture conditions to 
allow the development of apoptosis. Control cells suspended in 
medium containing 1% BSA were incubated in parallel. Genomic 
DNA was then isolated and gel electrophoresis performed as de-
scribed previously  [15] .

  Purification and Activation of SspB 
 SspB was purified from  S. aureus  strain BC10 culture super-

natant using a modified method of that described by Arvidson et 
al.  [24] . Protein purity was checked by SDS-PAGE, whilst the 
amount of active enzyme was determined by active site titration 
using E-64 ( L -trans-epoxysuccinyl-leucylamide-(4-guanido)-bu-
tane). A 25  M  excess of E-64 (10  �  M  final concentration) was used 
to irreversibly inactivate SspB (12 h incubation at room tempera-
ture).

  As the cysteine protease SspB requires pretreatment with a re-
ducing agent to attain full activity, the stock solution of SspB was 
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diluted in 100 m M  Tris-HCl, 5 m M  EDTA, pH 7.6, supplemented 
with 2 m M  dithiothreitol to a final enzyme concentration of 400 
n M , and incubated at 37   °   C for 15 min. Activated SspB was then 
diluted 1:   1 (v/v) with culture media (200 n M  working concentra-
tion) and further diluted to appropriate final concentrations us-
ing media and cell suspensions. 

  Treatment of Cells with Protease 
 Fresh neutrophils and monocytes (15  !  10 6 /ml) were sus-

pended in RPMI 1640 supplemented with  L -glutamine (2 m M ), 
gentamycin (50  � g/ml), and either BSA (1–2%) or human serum 
(2%). Cells were incubated for 75 min at 37   °   C in a humidified at-
mosphere containing 5% CO 2 , along with either fully active SspB, 
active site-blocked SspB or catalytically inactive SspB (Cys24Ala 
mutant; final concentration 100 n M ). The appropriate untreated 
controls were also performed in parallel to these incubations. 
Neutrophil and monocyte samples were then washed once in 
complete medium, harvested by centrifugation (280  g , 10 min, 
4   °   C) and resuspended in an appropriate medium (dependent on 
the experiment type).

  In the case of adherent monocytes, the enzyme solution in the 
medium was added directly to the cell monolayer. After incuba-
tion, cells were washed with PBS to remove SspB. Next, cells were 
harvested gently using a rubber policeman, centrifuged (280  g , 10 
min, 4   °   C) and resuspended in an appropriate medium (depen-
dent on the experiment type).

  Immunofluorescence Staining of Neutrophils and Monocytes, 
and Flow-Cytometric Analysis 
 For antibody staining, cells (1  !  10 6 /sample) were resuspend-

ed in medium containing 1% FCS followed by incubation with 
phycoerythrin-conjugated anti-CD11b mAb (clone ICRF44; BD 
Pharmingen) or phycoerythrin-conjugated anti-CD16 mAb 
(clone DJ130c; Dako A/S) at 4   °   C for 30 min. After washing with 
medium with 1% FCS, cells were resuspended in 400  � l of the 
same medium and analyzed by flow cytometry. Flow-cytometric 
analysis was performed using a FACScan cytometer (Becton 
Dickinson). Forward and side scatter signals were used to gate for 
morphologically normal cells, with 10 4  cells acquired per run. 
Analysis of the generated data was performed using the CellQuest 
program to determine the percentage and mean fluorescence in-
tensity of positive cells.

  Effect of Inhibitors, IgG and IgG Fc Fragments on
SspB-Induced Neutrophil Death  
 Human IgG (11 mg/ml; ART, Athens, Ga., USA), Fc fragments 

of IgG (7 mg/ml; ART), cytochalasin D (100  �  M ; Sigma, St. Lou-
is, Mo., USA), zVAD-fmk (75 and 150  �  M ; Becton Dickinson) and 
piceatannol (20  �  M ; Sigma) were added to neutrophil suspen-
sions, and samples were preincubated for 15 min. SspB was then 
added to a final concentration of 100 n M , and the suspension was 
incubated for an additional 75 min at 37   °   C in a humidified at-
mosphere containing 5% CO 2 . In parallel, the appropriate un-
treated control samples were prepared and incubated in an iden-
tical manner. After incubation, cells were treated as described 
above.

  Human Serum Fractionation  
 Fractions were obtained from human serum pooled from 5 

healthy donors. Proteins were precipitated at 25, 50 and 80% am-

monium sulfate saturation, with continuous stirring at 4   °   C. Pro-
tein precipitate was collected by centrifugation (20,000  g , 40 min, 
4   °   C), resuspended in distilled water and dialyzed for 24 h with 3 
changes against a large volume of distilled water. Protein concen-
trations were determined using a bicinchoninic acid assay kit 
(Sigma) according to the manufacturer’s protocol, and diluted in 
medium supplemented with  L -glutamine and gentamycin to 20 
mg/ml final concentrations. The effect of SspB (100 n M ) on neu-
trophils was assayed in the presence of individual fractions added 
to a final protein concentrations of 8 mg/ml. Cells were stained 
with FITC-labeled AnxV and PI according to the manufacturer’s 
recommendations (Annexin V-FITC kit; Bender MedSystems). A 
fraction, precipitated at 50% ammonium sulfate saturation, which 
blocked the lethal effect of SspB most efficiently, was loaded onto 
a Mono-Q FPLC column (Amersham Pharmacia, Piscataway, 
N.J., USA) equilibrated with 20 m M  Tris-HCl, pH 7.9 at a flow rate 
of 1 ml/min. Proteins were eluted with a NaCl gradient from 0 to 
1  M  developed in 35 min at 1 ml/min. Obtained fractions were 
dialyzed against distilled water, diluted in medium to appropriate 
concentrations, and their protective effect against neutrophils 
death (induced by SspB) determined as described above. The frac-
tion which blocked the lethal effect of SspB on neutrophils most 
efficiently was then analyzed by SDS-PAGE. This protein was 
then transferred to a polyvinylidene difluoride membrane, and 
was subjected to N-terminal amino acid sequence analysis using 
automated Edman degradation (a Procise 494-HT protein se-
quencer). An N-terminal sequence of EVQLVESGG was returned, 
revealing the protein to be human IgG.

  Preparation of Protein A-Treated Human Serum 
 Protein A-Sepharose CL-4B (110 mg; Pharmacia Fine Chemi-

cals, Uppsala, Sweden) was equilibrated in 0.5 ml of medium sup-
plemented with  L -glutamine and gentamycin for 3 h with gentle 
stirring every 20 min. Beads were then washed twice in 0.5 ml of 
fresh media (centrifuged 500  g , 10 min, room temperature) before 
being resuspended in a final volume of 0.5 ml of further fresh me-
dia. Heat-inactivated human serum (0.5 ml of serum pooled from 
5 donors) was added to the bead suspensions and incubated for
12 h at room temperature with continuous gentle stirring. After 
incubation, beads were removed by centrifugation (500  g , 10 min, 
room temperature), and supernatant was collected and diluted in 
medium supplemented with  L -glutamine and gentamycin to a 4% 
final concentration. In parallel, a sample of human serum was 
incubated with Sepharose CL-4B (Pharmacia Fine Chemicals) in 
exactly the same conditions and used as a control for the nonspe-
cific binding of proteins to the matrix. 

  Statistics 
 All data are presented as means with standard deviation (SD). 

All statistics were calculated using GraphPad Prism (version 3.1; 
GraphPad, San Diego, Calif., USA). Nonparametric tests were ap-
plied throughout and the calculated p values are given in the rel-
evant figures. Each reflects a statistically significant difference in 
comparison to the appropriate control of untreated cells, unless 
indicated otherwise.
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  Results 

 In the Absence of Human Serum, SspB Induces Cell 
Death in Human Neutrophils and Monocytes in a 
Proteolytic Activity-Dependent Manner 
 An early feature of apoptosis is the externalization of 

the anionic phospholipids – PS and AnxI. Thus, we sub-
jected human neutrophils and monocytes to treatment 
with purified SspB to determine if it had a role in the ex-
pression of these components. We found that after 75 min 
of treatment with 100 n M  SspB, 50% of cells expressed PS, 
as indicated by cell staining with FITC-conjugated AnxV. 
Among the PS-expressing cells, 20–65% were also per-
meable to PI, indicating a compromised cell membrane 
( fig. 1 ). Relatively high SD values were observed for SspB-
exposed neutrophils and likely resulted from a differen-
tial susceptibility to SspB treatment of the cells derived 
from individual donors. Significantly, in the presence of 
1–2% of human serum, SspB did not induce AnxV and PI 
staining in neutrophils and monocytes, despite the fact 
that serum at this concentration had no effect on the pro-
teolytic activity of SspB (data not shown).

  The role of the SspB activity in the induction of neu-
trophil death was further investigated using an irrevers-
ible SspB inhibitor (E-64)  as well as an inactive recom-
binant form of the enzyme with the catalytic cysteine 
residue converted to alanine (C24A). As shown in  figure 
1 d, C24A staphopain had no effect on human neutro-
phils. In keeping with this, preincubation of SspB with 
E-64 also significantly reduced the pro-death activity of 
the protease. Together, these results clearly show that the 
increase in PS and AnxI expression in neutrophils and 
monocytes by SspB is dependent on its proteolytic activ-
ity. This suggests that a proteolytic modification of cell 
surface proteins is responsible for the observed phenom-
enon. 

  Interestingly, the effect of SspB was cell specific and 
entirely limited to neutrophils and monocytes. Protease 
treatment had no effect on other cell types, such as hu-
man monocyte-derived macrophages, Jurkat T lympho-
cytes, endothelial cell line (Eahy 926), 293-Hek cells (hu-
man embryonal kidney), HaCAT (human keratinocyte 
cell line), U937 cells (human premonocytic cell line) and 
fibroblasts (data not shown).

  SspB Has Divergent Effects on the Fragmentation of 
DNA in Neutrophils and Monocytes  
 The exposure of PS on cell surfaces is an early and, in 

some circumstances, reversible feature of apoptosis  [25] . 
To test the possibility that SspB may affect the latter stag-

es of apoptosis, we allowed cells to undergo spontaneous 
apoptosis and analyzed the integrity of DNA from SspB-
treated and untreated neutrophils and monocytes. Cells 
were exposed to SspB at different concentrations for 24 h, 
followed by the electrophoretic analysis of DNA integrity. 
Interestingly, DNA fragmentation in SspB-treated, aged 
neutrophils was clearly inhibited ( fig. 2 , PMN) and an ef-
fect was most visible at higher enzyme concentrations. In 
contrast to neutrophils, SspB induced extensive apoptot-
ic DNA fragmentation in monocytes in an inverse con-
centration-dependent manner ( fig. 2 , Mo). Significantly, 
SspB-induced apoptotic DNA laddering was comparable 
to that observed in monocytes following phagocytosis of 
live  S. aureus   [15] .

  In light of these results, it is evident that the treatment 
of neutrophils or monocytes with SspB triggered an atyp-
ical apoptotic-like form of death. In this atypical state 
some early features of apoptosis were not followed by 
DNA fragmentation, but instead cells were shunted to-
wards necrotic death as shown by the loss of plasma 
membrane integrity. Moreover, in neutrophils preincu-
bated with SspB, we did not observe mitochondrial mem-
brane potential loss (data not shown), which is an addi-
tional attribute typical of the intrinsic apoptotic path-
way. 

  Human Blood Serum Reverses SspB-Induced Exposure 
of PS and AnxI on the Outer Leaflet of the Neutrophil 
Cytoplasmatic Membrane  
 Inspired by the observed lack of AnxV binding and PI 

staining of neutrophils incubated with SspB in the pres-
ence of human serum, we investigated the effect of se-
rum on posttreatment exposure of PS and AnxI on neu-
trophils treated with the protease in medium containing 
BSA. A significant increase in PS and AnxI in the outer 
leaflet of the cytoplasmic membrane was observed upon 
treatment with SspB ( fig. 3 a and b). However, this effect 
was totally reversed after 2 h of culturing washed cells in 
the presence of 2% human serum ( fig. 3 c and d). After 
aging neutrophils for 12 h, both SspB-treated and control 
cells show similar levels of PS and AnxI expression, 
which is characteristic of spontaneous apoptotic cell 
death ( fig. 3 e and f). An examination of SspB-treated 
neutrophils using contrast-phase microscopy excluded 
the possibility that this process was mediated via prote-
ase-induced cell lysis (data not shown). Together, these 
results clearly indicate that the SspB-induced exposure 
of PS and AnxI on neutrophils can be reversed by human 
serum. 
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  Fig. 1.  SspB induces death in human neutrophils and monocytes 
in a proteolytic activity-dependent manner in the absence of hu-
man serum. Neutrophils (PMN) and monocytes (Mo) were treat-
ed with 100 n M  SspB for 75 min at 37   °   C in the presence of 1% BSA 
and then washed with culture media to remove the enzyme. Con-
trol or treated cells were analyzed for externalization of PS and 
cell membrane permeability by staining with FITC-labeled AnxV 
and PI, respectively. Cells were analyzed by flow cytometry to de-
termine the percentage of (1) healthy cells (AnxV–/PI–) negative-
ly stained with both AnxV and PI, (2) cells expressing PS but with 
an intact plasma membrane (AnxV+/PI–), (3) cells with both 
 externalized PS and a compromised membrane (AnxV+/PI+)

and (4) cells without external PS but positively stained with PI 
(AnxV–/PI+). The percentage of cells in each subpopulation 
counted in quadrants is shown in the insets of representative dot 
plots ( a  and  d ).  a  Result of an experiment assessing the effect of 
active SspB (+SspB) on neutrophils (PMN) and monocytes (Mo). 
Bar graphs ( b  and  c ) represent mean percentage values  8  SD of 
each cell subpopulation inferred from 7 experiments with neutro-
phils ( b ) and 3 with monocytes ( c ).  *  p  !  0.05;  *  *  p  !  0.01;  *  *  *  p  !  
0.001.  d   Effect of E-64-treated protease (+SspB + E-64) and the 
inactive recombinant form of the protease (+SspB C24A) on neu-
trophils.  
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  SspB-Induced Neutrophil Death Is Caspase as well as 
Syk Tyrosine Kinase Independent and Is Executed via 
Cytoskeletal Changes 
 In addition to caspases, Syk tyrosine kinase and the 

cytoskeleton also play a crucial role in apoptotic cell death. 
To elucidate which of the apoptotic pathways is activated 

by SspB in neutrophils, these cells were pre incubated with 
the pancaspase inhibitor zVAD-fmk, piceatannol, a Syk 
tyrosine kinase inhibitor, and cytochalasin D, a well-
known actin filament-polymerization blocker, prior to 
SspB exposure. As shown in  figure 4 , only cytochalasin D 
efficiently blocked SspB-induced neutrophil death, sug-
gesting that cell death is mediated via effects on the cyto-
skeleton. This observation, together with our results 

PMN

1 2 3 4 5 6 M
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1 kb

3 kb

0.5 kb

1 kb
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  Fig. 2.  Apoptotic DNA fragmentation in neutrophils and mono-
cytes following treatment with SspB. DNA isolated from neutro-
phils (PMN) and monocytes (Mo) cultured for 24 h in the pres-
ence of various concentrations of SspB (in medium with 1% BSA) 
was subjected to electrophoretic analysis. Lane 1 = control cells; 
lanes 2–6 = cells incubated with 12.5, 25, 50, 75 and 100 n M  SspB, 
respectively; M = DNA size marker (O’GeneRuler TM ; Fermentas, 
Vilnius, Lithuania). Three reference bands correspond to 3, 1 and 
0.5 kb. Control cells (freshly isolated from peripheral blood) were 
incubated in the same medium without the protease. The data are 
from 1 representative experiment of 5 performed. 
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  Fig. 3.  Presence of serum reverses SspB-induced exposure of PS 
and AnxI on the outer leaflet of neutrophil cytoplasmic mem-
brane. Neutrophils were preincubated with 100 n M  SspB, after 
which the enzyme was removed and cells were incubated for 2 and 
12 h in medium with 2% human serum. Exposure of PS and AnxI 
was measured immediately ( a  and  b ), 2 h ( c  and  d ) and 12 h ( e  and 
 f ) after 70 min of treatment with SspB. Green represents fluores-
cence intensity of control neutrophils, red represents SspB-treat-
ed neutrophils, dark blue represents neutrophils incubated with 
dithiothreitol, an activation factor for SspB, pale blue represents 
spontaneously apoptotic neutrophils (aged 24 h) which served as 
a positive control for AnxI exposure and gray represents the au-
tofluorescence of control cells. The results of 1 representative ex-
periment of 3 performed are presented.   
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showing that SspB blocked the spontaneous apoptotic lad-
dering of DNA in neutrophils without inducing altera-
tions in mitochondrial membrane  potential, strongly sup-
ports our contention that SspB triggers an atypical apo-
ptotic-like cell death in human neutrophils. The protective 
effect of z-VAD-fmk at a 150- �  M  concentration is most 
likely due to the nonspecific blocking of caspase-indepen-
dent biological processes within neutrophils.

  IgG and Their Fc Fragments Block SspB-Induced 
Neutrophil Death  
 The protection of neutrophils and monocytes by hu-

man serum from SspB-induced cell death prompted us to 
identify factor(s) responsible for this effect. To this end, 
pooled serum was fractionated by ammonium sulfate 
precipitation, followed by separation using ion exchange 
chromatography. Surprisingly, an isolated protein that 
protected neutrophils from SspB-induced cell death was 
identified as human IgG. The protective effect of IgG was 
further substantiated by the preincubation of neutrophils 
with purified IgG and their Fc fragments, before expo-
sure to SspB. In contrast to predominantly AnxV-positive 
and PI-permeable cells treated with SspB in the absence 
of IgG or Fc fragments, the presence of these proteins 
protected neutrophils from the adverse effects of SspB, 
with around 80% of cells appearing healthy and func-
tional (AnxV and PI negative;  fig. 5 a). These results dem-
onstrate that IgG and their Fc fragments block the SspB-
induced death of human neutrophils.

  It is known that staphylococcal protein A (SpA), pres-
ent on the surface of the pathogen, binds IgG via Fc frag-
ments, thus protecting bacterial cells from phagocytosis 
by neutrophils and increasing their virulence  [26, 27] . To 
further confirm the protective activity of IgG, cells were 
preincubated with SspB in the presence of human serum 
previously adsorbed with protein A-Sepharose. As shown 
in  figure 5 b, serum treatment with protein A significant-
ly decreased the number of PI- and AnxV-positive cells in 
comparison to control samples incubated with SspB in 
medium with albumin alone. This protective effect was 
less profound than that exerted by untreated serum, ap-
parently due to the incomplete neutralization of IgG by 
protein A. The relatively high SD values of neutrophils 
preincubated with SspB in the presence of protein A-
 Sepharose-absorbed serum most likely resulted from the 
variable susceptibility of cells from individual donors 
and variations in the residual IgG content in individual 
batches of protein A-pretreated serum.

  Taken together, these results strongly argue that IgG 
is the sole factor protecting neutrophils from the death-

inducing activity of SspB, and suggests that SpA may in-
tensify this effect by neutralizing IgG on human phago-
cytes at sites of infection.

  SspB Decreases the Surface Expression of CD16 
(Fc � RIII) and CD11b/CD18 (Mac-1) Integrin on 
Neutrophils and Monocytes 
 IgG apparently mediate the protection of neutrophils 

and monocytes against SspB, suggesting that the binding 
of IgG by Fc receptors on phagocytes provides a signal to 
neutralize the lethal effects of the protease. Therefore, the 
expression of Fc � RIII (CD16) on neutrophils was investi-
gated. It was shown that SspB treatment decreased the 
surface expression of receptor CD16 on neutrophils in a 
proteolytic activity-dependent manner ( fig. 6 a). This ef-
fect was abrogated by the presence of IgG, suggesting that 
IgG binding to CD16 protects the receptor from proteo-
lytic degradation.

  Treatment with SspB also diminished surface expres-
sion of the CD11b ( �  M ) subunit of the Mac-1 receptor on 
phagocytes ( fig. 6 b). Surprisingly, CD11b surface expo-
sure was also affected by the inactive C24A variant of 
SspB. Interestingly, the observed changes in receptor ex-
pression profiles clearly differed between cells treated 
with the active and inactive protease ( fig. 6 b). This sug-
gests a distinct molecular mechanism of action for these 
2 forms of the enzyme. Significantly, the presence of 2 
major Mac-1 ligands (ICAM-1 and fibrinogen) during 
protease treatment did not block the effect of SspB on 
CD11b expression (data not shown). 

  Discussion 

 In this paper, we describe a novel antiphagocytic strat-
egy of  S. aureus , which is independent of toxins and benign 
for other cells. This strategy, based on the specific prote-
olysis of surface receptors, enables  S. aureus  to neutralize 
cellular branches of innate immunity without causing ex-
cessive tissue damage and necrotic inflammation trig-
gered by toxins. This is achieved by SspB, a cysteine prote-
ase secreted by  S. aureus , which, in the absence of human 
serum, provoked necrotic and apoptotic-like forms of 
death in human neutrophils and monocytes. SspB induced 
exposure of PS and AnxI, 2 major markers of apoptosis, as 
well as PI permeability, which is typical of necrosis. Impor-
tantly, the effect of this protease on cell death was revers-
ible in the presence of human serum, and dependent on 
proteolytic activity, since an inactive, recombinant form of 
SspB (C24A) was unable to elicit the observed effects. 
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  Recently, several forms of apoptotic-like neutrophil 
death have been described, including caspase-indepen-
dent cell death  [28]  and tumor necrosis factor- � -induced 
apoptosis, which occurs without DNA fragmentation, 
but is dependent on mitochondria-derived reactive oxy-
gen species  [29] . In this context, it is interesting to note 
that cytochalasins, which are known to induce NADPH 
oxidase activity  [30] , efficiently protected neutrophils 
and monocytes against the cytotoxic effect of SspB in this 
study. This effect suggests that the SspB proapoptotic 
pathway is independent of NADPH oxidase activity.
In keeping, von Bernuth et al.  [31]  showed no difference 
in the susceptibility to  S. aureus  phagocytosis-induced 
apoptosis of monocytes from patients with chronic gran-
ulomatous disease, where patients lack NADPH oxidase, 
or from healthy donors. This finding corroborates well 
with our results that although neutrophils express 10 
times more NADPH oxidase than monocytes  [32] , there 
was no difference in the loss of viability in these cells fol-
lowing SspB treatment. Cumulatively, these results un-
dermine the dependence of bacterial-induced cell death 
on free radicals. 

  This protection by cytochalasins suggests a novel,  S. 
aureus -induced cell death pathway, apparently unrelated 
to the pathway previously described for neutrophils  [33] . 
It is known that impaired actin polymerization results in 
the persistent expression of an altered CD11b, which is 

unable to promote adherence  [34, 35] . In our opinion, the 
altered overexpressed CD11b may confer resistance to 
SspB, thus providing a basis for the observed effects. Sim-
ilarly, a subtle difference between CD11b/CD18 (Mac-1) 
on macrophages and circulating neutrophils and mono-
cytes  [8]  may provide the molecular basis for the resis-
tance observed of the former phagocytes to SspB. 

  In human serum, we identified IgG as cytoprotective 
factors able to prevent cell death, and even rescue cells 
from the SspB-induced proapoptotic pathway. This pro-
tective activity exerted by the Fc fragment of IgG was ab-
rogated by SpA. This important virulence factor of  S. au-
reus  binds specifically, and with high affinity, to Fc frag-
ments of IgG. In the context of our results, it is tempting 
to speculate that part of SpA’s pathogenic activity may be 
related to SspB’s effect on phagocytes. 

  Engagement of the Fc fragment in cytoprotection 
turned our attention to CD16 (Fc � RIII), the major Fc re-
ceptor shared by all neutrophils and about 10% of mono-
cytes  [36, 37] . In the context of the pivotal role of CD11b in 
SspB-induced cell death, it is important to keep in mind 
that CD16 forms complex with CD11b and glycosylphos-
phatidylinositol-anchored CD16 molecules on human 
neutrophils  [6, 7] . Indeed, active SspB decreased the sur-
face expression of CD16 (Fc � RIII) on neutrophils. The ob-
served decrease was apparently dependent on proteolytic 
activity, suggesting that CD16 is a substrate for SspB in 
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nol (PIC; 20  �  M ) and cytochalasin D (Cyt D; 100  �  M ) prior to SspB 

incubation (100 n M , 75 min). Control or treated cells were stained 
with FITC-labeled AnxV and PI, followed by flow cytometry anal-
ysis to determine the percentage of AnxV–/PI–, AnxV+/PI–, 
AnxV+/PI+ and AnxV–/PI+ cells. For details, see legend of figure 
1. Data are the means  8  SD from 2 independent experiments.               
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vivo. Purified IgG or Fc fragments prevented CD16 cleav-
age (data not shown). We assume that the Fc fragment 
blocked the access of SspB to the cleavage site in CD16. In 
CD16-negative monocytes, another Fc receptor, Fc � RI 
(CD64), may serve similar functions, as it is colocalized 
with CD11b in lipid rafts  [38] . Indeed, signaling by Fc re-
ceptors engages Syk tyrosine kinase  [39] , and provides 
mostly anti-apoptotic signals  [40] . Surprisingly, piceatan-

nol, a specific Syk inhibitor, had no effect on SspB-induced 
neutrophil death, indicating a Syk tyrosine kinase-inde-
pendent mechanism of cytoprotection elucidated by IgG. 

  The effect of SspB on CD11b/CD18 integrin surface 
expression was seemingly more complex. Although the 
inactive mutant (C24A) also caused reduced CD11b sur-
face expression on neutrophils and monocytes, the effect 
was somehow different from that obtained with the ac-

100

80

60

40

20

0

b

a

None
HS SE

None
HS

PrA-SE

SspB
BSA

SspB
HS

SspB
HS SE

SspB
HS

PrA-SE

None
BSA

None
HS

C
el

ls
 (%

)

100

NS

NS

NS**

**
**

**
*

80

60

40

20

0
None SspB IgG + SspB Fc + SspB

C
el

ls
 (%

)

AnxV–/Pl–

AnxV+/Pl–

AnxV+/Pl+

AnxV–/Pl+

AnxV–/Pl–

AnxV+/Pl–

AnxV+/Pl+

AnxV–/Pl+

  Fig. 5.  IgG and IgG-derived Fc fragments abolish SspB-induced 
death of neutrophils whilst SpA intensifies the effect of the prote-
ase.                  a  Neutrophils were preincubated with IgG (11 mg/ml) or their 
Fc fragments (7 mg/ml) in medium with 1% BSA for 15 min prior 
to SspB treatment (100 n M , 75 min). NS = Not significant.  b  Cells 
were treated with SspB (100 n M , 75 min) in medium with 2% BSA, 
2% human serum (HS), 2% protein A-Sepharose CL 4B-adsorbed 
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tive enzyme and, significantly, was not accompanied by 
cell death. This suggests internalization of Mac-1 by un-
known mechanisms, probably similar to that activated by 
treatment with PMA  [41] . Neither Mac-1 clustering li-
gands (ICAM-1 and fibrinogen; data not shown) nor ad-
herence protected monocytes from SspB-mediated pro-
teolytic shedding of CD11b molecules. Cumulatively, 
these results allow us to conclude that: (1) proteolytic 
cleavage of integrin CD11b provides a death signal to 
cells; (2) the cleavage site is not hindered by clustering li-
gands or binding to the substratum, although it is blocked 
by lateral interaction with CD16 (and probably by CD64 
on CD16– Mo); (3) CD16 is protected by bound Fc frag-
ments, and this complex is relatively resistant to SspB.

  In light of the accumulated data, it is clear that  �  2  in-
tegrins, especially CD11b/CD18 (Mac-1 and CR3), are 
multifunctional surface molecules, regulating neutrophil 
apoptosis. The CD11b activity is bidirectional and depen-
dent on the ligand. Engagement of Mac-1 by ICAM-1 or 
fibrinogen appears to signal survival cues in neutrophils. 
In contrast, Mac-1-dependent phagocytosis of comple-
ment-opsonized pathogens triggers rapid neutrophil 
apoptosis, accompanied by NADPH oxidase activation 
and reactive oxygen species production  [21–23] . Here we 
show a novel CD11b-dependent activity inducing atypi-
cal apoptosis upon proteolytic cleavage by this staphylo-

coccal protease. At sites of infection, this process may re-
duce the number of functional phagocytes, thus facilitat-
ing the colonization and dissemination of  S. aureus .
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  Fig. 6.  SspB decreases surface expression of CD16 on neutrophils 
(                 a ) as well as CD11b/CD18 on both neutrophils and monocytes 
( b ).  a  Neutrophils were incubated in medium with 1% BSA with 
100 n M  active SspB and the inactive recombinant form of the en-
zyme (C24A), with or without the addition of IgG. Control and 
treated cells were stained with anti-CD16 fluorescently labeled 
monoclonal antibody, followed by flow cytometry analysis. The 
dotted line represents fluorescence intensity of control cells, the 
thick black line represents neutrophils treated with 100 n M  SspB, 
the dashed line represents cells treated with 100 n M  SspB in the 
presence of IgG and the thin black line represents neutrophils in-
cubated with inactive SspB (C24A).  b  Neutrophils (PMN) and ad-

herent (Mo adh) as well as nonadherent monocytes (Mo) were 
incubated in medium with 1% BSA with either 100 n M  active SspB 
or the inactive form of SspB, C24A (only for PMN), and stained 
using an anti-CD11b fluorescently labeled monoclonal antibody, 
followed by flow cytometry analysis. The dotted line represents 
fluorescence intensity of control cells, the thick black line repre-
sents cells treated with 100 n M  SspB, the thin black line (only for 
PMN) represents cells incubated with inactive SspB (C24A). Light 
and dark gray areas represent autofluorescence of control and 
SspB-treated cells, respectively (   a ,  b ). The results of 1 representa-
tive experiment of 3 performed are presented.       
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