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Staphylococcus aureus necrotizing pneumonia is a life-threatening disease that is frequently preceded by in-
fluenza infection. The S. aureus toxin Panton–Valentine leukocidin (PVL) is most likely causative for necro-
tizing diseases, but the precise pathogenic mechanisms of PVL and a possible contribution of influenza virus
remain to be elucidated. In this study, we present a model that explains how influenza virus and PVL act
together to cause necrotizing pneumonia: an influenza infection activates the lung epithelium to produce
chemoattractants for neutrophils. Upon superinfection with PVL-expressing S. aureus, the recruited neutro-
phils are rapidly killed by PVL, resulting in uncontrolled release of neutrophil proteases that damage the
airway epithelium. The host counteracts this pathogen strategy by generating PVL-neutralizing antibodies
and by neutralizing the released proteases via protease inhibitors present in the serum. These findings
explain why necrotizing infections mainly develop in serum-free spaces (eg, pulmonary alveoli) and open
options for new therapeutic approaches.

Bacterial pneumonia is a well-described complication of
influenza [1, 2]. In recent years, infections caused by
community-onset, methicillin-resistant Staphylococcus
aureus (CA-MRSA) strains, which have widely spread,
have emerged as contributors to morbidity and mortali-
ty in patients with influenza [3, 4]. Furthermore, there
has also been considerable increase in the incidence
of S. aureus infections in otherwise healthy and

immunocompetent individuals, which, in the United
States, is mainly caused by CA-MRSA strains [5]. In
this respect, a rapidly progressive, hemorrhagic, and
necrotizing pneumonia with severe leukopenia has been
reported. This type of S. aureus pneumonia is often
preceded by an influenza infection or influenzalike
symptoms and seems to be a specific disease entity with
a high lethality rate. Because of the necrotic histopatho-
logical appearance of the lung, the illness has been des-
ignated S. aureus necrotizing pneumonia [6]. However,
the involved staphylococcal and possibly viral compo-
nents have not been identified with certainty.

The staphylococcal factor that has been most closely
associated with necrotizing infections is the Panton–
Valentine leukocidin (PVL) [6, 7]. Panton–Valentine
leukocidin is a bicomponent leukotoxin composed of
the proteins LukS-PV and LukF-PV, which mainly
target human neutrophils [8]. Clinical studies reported
that almost exclusively PVL-positive S. aureus strains
can complicate influenzalike illness in otherwise
healthy young patients, with rapid progression to severe
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necrotizing pneumonia. By contrast, PVL-negative strains gen-
erally induce nonspecific S. aureus pneumonia, which is less
fulminant and occurs in older adults (aged ≥60 years) [6, 7].

Besides the epidemiological evidence of PVL and influenza-
like illness as causative agents, the pathogenic mechanisms
leading to necrotizing pneumonia are largely undefined. For
PVL, it is well known that low doses of toxin activate and
rapidly kill human neutrophils. These effects are strongly
species- and cell-specific because they are mainly restricted to
neutrophils from humans and rabbits and could not be repro-
duced in other cell types, such as epithelial cells [8–10]. By
contrast, many viral infections are known to activate epithelial
cells by inducing a cytokine and chemokine response, which
are important signals to promote neutrophil migration to the
inflammatory site [11, 12]. In general, neutrophils are the first
cells recruited during inflammation and form the earliest line
of defense against invading microorganisms [13]. They are
short-lived cells that destroy invading microorganisms
through production of reactive oxygen intermediates, proteo-
lytic enzymes, and defensins—compounds that are potentially
harmful for the host as well [14]. In a recently published
rabbit model of PVL-induced necrotizing pneumonia, it was
demonstrated that the presence of neutrophils is the prerequi-
site to lung inflammation [15].

Taken together, there are many inflammatory and harmful
factors, such as PVL and other staphylococcal components,
influenza virus, and accumulation of neutrophils, that could
play an interacting role in necrotizing pneumonia. The aim of
this study is to characterize the specific factors and to under-
stand the complex interplay between S. aureus and influenza
virus that leads to necrotizing pneumonia. For this purpose,
we established in vitro and in vivo experimental infection
models that are based on costimulation with influenza virus
and S. aureus PVL. Our results enabled us to propose a mech-
anistic model for the development of necrotizing pneumonia
in influenza-infected patients undergoing a superinfection
with PVL-producing S. aureus strains.

METHODS

Ethics Statement
Taking of blood samples from humans and cell isolation were
conducted with approval of the local ethics committees (Ärz-
tekammer Westfalen-Lippe und Medizinschen Fakultät der
WWU, Az. 2008-034-f-S).

Mice were maintained under standard conditions and
handled according to institutional (Helmholtz Center for In-
fection Research) and European guidelines (EU Directives 86/
609/EEC). Animal experiments were approved by the ethical
board LAVES, Oldenburg, Germany (permit number: 33.9-
42502-04-10/0296).

Human Cells, Bacterial Strains, and Virulence Factors
A549 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM), supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 μg/mL streptomycin,
and maintained at 37°C with 5% carbon dioxide. Preparation
of human neutrophils, generation of lukF-PV, lukS-PV, and
phenol soluble modulins (PSMs), the bacterial strains used in
this study, and the preparations of bacterial supernatants were
previously described [9].

Influenza Virus
The human influenza virus A/Puerto-Rico/8/34 (H1N1) (PR8
wt) were propagated on Madin–Darby canine kidney cells. For
infection, human cells were incubated with the virus at a
multiplicity of infection as indicated and diluted in DMEM
containing 0.2% bovine serum albumin and 100 U/mL peni-
cillin/100 μg/mL streptomycin.

Western Blot
Lysing of cells and Western blot analysis were performed as
described [16]. Antiserum sample against the influenza virus
protein PB1 (vC-19) was from Santa Cruz Biotechnology. For
loading controls an anti-ERK2 (C-14) rabbit polyclonal
antibody (Santa Cruz) was used.

Plaque Titration
Supernatants of infected cells were collected at different times
postinfection and used to assess the number of infectious par-
ticles (virus titers) in the samples. The plaque assay was per-
formed as described [16].

Stimulation of Neutrophils and A549 Cells
After incubation of neutrophils with influenza virus and/or
PVL, cells were stained with anti-CD11b allophycocyanin
(APC)-labeled antibodies (eBioscience) to measure cell activa-
tion by flow cytometry (FACSCalibur; Becton Dickinson). For
analysis of cell death, cells were incubated for the indicated
time periods, stained with 10 µg/mL propidium iodide
(Fluka), and analyzed by flow cytometry. To determine the
number of adherent A549 cells, cells were trypsinized, resus-
pended in a defined volume, and counted by flow cytometry.
To investigate the effect of neutrophil supernatant on A549
cells, neutrophils were stimulated and pelleted, and the super-
natants were added to epithelial cells.

Human serum, heat-inactivated human serum, fetal bovine
serum (PAA Laboratories GmbH), serum depleted of immu-
noglobulin G (Sunnylab), protease inhibitor cocktail set V
(Calbiochem), C-reactive protein from human plasma, or
serum amyloid P component (Sigma Aldrich) were added
during incubation of neutrophils with PVL or during the in-
cubation of A549 cells with neutrophil supernatants.
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Real-Time Polymerase Chain Reaction
Real-time reverse transcription-polymerase chain reaction
(RT-PCR), including complementary DNA synthesis, real-
time amplification, and specific primers, was performed as de-
scribed [17].

In Vivo Experiments
C57BL/6 mice aged 8–12 weeks were purchased from Harlan
Winkelmann. Mice were briefly anesthetized with 3% isoflur-
ane (Isoflo; Albrecht GmbH) and then instilled intranasally
with 40 µL of supernatant. At 24 hours postinfection, mice
were euthanized, and the lungs were expanded after adminis-
tration of 300 µL of 10% formaldehyde in phosphate-buffered
saline per tracheal cannulation. Lungs were then removed,
fixed in 10% formaldehyde in phosphate-buffered saline, de-
hydrated, and wax-embedded according to standard protocols.
Sections of 0.5 µm were cut and stained with hematoxylin and
eosin and then examined microscopically.

Statistical Analysis
Unpaired Student t test was performed. A value of P < .05 was
considered significant in all cases.

RESULTS

The Proinflammatory and Cytotoxic Effect of PVL and/or
Influenza Virus on Neutrophils and Lung Epithelial Cells
To test whether PVL-induced activation and cytotoxicity on
neutrophils can be influenced by influenza virus, we costimu-
lated freshly isolated human neutrophils with influenza virus
and PVL and measured virus titer, activation, and cell death
induction. Although we could detect viral RNA inside neutro-
phils by RT-PCR (data not shown), the supernatant fluids
from the infected neutrophils did not show any increase in
infectious particles, indicating that the residual virions re-
maining from the inoculum were unable to replicate
(Figure 1A). Nevertheless, the surface expression of CD11b,
which is a marker for neutrophil activation [18, 19], was sig-
nificantly upregulated after incubation with both influenza
virus and PVL but not after incubation with each of these
components separately (Figure 1B). By contrast, neutrophil
cell death was induced only by PVL, but coinfection with in-
fluenza virus significantly enhanced the rate of cell death
(Figure 1C), particularly when low doses of PVL (1 nM) were
used.

Next, we tested the effect of influenza infection and PVL
on confluent monolayers of epithelial A549 cells, either after
18 hours incubation with influenza virus or after 18 hours of
incubation with influenza virus followed by a challenge with 1
nM PVL for 2 hours. The supernatant fluids from infected
A549 cells, assayed at 24 hours postinfection, contained ap-
proximately 2 orders of magnitude more virus particles than

Figure 1. The proinflammatory and cytotoxic effects of Panton–
Valentine leukocidin (PVL) and/or influenza virus on polymorphonuclear
neutrophils (PMNs). Human neutrophils were freshly isolated and infect-
ed with influenza virus (multiplicity of infection [MOI]: 0, 1, 5). Virus
titers were determined in standard plaque assay 4, 8, and 16 hours post-
infection (A). For analyzing the proinflammatory and cytotoxic effects of
PVL and/or influenza virus, human neutrophils were freshly isolated, and
1 × 106 cells were infected with influenza virus (MOI: 0, 1, 5) for 3 hours
and subsequently incubated with increasing concentrations of PVL (0, 1,
5 nM) for 1 hour. Cells were then washed and stained with allophycocya-
nin (APC)-labeled anti-CD11b antibodies to measure cell activation (B) or
stained with propidium iodide (PI) to determine cell death (C ) by flow
cytometry. The values represent the mean ± standard deviation of
at least 3 independent experiments. *P≤ .05, **P≤ .01, ***P≤ .001
(independent t test). Abbreviations: NS, not significant, AU, arbitrary unit.
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the supernatant at 8 hours postinfection, showing viral replica-
tion within epithelial cells. Additionally, viral PB1-protein ac-
cumulation was detected by Western blot analysis 8 hours
postinfection. (Figure 2A). Infection with influenza alone
induced a remarkable upregulation of the chemokines CCL5/
RANTES and CXCL10/IP-10 (Figure 2B), which are known
for their potential to attract immune cells [13]. The viability
(Figure 2C) of A549 cells and the integrity of the cell mono-
layer (Figure 2D) were not affected by treatment with influen-
za alone, PVL alone, or both. By contrast, S. aureus PSMs
induce cell death in epithelial cells and largely damage the ep-
ithelial cell monolayer when used at doses of ≥35 µg/mL
(Figure 2D).

Effect of Supernatants from PVL-Treated and/or Influenza-
Infected Human Neutrophils on Epithelial Cell Monolayers
A 2-step cell culture model that mimics the conditions of an
S. aureus superinfection in influenza-infected tissue was then
established to investigate the mechanisms inducing epithelial
cell damage during necrotizing pneumonia. In the first step,
human neutrophils were infected with different doses of influ-
enza virus in the presence or absence of PVL. In the second
step, the supernatants of these cultures were removed and used
to stimulate confluent epithelial monolayers. As shown in
Figure 3A, supernatant from influenza-infected neutrophils sig-
nificantly upregulated the expression of CCL5 in epithelial cells.
Interestingly, treatment with supernatant from influenza-infected
and/or PVL-treated neutrophils did not affect the viability of
the epithelial cells (Figure 3B) but induced epithelial cell detach-
ment and disintegration of the cell monolayer (Figure 3C
and D). The level of monolayer disintegration was proportional
to the amount of PVL used to stimulate the human neutrophils
and therefore to the rate of neutrophil cell death (Figure 1C).
Supernatant from neutrophils lysed by PSMs (35 µg/mL) or dis-
rupted by ultrasound was also effective at disintegrating the epi-
thelial monolayers, suggesting that mediators released by the
dying neutrophils are responsible for this effect (Figure 3D).

Next, we investigated whether the action of recombinant
PVL can be reproduced using PVL-expressing S. aureus. For
this purpose, the viability of human neutrophils was deter-
mined after treatment with culture medium from S. aureus
strain USA300 (PVL-positive) with or without preceding in-
fluenza infection. As shown in Figure 4A, culture medium
from S. aureus USA300 exerted a cytotoxic effect in human
neutrophils in a dose-dependent manner. Furthermore, an ad-
ditional infection with influenza virus significantly increased
the rate of neutrophil cell death, particularly when low doses
of supernatants (2%–5%) were used (Figure 4A). We then in-
cubated neutrophils with culture medium from S. aureus
USA300 or from the PVL-deficient USA300ΔPVL and subse-
quently used the cell culture supernatant to stimulate epitheli-
al monolayers. Supernatant from neutrophils incubated with

media generated with strain USA300 induced much more de-
tachment of epithelial cells than that from neutrophils incu-
bated with media obtained with the corresponding knockout
mutant USA300ΔPVL (Figure 4B and C), which required
higher doses (>10%). In general, bacterial supernatants of vir-
ulent S. aureus strains exerted a destructive effect on host
cells, including neutrophils and epithelial cells, when used at
high doses (>10%) (Supplementary Figure 1), which can be
attributed to other staphylococcal cytolytic components, such
as PSMs. By contrast, supernatant from neutrophils treated
with culture medium from the avirulent Staphylococcus carno-
sus TM300, which lacks most staphylococcal virulence factors,
did not affect the integrity of the cell monolayer (Figure 4C;
Supplementary Figure 1). However, this effect could be re-
versed after complementation of S. carnosus TM300 with a
plasmid encoding the genes for PVL (TM300 + PVL), which
render the bacterial supernatants very destructive (Figure 4C;
Supplementary Figure 1).

Human Serum and Proteases Inhibitors Can Prevent the
Destructive Effect of PVL
Proteases are stored in large quantities in neutrophil granules
[20]. To determine if specific inhibition of proteases could
prevent the destructive effect of PVL-treated neutrophils on ep-
ithelial monolayers, a protease inhibitor cocktail and different
serum preparations were used. First, we added each of these
components to the media when neutrophils were challenged
with PVL. Whereas the protease inhibitors did not impede the
destructive effect of PVL on neutrophils, increasing concentra-
tions of human serum prevented PVL-induced cytotoxicity,
with maximal effect observed at concentrations ≥2% (Figure 5A
and B). Furthermore, we tested fetal calf serum and different
human serum preparations (heat-inactivated serum, serum de-
pleted of antibodies). Fetal calf serum and human serum de-
pleted of antibodies were not effective at inhibiting the
cytotoxic action of PVL on neutrophils, indicating that antibod-
ies in human serum mediated protection against PVL
(Figure 5B). The protective role of antibodies was further sup-
ported by the finding that serum obtained from 6 different
donors varied in inhibitory function against PVL and the levels
of protection correlated with the amount of antibodies
measured in the sera (Supplementary Figure 2). By contrast,
heat-inactivated serum was equally efficient at preventing PVL-
mediated cytotoxicity, indicating that complement factors are
not involved in protection of neutrophils (Figure 5B). Similarly,
serum amyloid, C-reactive protein, and bovine serum albumin
(serum components that are known to bind toxins) did not
confer protection (Supplementary Figure 3).

In a second set of experiments, protease inhibitors and
human serum were added to the epithelial cell monolayers
during incubation with the supernatant from PVL-treated and
destroyed neutrophils. Here, destruction of the epithelial cell
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Figure 2. The effect of Panton–Valentine leukocidin (PVL) and/or influenza virus on lung epithelial cells. Lung epithelial A549 cells were infected
with influenza virus (multiplicity of infection [MOI]: 0, 1, 5) 2, 4, 6, and 8 hours postinfection. Viral PB1-protein accumulation was detected by Western
blot analysis, equal protein loads were verified using anti-ERK2 antibodies, and virus titers were determined in standard plaque assay 8 and 24 hours
postinfection (A). For analyzing the effect of PVL and/or influenza virus on the A549 cells, the cells were infected with influenza virus (MOI: 0, 1, 5) for
18 hours and subsequently incubated with different concentrations of PVL (0, 1, 5 nM) or phenol soluble modulins (PSMs) (35 µg/mL) for 2 hours. Cells
were then washed, and whole RNA was extracted to measure the expression of the chemokine CCL5 (RANTES) and CXCL10 (IP-10) (B ). Additionally,
cells were stained with propidium iodide (PI) to determine cell death by flow cytometry (C ) and examined by light microscopy to determine the integrity
of the cell monolayer (D ). The values represent the mean ± standard deviation of at least 3 independent experiments. **P≤ .01, *** P≤ .001 (indepen-
dent t test).
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monolayer could be prevented by adding very small amounts
(≥0.1%) of human serum (Figure 5C and D). A similar pro-
tective effect was observed when a protease inhibitor cocktail
was used. Both agents completely abrogated destruction of ep-
ithelial cell monolayers caused by PVL or PVL-producing
strains (Figure 5C and D). These results indicate that proteases
released by PVL-damaged neutrophils are mainly responsible
for lung injury during infection with PVL-producing strains.

Supernatants of PVL-Treated Human Neutrophils Induce
Tissue Damage in the Lungs of Mice After Intranasal
Instillation
To test whether the destructive effect of PVL-treated neutro-
phils can also take place in an in vivo system, we challenged

mice via the intranasal route with 40 µL of supernatants from
neutrophils treated with either PVL, culture medium from
strain USA300, or culture medium from strain USA300ΔPVL
or from neutrophils left untreated (1 × 106 neutrophils/
mouse). After 24 hours, mice were euthanized, and the lungs
were removed, photographed, and subjected to histopathologi-
cal evaluation. Macroscopically, the lungs challenged with
supernantant from PVL- or USA300-treated neutrophils re-
vealed hemorrhages in different parts of the organ (Figure 6A,
arrows). Histopathological analysis of these lungs showed ex-
tensive peribronchiolar infiltrates and cellular inflammation
extended into the airspaces of the surrounding alveolar paren-
chyma (Figure 6B and C). In contrast, mice challenged with
supernatants from untreated neutrophils or neutrophils

Figure 3. Effect of supernatants from Panton–Valentine leukocidin (PVL) and/or influenza-treated neutrophils on epithelial A549 cells. In a 2-step cell
culture model, human neutrophils were stimulated with influenza virus (multiplicity of infection [MOI]: 0, 1, 5) and PVL (0, 1, 5 nM) (step 1) and the
obtained supernatants were used to incubate epithelial cell monolayers for 18 hours (step 2). Epithelial cells were then washed and whole RNA was
extracted to measure the expression of the chemokine CCL5 (RANTES) (A). Additionally, all cells (attached and detached) were stained with propidium
iodide (PI) to determine cell death by flow cytometry (B ). Furthermore, the remaining attached cells were detached by trypsinisation and counted by
flow cytometry (C ). Attached epithelial cells were examined by light microscopy to determine the integrity of the cell monolayer (D ). The values
represent the mean ± standard deviation of at least 3 independent experiments. Abbreviations: NS, not significant, PSM, phenol soluble modulin.
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treated with either PVL plus human serum or culture medium
from strain USA300ΔPVL did not show signs of bleeding
(Figure 6A) or inflammatory or tissue destructive processes
(Figure 6B and C). The histopathological findings of this
murine model closely resemble the clinical picture of necrotiz-
ing pneumonia [6].

DISCUSSION

A 2-step cell culture model with neutrophils and epithelial
cells was developed in this study to analyze postinfluenza S.
aureus pneumonia caused by PVL-expressing strains. Most
studies investigating coinfection with influenza virus and S.
aureus have been performed in mice [21–23]. Although these
studies have provided important information regarding
immune responses and pathogen virulence, they are highly
limited for the investigation of pathogenic mechanisms at the
cellular level. Additionally, murine models do not necessarily
reflect the situation in humans because the action of PVL is
species specific and restricted to human neutrophils [9, 24].

To overcome these limitations, we developed an experimental
model system that provides relevant advantages: it is based on
cells of human origin, and it includes well-defined cell types,
such as neutrophils and epithelial cells, which are both essen-
tially involved in the pathogenesis of pneumonia, thus en-
abling us to study separately the effect of the pathogens on the
different cell types.

Our results show aspects that can play a crucial role during
influenza pneumonia followed by superinfection of PVL-
expressing S. aureus strains (Figure 7). First, we found that
influenza virus exerts a strong proinflammatory reaction in ep-
ithelial cells (Figure 2), involving upregulation of important
chemokines that are known to enhance chemotaxis of
immune cells, including neutrophils [25]. We did not detect
cell death induction by influenza virus infection in epithelial
cells. Hence, following viral infection, the lung tissue is most
likely intact although inflamed and filled with granulocytes,
monocytes, and macrophages. Analogous findings have been
obtained from many murine models of influenza infection
[21, 26, 27].

Figure 4. Bacterial supernatants from Panton–Valentine leukocidin (PVL)–producing strains kill neutrophils and have a destructive effect on epithelial
cell monolayers. First, human polymorphonuclear neutrophils (PMNs) were infected with influenza virus (multiplicity of infection [MOI]: 0, 1, 5) for 3
hours and were subsequently incubated for 30 minutes with bacterial culture medium (2%, 5%, 10%) obtained from different bacterial strains including
TM300, TM300 + PVL, USA300, and USA300ΔPVL (step 1). Cells were then stained with propidium iodide (PI) to determine cell death by flow cytometry
(A); data only shown for strain USA300. The supernatants from treated neutrophils were collected and used to incubate epithelial cell monolayers for
18 hours (step 2). The numbers of remaining attached epithelial cells were counted by flow cytometry (B ). Attached epithelial cells were examined by
light microscopy to determine the integrity of the cell monolayer (C ). The values represent the mean ± standard deviation of at least 3 independent exper-
iments. *P≤ .05, ** P≤ .01, *** P≤ .001 (independent t test). Abbreviations: S. aureus, Staphylococcus aureus; S. carnosus, Staphylococcus carnosus.

1144 • JID 2012:206 (1 October) • Niemann et al



The second major finding of our study is that the proin-
flammatory and cytotoxic action of PVL on neutrophils is
enhanced by a preceding infection with influenza virus.
Although neutrophils were unable to produce infectious
progeny, which has already been described [28], we found a
huge proinflammatory effect on neutrophils induced by an in-
fluenza infection. This proinflammatory capacity of influenza
virus (Figure 1A) could promote neutrophil extravasation,
which further increases neutrophil accumulation at the infec-
tion focus. Additionally, influenza virus enhances cell death in
neutrophils so that very low doses of PVL (1 nM) are already
sufficient to damage the majority of a neutrophil population.

By contrast, the effect of other staphylococcal cytotoxic
components (eg, PSMs) was not augmented by influenza virus
and required doses ≥35 µg/mL. The cytotoxic role of PVL
during bacterial infections is further strengthened by results
obtained with diluted supernatants of PVL-expressing strains
(Figure 4). Because PVL expression was found to be high in
abscesses and in the presence of neutrophils [29], it is very
likely that cytotoxic levels are reached within infected tissues.

Neutrophil cell death induced by PVL is rapid and largely
lacks apoptotic features [9]. However, necrosis is an unfavor-
able mechanism of cell death, whereby the potent antimicrobi-
al molecules spill uncontrolled within the host tissue and

Figure 5. Human serum and protease inhibitors can prevent the destructive effect of Panton–Valentine leukocidin (PVL). First, human neutrophils
(PMN) were stimulated with PVL (5 nM) in the presence or absence of serum or a protease inhibitor cocktail. Cells were then stained with propidium
iodide (PI) to determine cell death by flow cytometry (A). In a second experiment, neutrophils were killed with 5 nM PVL, and different human serum
preparations and fetal bovine serum were tested for their ability to inhibit the cytotoxic effect (B) (step 1). Supernatants from PVL-treated neutrophils
were used to incubate epithelial cell monolayers for 18 hours with or without human serum or a protease inhibitor cocktail as indicated (step 2). The
numbers of remaining attached epithelial cells were counted by flow cytometry (C) and examined by light microscopy to determine the integrity of the
cell monolayer (D). The values represent the mean ± standard deviation of at least 3 independent experiments. *P≤ .05, *** P≤ .001 (independent
t test). Abbreviation: IgG, immunoglobulin G.
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Figure 6. In vivo model of necrotizing pneumonia. Freshly isolated human neutrophils (PMNs) (1 × 106 cells) were incubated for 30 minutes with
Panton–Valentine leukocidin (PVL) (5 nM) or with 2% of bacterial culture medium obtained from strains USA300 or USA300ΔPVL in the presence or
absence of human serum (1%). Subsequently, 40 µL of the supernatants of treated neutrophils were instilled intranasally in the lung of mice. After
24 hours, mice were killed, and the lungs were macroscopically evaluated (A) and were subjected to histopathological examination (B and C).

Figure 7. Schematic model of the proposed pathogenic mechanisms leading to the development of necrotizing pneumonia. Abbreviations: PVL,
Panton–Valentine leukocidin; S. aureus, Staphylococcus aureus.
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cause tissue damage [30]. In our 2-step cell culture experi-
ments and in the in vivo testing in murine lungs, we could
demonstrate a massive destructive effect of PVL-treated neu-
trophils on epithelial cells and on lung tissue. Neutrophils
contain granules loaded with proteases and nonenzymatic de-
fensins. For both components, a destructive effect on epithelial
cell monolayers is described, whereas proteases induce detach-
ment of epithelial cells, and defensins cause cell lysis [31]. In
our experimental setting, PVL-treated neutrophils exerted de-
tachment of epithelial cells rather than cell lysis. This detri-
mental effect was completely abrogated by the addition of a
protease inhibitor cocktail, indicating neutrophil proteases are
responsible factors. Besides PVL, other staphylococcal compo-
nents, such as PSMs, can also contribute to uncontrolled neu-
trophil death and subsequent epithelial damage, particularly
when applied at high doses. Nevertheless, because the effect of
strain USA300 was significantly stronger than the destructive
action of strain USA300ΔPVL in vitro and in vivo, a major
role for PVL must be assumed in this background.

Most interesting, low doses of human serum added at dif-
ferent steps of the experiment were highly effective at prevent-
ing the damaging action of PVL (Figure 5). First, human
serum (≥2%) abolished PVL-mediated cytotoxicity on human
neutrophils, which is due to antibodies against PVL in human
serum. Second, very low doses of human serum (≥0.1%)
completely preserved the integrity of the epithelial cell mono-
layer and lung tissue during exposure to supernatants of
PVL-treated neutrophils. This effect can be attributed to the
protease inhibitors in the serum and further strengthens our
hypothesis that PVL-induced tissue destruction is mainly me-
diated through uncontrolled release of proteases from
damaged neutrophils. The dual-protective role of human
serum could explain why PVL-associated necrotizing diseases
mainly develop under serum-free conditions, such as in pul-
monary alveoli. Our in vivo experiments in murine lungs re-
vealed that the alveolar surfactant, which also contains
proteases inhibitors [32], did not confer sufficient protection
against supernatants from PVL-treated neutrophils. PVL-
producing strains are also frequently found in necrotizing skin
infections, such as furunculosis and cabuncles [33], in which
the onset of inflammation takes place under serum-free condi-
tions within infected skin glands. The dependency of PVL-
mediated pathology on serum and/or protease-free environ-
ment could also explain the discrepant results recently reported
using rabbit models of USA300-induced skin infections. In the
model reported by Lipinska et al [34], bacteria were injected
intradermally between the layers of the skin, where the poor
vasculature and the lack of serum components enables the in-
duction of tissue necrosis that could be assigned to the effect of
PVL [35]. By contrast, in the subcutaneous model reported by
Kobayashi et al [36], much higher bacterial doses were required
to cause skin lesions because in well-perfused tissue the action

of PVL, but not of serum-independent toxins, such as PSMs or
α-hemolysin, is most likely inhibited.

In summary, we present a model in which influenza virus
and PVL-producing S. aureus act together to induce inflamma-
tion and tissue damage in the respiratory epithelium. Influenza
infection activates the epithelium, which induces a massive
influx of neutrophils within the lungs. A superinfection with
PVL-producing S. aureus results in extensive neutrophil lysis
and massive release of granule proteases. Disintegration of the
epithelial airway is accompanied by hemorrhage and tissue
damage, leading to the development of necrotizing pneumonia.
Our finding, that the cytotoxic action of PVL is efficiently in-
hibited by serum antibodies and protease inhibition, can have
an important impact for improvement of therapeutic interven-
tions in patients affected by S. aureus necrotizing pneumonia.
Fast inactivation of PVL, dampening of neutrophil recruitment,
and/or inactivation of the released neutrophil contents could
provide therapeutic benefits as has been shown for other pathol-
ogies, such as in chronic obstructive pulmonary disease [37].
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