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ABSTRACT
Pathogenesis of Staphylococcus aureus is increasingly recognized to be driven by powerful toxins.
Staphylococcus aureus employs up to six pore-forming toxins to subvert the human host defense
and to promote bacterial invasion: alpha-hemolysin that disrupts epithelial and endothelial barriers
and five leukocidins that lyse phagocytes involved in bacterial clearance. Previously, we described
two human monoclonal antibodies (mAbs), ASN-1 that neutralizes alpha-hemolysin and four
leukocidins (LukSF-PV, LukED, HlgAB, HlgCB), and ASN-2 that inactivates the 5th leukocidin, LukGH.
In this study we tested the individual and combined effects of ASN-1 and ASN-2 in multiple in vitro
models employing relevant human target cells. We found that diverse S. aureus isolates with
different genetic backgrounds (based on MLST- and spa-typing) and antibiotic sensitivity (both
MRSA and MSSA) displayed greatly different cytotoxin expression patterns influenced by the type of
growth medium used. Both mAbs were required to fully prevent the lysis of human neutrophils
exposed to the mixture of recombinant cytotoxins or native toxins present in the culture
supernatants of S. aureus isolates. Flow cytometry confirmed the protective effects of ASN-1 C
ASN-2 (known as ASN100) on granulocytes, monocytes, NK-cells and T-lymphocytes. ASN-1 alone
preserved the integrity of a 3D-primary culture of human tracheal/bronchial mucociliary epithelial
tissue infected with S. aureus. We conclude that simultaneous inhibition of alpha-hemolysin and five
leukocidins by ASN100 blocks cytolytic activity of S. aureus towards human target cells in vitro.
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Introduction

Staphylococcus aureus is a major human pathogen associ-
ated with a significant global health care burden. Approxi-
mately 30% of the human population is colonized.
However, S. aureus can change from a commensal to a
pathogen, causing severe disease, such as pneumonia, blood
stream infections, osteomyelitis, and complicated skin and
deep tissue infections.1,2 Methicillin-resistant S. aureus
(MRSA) has become a global problem and is responsible
for life-threatening infections even in young and healthy
individuals outside of hospital settings. Despite the avail-
ability of appropriate antibiotics, severe MRSA and MSSA
infections remain associated with high mortality.1

The primary innate defense mechanism against
S. aureus is the control of bacterial growth by phagocytic
uptake and bacterial killing, predominantly by neutro-
philic granulocytes.3 Antibodies binding to the bacterial
surface and activating the complement system greatly

enhance this process (opsonization). Frequent exposure
to S. aureus results in increasing anti-staphylococcal
antibody titers during childhood, and human sera exhibit
opsonophagocytic activity in vitro.4 Despite this,
S. aureus infections occur repeatedly. All anti-staphylo-
coccal vaccine and passive immunization approaches
tested to date in pivotal clinical trials have failed. They
have all targeted a single surface structure (i.e. protein,
carbohydrate capsule, or LTA) and aimed at opsonopha-
gocytic killing (OPK) as the mode of action. The sup-
portive pre-clinical data, including efficacy in rodent
models and in vitro OPK activity, generated with these
product candidates raises concerns about the relevance
of the animal models applied and OPK as a main mecha-
nism of anti-S. aureus antibodies.5,6

One of the explanations for the lack of efficacy of anti-
bodies binding to the bacterial surface is the numerous
secreted toxins that are produced by S. aureus to target
host cells for counteracting phagocytosis and to disrupt
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tissue integrity. Uniquely among bacterial pathogens,
S. aureus secretes up to six different beta-barrel pore
forming cytotoxins.7-9 Alpha-hemolysin (Hla) is the best
characterized S. aureus virulence factor with proven con-
tribution to pathogenesis in all animal models tested.10 It
lyses epithelial and endothelial cells, and is also toxic to
lymphocytes and monocytes.10 The other five pore form-
ing cytotoxins – Leukocidin SF-PV (Panton-Valentine
leukocidin), ED and GH (the latter also called LukAB)
and the two gamma-hemolysins (HlgAB and HlgCB) –
all target leukocytes, and primarily attack phagocytic cells,
such as granulocytes, macrophages, and monocytes.11 In
addition, LukED lyses lymphocytes and displays hemo-
lytic activity similar to the gamma-hemolysins.8,9,11 Hla
and LukGH have also been shown to contribute to bio-
film production based on gene deletion strains and studies
with neutralizing antibodies.12,13

The S. aureus leukocidins are highly adapted to the
human host and do not elicit appreciable toxicity
towards rodent cells with the exception of LukED.14,15

Since mice and rats are the most commonly used species
for S. aureus disease models, the important role of the
leukocidins in pathogenesis has been recognized only
recently. The lack of phenotype of lukSF-PV deletion
mutant strains of S. aureus in mouse and non-human
primate models is explained now by the resistance of
phagocytes of these species towards LukSF-PV.16 Since
rabbit phagocytic cells are susceptible to the cytotoxic
effect of all S. aureus leukocidins, the rabbit represents a
more relevant species than the mouse. The prominent
role of LukSF-PV in pneumonia pathogenesis was
proven in rabbits.17 Based on in vitro assays, the sensitiv-
ity of rabbit PMNs for LukSF-PV and gamma hemolysin
is comparable to that of human neutrophils, however,
LukED is approximately 100-fold more potent and
LukGH is 100-fold less toxic to rabbits cells.14,15,18

Species specificity of the S. aureus cytotoxins became
understood at the molecular level following the identifica-
tion of their cellular receptors that all belong to chemo-
kine (CXCR1, CXCR2, CCR2, CCR5, DARC) and
complement receptor families (C5aR, C3R/CD11b).11,19–24

These receptors are either not expressed or not sufficiently
conserved in rodents. ADAM10, the receptor for Hla is
expressed on human and animal epithelial and endothe-
lial cells, as well as on red blood cells of species susceptible
to hemolysis by Hla.25

Dissecting the role of these cytotoxins in human
pathogenesis has begun, but as there are little data
regarding in vivo expression and correlation with dis-
ease severity, more efforts and complex approaches
are needed. The relevance of LukSF-PV was initially
indicated by gene prevalence studies demonstrating
the presence of lukSF-PV in highly successful CA-

MRSA strains causing severe S. aureus infections,
such as necrotizing pneumonia and community asso-
ciated MRSA infections in otherwise healthy peo-
ple.26,27 These observations triggered interest in the
other leukocidins. Since the genes encoding Hla,
HlgAB, HlgCB, and LukGH are part of the core
genome of S. aureus, and lukED is present in more
than 50% of strains, gene prevalence studies provide
limited information regarding their role in pathogene-
sis. Hla expression levels of MSSA isolates have been
shown to be associated with the ability to cause pneu-
monia in mechanically ventilated patients.28 Anti-Hla
antibodies were shown to be protective in mouse
models of pneumonia, bacteremia, and skin infec-
tions,29-31 and suggested to be protective in humans
as well based on the inverse correlation between
serum levels and severe S. aureus disease in children
and adults.32,33 It seems that natural infection in gen-
eral does not provoke durable immunity, since
patients can experience recurrent S. aureus infec-
tions.6 Nevertheless, anti-Hla and anti-LukSF-PV
antibody levels were shown to inversely correlate with
severity in necrotizing pneumonia.33,34

Stimulated by the mounting evidence supporting the
important role of the leukocidins in S. aureus infections,
we have developed human monoclonal antibodies
(mAbs) to neutralize Hla and the five leukocidins. A
unique type of cytotoxin cross-reactive antibodies that
inactivate four of the five leukocidins, HlgAB, HlgCB,
LukED and LukSF-PV, and Hla was discovered and one
of these mAbs, Hla-F#5 was selected as a development
lead, and termed ASN-1.35 ASN-1 recognizes a con-
served structural epitope in Hla, HlgB, LukF-PV, and
LukD with high affinity.35 ASN-1 was shown to be fully
protective in a lethal CA-MRSA USA300 necrotizing
pneumonia model in rabbits, while monospecific Hla
mAbs tested in the same model were only partially effica-
cious.15,36 Since the binding epitope of ASN-1 is not con-
served in LukGH, an additional mAb, targeting this
toxin was also developed. Based on its high binding affin-
ity and potent neutralization of the different sequence
variants of LukGH, the aLukGH-mAb#5.H1H2 was
selected as development lead, named ASN-2.37 The com-
bination of ASN-1 and ASN-2, called ASN100, is cur-
rently being tested in a Phase 2 clinical trial for the
prevention of S. aureus pneumonia in mechanically ven-
tilated patients (NCT02940626).

Due to species specificity, in vitro model systems
employing human target cells are necessary to assess the
individual and collective contribution of the leukocidins
to phagocyte damage. In this study, we applied a com-
prehensive approach using multiple isolates and different
culture conditions to gain insights into the cytotoxin
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expression profiles of S. aureus and to evaluate the pro-
tective effects of the two cytotoxin neutralizing mAbs,
ASN-1 and ASN-2, on human cells.

Methods

Bacterial strains, culture conditions and preparation
of culture supernatants

The USA300 CA-MRSA strain TCH1516 was obtained
from ATCC (ATCC� BAA-1717TM). Isogenic mutants

lacking the hla, hlgABC, lukED, lukSF-PV and lukGH
genes were generated in the TCH1516 background by
homologous recombination as described previously.35

Wild-type and mutant strains showed comparable growth
characteristics based on OD600nm measurements and
CFU counting on sheep blood agar plates.38 18 additional
S. aureus strains used in this study are listed in Table 1.

For bacterial culture supernatants (CS) generated in
CCY (3% wt/vol yeast extract, 2% Bacto-Casamino acids,
2.3% sodium pyruvate, 0.63% Na2HPO4, and 0.041%
KH2PO4), BHI (Fluka), TSB (Corning) and RPMI-CAS

Table 1. S. aureus strains used in the study.

MLST-SCCmec-spa-type
or clonal complex

MRSA/
MSSA

lukSF-PV lukED hlgABC lukGH hla Source of strain

Prototype wild-type strains

TCH1516 ST8-IV-t622 MRSA C C C C C ATCC BAA-1717TM

USA300 CA-MRSA
NRS382 ST5-II-t002 MRSA ¡ C C C C NARSAa

USA100 HA-MRSA
MRSA252 ST36-II-t018 MRSA ¡ C C C – ** ATCC BAA-1720TM

USA200 European HA-
MRSA

NRS385 ST8-IV-t064 MRSA ¡ C C C C NARSAa

USA500 HA-MRSA
NRS386 ST72-IVa-t126 MRSA C C C C C NARSAa

USA700 CA-MRSA
MW2 ST1-IV-t125 MRSA C C C C C ATCC BAA-1707TM

USA400
Newman ST254-t008 MSSA ¡ C C C C Prof. Claire Poyart, Hôpital Cochin, Paris,

France
H19
Live-stock MRSA

CC10 MRSA ¡ C C C C Prof. Ashley Robinson, University of
Mississippi Medical Center, USA

Gene deletion mutant strainsb

TCH1516 Dhla/hlgABC/lukSF/
lukED/lukGH or Dall toxin
mutant

ST8-IV-t622 MRSA ¡ ¡ ¡ ¡ ¡ In houseb

TCH1516DlukGH ST8-IV-t622 MRSA C C C ¡ C In houseb

TCH1516Dhla/hlgABC/lukSF/
lukED or lukGH only

ST8-IV-t622 MRSA ¡ ¡ ¡ C ¡ In houseb

TCH1516Dhla ST8-IV-t622 MRSA C C C C ¡ In houseb

TCH1516DhlgABC/lukSF/lukED/
lukGH or hla only

ST8-IV-t622 MRSA ¡ ¡ ¡ ¡ C In houseb

Human clinical isolatesc

LA#3 ST1970-t065 MSSA ¡ ¡ C C C Lahey Medical Centerc

LA#5 ST8-IV-t008 MRSA ¡ C C C C Lahey Medical Centerc

LA#16 ST81-t127 MSSA ¡ C C C C Lahey Medical Centerc

LA#45 ST121-t645 MSSA ¡ C C C C Lahey Medical Centerc

LA#48 ST45-t040 MSSA ¡ ¡ C C C Lahey Medical Centerc

LA#66 ST5-II-t002 MRSA ¡ C C C C Lahey Medical Centerc

LA#132 ST72-t148 MSSA ¡ C C C C Lahey Medical Centerc

LA#164 ST188-t189 MSSA ¡ C C C C Lahey Medical Centerc

LA#178 ST8-t334 MSSA ¡ C C C C Lahey Medical Centerc

LA#186 ST5-II-t002 MRSA ¡ C C C C Lahey Medical Centerc

LA#217 ST8-IV-t008 MRSA C C C C C Lahey Medical Centerc

Notes.
��mutated (early STOP codon).
a Isolate was obtained through the Network on Antimicrobial Resistance in Staphylococcus Aureus (NARSA) program supported under NIAID/NIH contract
HHSN272200700055C.

b S. aureus isogenic mutant strain generated in house based on the TCH1516 BAA-1717TM background.
c S. aureus isolates collected from ETA of ventilated patients. Stulik et al. AJRCCM, 2014.28
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(RPMI-1640 Medium, Gibco; 1% Casamino acids,
Amresco), overnight cultures obtained from a single col-
ony were diluted to OD600 nm: 0.03 in fresh culture
medium and grown to stationary phase for 8 hours. All
tested S. aureus strains reached similar bacterial densities
within a given medium. CS were harvested by culture
centrifugation at 5000 x g at 4�C, followed by filter steril-
ization using 0.1 mm pore size PVDF syringe filters
(Millipore).

Monoclonal antibodies

ASN-1 and ASN-2 were produced at Boehringer Ingel-
heim in stably transformed CHO cell lines. Monospecific
antibodies against Hla, HlgB, and LukD were derived
from the yeast expressed human IgG1 libraries selected
with the respective recombinant monomers, as reported
previously.35 Human isotype control mAb (Motavizu-
mab) and monospecific mAbs used for immunoblotting
were produced in CHO-3E7 cells transiently transfected
with mammalian expression plasmid pTT5 (National
Research Council, Canada) encoding human antibody
(IgG1) heavy and light chains using PEI MAXTM trans-
fection reagent (Polysciences). IgGs were purified by
Protein A or Protein G affinity chromatography and
purities and monomeric states determined by SDS-
PAGE and SEC, respectively, were both above 95%.

Recombinant toxins

S. aureus leukocidins were expressed based on the
USA300 CA-MRSA genome sequences (TCH1516
strain), for LukGH also additional variants derived from
MRSA252, H19 and MSHR1132 were generated, as
described previously.38,39 Hla was expressed without tag
and purified by cation exchange and size exclusion chro-
matography. Purity was controlled by SDS-PAGE.

Purification of peripheral white blood cells (WBCs)
and PMNs

Human peripheral WBCs were isolated from heparinized
blood using HetaSep (StemCell Technologies) gravity
sedimentation, platelet removal by centrifugation and
lysis of remaining erythrocytes using hypotonic sodium
chloride solution (0.2%).

PMNs were isolated using Percoll Plus (GE Health-
care) gradient centrifugation, as described previously.37

PMN purification resulted in cell purity of >95% deter-
mined microscopically by Giemsa staining as well as by
flow cytometric analysis of forward- versus side-scatter
properties. Cell viability was >98% for PMNs and WBCs

based on Trypan blue (Thermo Fisher Scientific)
exclusion.

In vitro cytotoxicity and toxin neutralization assays

PMN cytotoxicity induced by recombinant toxins and cul-
ture supernatants was measured in 96-well format as
described previously.35,38 PMNs (2.5£ 104 cells/well) were
exposed to equimolar mixtures of S- and F-components
for the bi-component toxins LukSF-PV, HlgAB, HlgCB,
LukED or the co-expressed LukGH dimer in neutrophil
medium (RPMI-1640 with 10% FCS (Sigma-Aldrich),
2 mML-glutamine (Thermo Fisher Scientific)), for 4 hours
at 37 �C, 5% CO2. Cell viability was determined using the
Cell Titer-Glo� Luminescent Cell Viability Assay Kit
(Promega) according to manufacturer’s instructions with a
SynergyTM HT Multi-Mode Microplate Reader (BioTek).
Percent cell viability after toxin exposure was calculated
relative to mock treated cells. Data were analyzed by non-
linear regression using Prism 6 (Graph Pad). The toxin
monomers alone did not affect PMN viability in the con-
centration range tested. For toxin and CS neutralization
assays, mAbs and toxins/CS were pre-incubated for
30 min at room temperature (RT) prior to addition to the
target cells. A human IgG1 isotype control mAb was
included in all experiments.

PMN infection assays with live bacteria

Overnight cultures of S. aureus grown in RPMI-CAS
were diluted 1:50 and grown to mid-log phase (OD600 nm:
0.5) at 37�C. Bacteria were harvested, washed with PBS
to remove secreted toxins, re-suspended in RPMI-1640
with 10% FCS, 2 mM L-glutamine and 10 mM HEPES
(Sigma) and added to 2.5 £ 104 PMNs/well at different
MOIs. Reactions were incubated for 90 min at 37 �C and
5% CO2, followed by addition of Calcein-AM fluorescent
viability dye (eBioscience) at a final concentration of
4 mM for an additional 30 min. Fluorescence (λex D
485 nm, λem D 528 nm) was quantified on a SynergyTM

HT Multi-Mode Microplate Reader (BioTek). Percent
viability was calculated relative to mock-treated cells
(100% viability).

For May-Gr€unwald-Giemsa staining PMNs at a con-
centration of 7.5 £ 106/mL were infected at MOI 50 in
4 mL round bottom tubes in 50 mg/mL human albumin
(Biotest) in RPMI C 2 mM L-glutamine C 2 mg/mL
sodium bicarbonate, pH »7.5 (Sigma) and incubated for
2 hours at 37 �C, 5% CO2. The cell suspension was then
concentrated 10-fold by centrifugation at 280 x g and re-
suspended in fresh medium. 10 mL of each sample were
placed onto glass slides, spread and allowed to air-dry. Cell
smears were stained withMay-Gr€unwald Solution (Sigma)
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for 3 min and for 30 min with 10% Giemsa solution
(Sigma), washed with dH20 and air-dried. Images were
taken with a ZEISS 100x Plan-APOCHROMAT (1.4 NA)
on a ZEISS Imager M1 microscope equipped with Axio-
CamMRc5 color camera.

Flow cytometry based surface staining of peripheral
white blood cells

ASN100 mediated protection of human peripheral white
blood cells was measured by flow cytometry in 96-well
plate format. WBCs (1 £ 106/mL) were exposed to a pool
of early stationary phase BHI cultures of TCH1516 and the
six clinical isolates (indicated in Fig. 2B) in presence and
absence of control antibody or toxin neutralizing mAbs.
Following a 2 hour incubation at 37 �C and 5% CO2, cells
were pelleted by centrifugation (5 min, 1000 x g, RT) and
stained with fluorochrome-labelled antibodies (BioLegend
if not stated otherwise) specific for CD3 (clone HIT3a,
APC), CD14 (clone 63D3, PE/Cy7), CD19 (clone HIB19,
Alexa Fluor488) and CD56 (eBioscience; clone TULY56,
eFluor 450) and the corresponding isotype control anti-
bodies in Hanks’ Balanced Salt Solution (HBSS, Thermo
Fisher Scientific) supplemented with 0.5% BSA (Biomol)
and 0.01% NaN3 for 15 min at RT with constant mild agi-
tation. Samples were measured with a CytoFLEX flow
cytometer (Beckman Coulter) and data were analyzed with
FCS Express version 5.0 (De Novo Software). Side-scatter
and CD14 expression were used to discriminate lympho-
cyte, granulocyte and monocyte populations. Within the
lymphocyte gate, T-cells, NK-cells, and B-cells were quan-
tified based on expression of CD3, CD56, and CD19
respectively.

Human 3D lung tissue infection model

EpiAirwayTM tissues were obtained from MatTek. Upon
delivery, the tissues were processed according to the sup-
plier’s protocol. For infection, PBS washed bacteria
obtained from RPMI-CAS mid-log cultures were applied
to the apical surface (MOI 100) in presence of either
ASN-1, ASN-2, the mixture of these mAbs or an isotype
control mAb (2 mM each) in 30 mL volumes. MAbs were
also added to the basal feeding medium at the same con-
centration. Following incubation for 24 hours at 37 �C
and 5% CO2, the basolateral medium was harvested for
measuring LDH release using the CytoTox-ONETM

Homogeneous Membrane Integrity LDH release Assay
(Promega) and for subsequent measurement of PMN
toxicity in a Cell Titer-Glo� Luminescent Cell Viability
Assay Kit (Promega) as described above. Saponin in
dH2O (1%) was used as lysis control in LDH release
assays. Bacteria on the apical surface of the tissue were

collected by three washing steps with 300 mL PBS and
serial dilutions were plated on sheep blood agar plates
for CFU determination. The washed tissues were fixed
overnight with a total of 2 mL 4% paraformaldehyde
(Sigma) at 4 �C, embedded in paraffin and 1 mm sections
were stained with hematoxylin and eosin at the auto-
mated slide stainer Gemini AS (Histocom). Images were
taken with a ZEISS EC Plan-Neofluar 20x/0.50 objective
on a ZEISS Imager M1 microscope equipped with Axio-
CamMRc5 color camera.

Immunoblotting to detect cytotoxin expression

Early stationary phase CS generated in different media
were separated by SDS–PAGE under reducing condi-
tions. Proteins were then transferred to PVDF (Hla,
LukG and LukS-PV) and nitrocellulose membranes
(LukD, HlgB) using a Trans-Blot Turbo device (BioRad).
Hla, LukD and HlgB expression was assessed using
monospecific human antibodies, LukS-PV was detected
with a mouse monoclonal antibody (IBT Bioservices)
and LukG expression was measured using a rabbit anti-
LukB polyclonal Ab (IBT Bioservices). Specific reactivity
to the target antigens and lack of cross-reactivity with
other toxins was proven by immunoblotting using
recombinant Hla, LukS-PV, LukF-PV, HlgA, HlgB,
HlgC, LukE, LukD and LukGH. Antibody binding was
detected using anti-human, rabbit or mouse HRP-conju-
gated goat F(ab’)2 fragments (Southern Biotech) with the
enhanced chemiluminescence (ECL) immunoblotting
detection reagent (GE Healthcare) at an ImageQuant
LAS 4000 (GE Healthcare) Imaging station.

Live-dead cell staining

PMNs (1 £ 105 cells/well) were exposed to S. aureus CS
and mAbs in presence of 4 mM Calcein AM and 2 mM
EthD-1 (LIVE/DEAD� Viability/Cytotoxicity Kit, Life
Technologies) in 8-well m-slides (Ibidi) in neutrophil
medium. PMN survival was monitored by time-lapse
microscopy using a Cell-R Live Imaging System
(Olympus). Pictures were taken in 1 minute intervals for
a total of 90 min and exported as movies with a 3 frames
per second rate.

Results

Inactivation of the five leukocidins of S. aureus by
two toxin neutralizing human mAbs, ASN-1 and
ASN-2

We measured leukocidin-mediated cytotoxicity towards
polymorphonuclear cells (PMNs) in cell based viability
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assays by luminescent detection of ATP. ASN-1 pre-
served the viability of human PMNs exposed to recombi-
nant HlgAB, HlgCB, LukED, and LukSF-PV (Fig. 1A),
and ASN-2 fully neutralized recombinant LukGH
(Fig. 1B).

Since S. aureus typically expresses several leukocidins,
up to all five in some strains, antibody potency was also
assessed in the presence of all five leukocidins. A mixture
of recombinant toxins was used in cytotoxin neutraliza-
tion assays at concentrations that reduced PMN viability
by at least 80% (Fig. 1C). In these experiments, neither
ASN-1 nor ASN-2 was able to inhibit toxicity alone;
however, the equimolar combination of the two mAbs,
called ASN100, was highly effective in blocking all five
leukocidins and fully preserved cell viability.

S. aureus isolates differ in their overall PMN toxicity
and leukocidin expression profiles

To characterize the effect of naturally-produced cytotox-
ins on neutrophils and to measure the effectiveness of
the two toxin neutralizing antibodies, we exposed PMNs
to S. aureus culture supernatants containing the secreted
toxins. We used seven S. aureus isolates representing
different genotypes: Four MRSA strains including a
genome sequenced prototype USA300 CA-MRSA strain
(TCH1516) and three MSSA strains with different

sequence- (ST) and spa-types (Table 1). Five of the seven
strains were collected from mechanically ventilated
patients.28 To assess the contribution of the leukocidins
to PMN toxicity in this assay, we generated a gene dele-
tion mutant of the TCH1516 strain that lacked all five
leukocidin genes (and additionally hla). Bacteria were
grown to early stationary phase in four different growth
media: three rich bacterial culture media, CCY, BHI, and
TSB, most often used for culturing S. aureus, and RPMI,
a mammalian cell culture medium (supplemented with
casamino acids), to mimic in vivo conditions, such as
low iron and nutrient content. The growth kinetics and
optical densities after 8 hours growth when CSs were col-
lected were comparable (Fig. S1). PMN toxicity was
determined by serial dilution of the culture supernatants
(CS) and expressed as the CS dilution that still resulted
in a 50% reduction in cell viability (EC50) (example
shown in Fig. 2A). Importantly, the CSs of the mutant
strain lacking all six pore forming toxins did not display
measureable EC50, and induced maximum 25% loss of
viability at the lowest CS dilution. We also determined
that Hla did not have an impact on viability of human
PMNs in this assay (tested with recombinant Hla and
CS of the TCH1516DhlgABC/lukED/lukSF-PV/LukGH
mutant strain; data not shown). PMN toxicity in this in
vitromodel is therefore mainly driven by the leukocidins.
Great differences were observed with the seven S. aureus

Figure 1. Neutralization of recombinant leukocidins by ASN-1 and ASN-2. A: Neutralization of recombinant HlgAB (10 nM), HlgCB
(7.5 nM), LukED (10 nM) and LukSF-PV (5 nM) by ASN-1. B: Neutralization of LukGH (1 nM, TCH1516 LukGH) by ASN-2. C: left panel: Effect
of individual toxins as in A, except for LukGH (1.875 nM each of the four LukGH variants expressed based on the MRSA252, MSHR1132,
H19 and TCH1516 sequences) and a mixture thereof on PMN viability; right panel: Neutralization of a mixture of recombinant toxins by
ASN-1, ASN-2 or ASN100 (1:1 mixture of ASN-1 and ASN-2). Antibody concentrations shown refer to individual mAbs. PMN viability was
determined by luminescent quantification of cellular ATP levels. Data are derived from at least two independent experiments and
shown as mean C/¡ SEM.
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strains in the same growth medium or with the same
strain in different broths, with EC50 values ranging from
5 to approximately 900 (Fig. 2B). For example, while the
LA#48 and LA#132 clinical isolates showed comparable
toxicity when grown in the four different media, leukoci-
din expression of the livestock-associated MRSA strain
H19 and the LA#66 isolate was greatly affected (>100-
fold difference). Notably, CS generated with these two
strains in TSB were not toxic to PMNs. All growth media
considered, the lukSF-PVC USA300 CA-MRSA strain
TCH1516 displayed the highest PMN toxicity.

Immunoblot analysis with cytotoxin specific antibod-
ies revealed greatly variable expression levels of the indi-
vidual leukocidins by the seven different S. aureus strains
in the four different growth media tested (Fig. 2C), sup-
porting the results of the PMN toxicity assays. LukG
expression was detectable with all strains, with highest
levels in RPMI-CAS and CCY, and low levels in TSB.
HlgB levels were highest and comparable among strains
in BHI medium, while three strains displayed lower lev-
els in the other three media. Although lukED was present
in six of the seven characterized isolates, only TCH1516,
LA#45 and LA#132 showed detectable LukD expression

in all four media. LukSF-PV expression was expected
only with the TCH1516 strain based on the presence of
lukSF-PV (Table 1). This toxin was detected in all four
growth media, with slightly lower intensity in RPMI-
CAS, compared to CCY, BHI and TSB. Since ASN-1 also
binds Hla, which can compete for binding to the leukoci-
dins, we also determined Hla levels in the bacterial CSs.
Compared to the leukocidins, Hla levels were more uni-
form across the different culture supernatants, but still
influenced by the growth media in a strain-dependent
manner (Fig. 2C).

Prevention of neutrophil lysis by S. aureus culture
supernatants requires both ASN-1 and ASN-2

We measured neutralization of S. aureus CS in the pres-
ence of ASN-1, ASN-2 or both mAbs at 1 mM (150 mg/
mL) concentration in several in vitro assays.

First, we utilized the ATP-based luminescent cell via-
bility assay with human PMNs to assess the contribution
of the individual mAbs to leukocidin neutralization. The
TCH1516 strain grown in RPMI-CAS demonstrated
almost 100% PMN cytotoxicity (using 8-fold diluted CS)

Figure 2. Toxin expression profiles and neutrophil toxicity of S. aureus isolates. A: Viability of human PMNs after exposure to serially
diluted culture supernatants (CS) of USA300 CA-MRSA TCH1516 strain (left panel) and its isogenic Dhla/hlgABC/lukED/lukSF-PV/lukGH
mutant (“TCH1516Dalltox“, right panel) grown in the indicated growth media. B: PMN toxicity of seven S. aureus strains expressed as CS
dilution at the EC50.

�) toxicity too low for EC50 calculation. PMN viability was determined by luminescent quantification of cellular ATP
levels. Data are expressed as mean C/¡ SEM of three independent experiments. C: Immunoblot analysis of CS of seven S. aureus strains
grown in the indicated media; control, recombinant toxin (0.1 mg/lane).
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in presence of an isotype control mAb (Fig. 3A, upper
left panel). ASN-1 could partially inhibit toxicity while
ASN-2 alone was ineffective. The equimolar mixture of
the two mAbs, ASN100, preserved PMN viability
(Fig. 3A, upper left panel). PMNs exposed to CS of
the TCH1516DlukGH mutant were fully protected by
ASN-1 (Fig. 3A, lower left panel), while those exposed to
the CS of the TCH1516Dhla/hlgABC/lukED/lukSF-PV
strain remained viable in the presence of ASN-2
(Fig. 3A, upper right panel). The CS of the TCH1516

strain lacking all toxin genes (TCH1516Dhla/hlgABC/
lukED/lukSF-PV/lukGH) did not affect PMN viability
(Fig. 3A, lower right panel).

Detection of pore formation by microscopy using
Calcein-AM and EthD-1 for live/dead cell staining, mir-
rored the results obtained with the ATP-based lumines-
cent assay (Fig. 3B). Time-lapse microscopy revealed
that cell death in the control and ASN-2 containing sam-
ples occurred within minutes after exposure to TCH1516
CS. This effect was partially inhibited by ASN-1 and fully
prevented in presence of both mAbs (Fig. 3B, Supple-
mentary Movie File S1).

PMNs exposed to 28 S. aureus CS (seven strains
grown in the four different media) were all protected by
the equimolar mixture of ASN-1 and ASN-2 (ASN100),
although greatly different patterns of protection were
observed with the individual antibodies (Fig. 4A, Supple-
mentary Fig. S2). Toxicity of the LukSF-PV-expressing
USA300 strain was partially neutralized by ASN-1, but
not at all by ASN-2, independent of the growth medium
(Fig. 4A, upper panel). The CS of LA#5 (expressing high
amounts of LukGH in RPMI, CCY and BHI medium)
was neutralized with high potency by ASN-2 alone
(Fig. 4A, middle panel). Neutralization of the LA#45 iso-
late displayed a mixed pattern dependent on the growth
media (Fig. 4A, lower panel), which correlated well with
the immunoblotting data (Fig. 2C). The high LukG pro-
duction by this strain in RPMI medium (relative to
LukD and HlgB) resulted in ASN-2 dominance, but a
strong need for ASN-1 was observed in TSB medium
(high LukD and HlgB levels, low LukGH). The BHI and
CCY CSs contained comparable amounts of these three
toxins, therefore, both mAbs were required for protec-
tion of PMNs (Fig. 4A, lower panel).

RPMI-CAS supernatants of a larger panel of S. aureus
isolates, including the major MRSA pulsotypes USA100,
USA200 (MRSA252), USA400 (MW2), USA500, and
USA700, the Newman strain and 6 clinical isolates were
also characterized (Table 1, Fig. 4B). Neutralization of
PMN toxicity of lukSF-PVC strains (TCH1516, LA#217,
NRS386 and MW2) was generally dependent on both
antibodies, while toxin activity mediated by lukSF-PV¡

strains could be partially or fully inhibited by ASN-2
alone. Notably, we did not encounter a single S. aureus
strain during these studies for which complete neutrali-
zation of toxicity was independent of ASN-2 in the low
iron containing culture medium.

We also modeled the effect of different ASN-1 and
ASN-2 ratios on PMN protection using CSs of various
strains grown in different media. As the amount of any
of the two mAbs was reduced in the neutralization assays
(while one was kept constant), declining protection levels
were observed with most supernatants (examples with

Figure 3. Synergistic effect of ASN-1 and ASN-2 in neutralizing
native S. aureus cytotoxins in bacterial culture supernatants
(CS). A: Human PMNs were exposed to CS of TCH1516 (at 8x dilu-
tion) and isogenic toxin gene deletion mutants grown in RPMI-
CAS, in the presence of control antibody, ASN-1, ASN-2 or
ASN100 (1 mM each). Data are shown as mean C/¡ SEM of two
independent experiments. Viability was determined by lumines-
cent quantification of cellular ATP levels. B: Calcein-AM/EthD-1
live/dead cell staining of human neutrophils after exposure to CS
of TCH1516 (at 10x dilution) in the presence of ASN-1, ASN-2 and
ASN100 (1 mM each) for 90 min. Live cells stained green, dead
cells appear in red.
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Figure 4. Individual contributions of ASN-1 and ASN-2 to PMN protection are strain and growth condition dependent. S. aureus iso-
lates were grown in the indicated media, culture supernatants (at 16x dilution) were tested for PMN toxicity in the presence of ASN-1,
ASN-2 and ASN100. A: Three representative isolates grown in different media. B: Six prototype strains and six clinical isolates grown in
RPMI-CAS. PMN viability was determined by luminescent quantification of cellular ATP levels. MAbs were used at 1 mM each. Data are
shown as mean C/¡ SEM of three independent experiments.
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TCH1516 and LA#132 strains grown in RPMI-CAS and
CCY are shown in Fig. S3).

Since the presence of phagocytic cells upregulates leu-
kocidin expression by S. aureus40 and PMN activating sig-
nals modulate cytotoxin susceptibility,38 we also assessed
the relative contribution of ASN-1 and ASN-2 to preserv-
ing neutrophil viability in ex vivo infection experiments.
PMNs were infected with different S. aureus strains at a
starting multiplicity of infection (MOI) of approximately
50. PMN viability was determined after 2 hours with the
fluorescent viability dye, Calcein-AM. The greatly reduced
ability of the TCH1516DlukGH strain to kill PMNs, and
the retained toxicity of the TCH1516Dhla/hlgABC/lukED/
lukSF-PV strain that was comparable to that induced by
the wild-type strain, indicated a largely LukGH-dependent
cytotoxic effect (Fig. 5A). In concordance with this,
ASN-1 contributed little to the protection of PMNs from
TCH1516, while ASN-2 alone was very efficient in main-
taining viability comparable to ASN100. 16 other
S. aureus strains (also tested in the culture supernatant
mediated toxicity assay) were evaluated and found to
induce 15% to 80% PMN cytotoxicity (Fig. 5B). In most
cases, ASN-2 alone displayed protection levels comparable
to ASN100, while ASN-1 alone was only marginally bene-
ficial. These data suggest that under these experimental
conditions, PMN death was largely mediated by LukGH
with all S. aureus isolates tested.

Microscopic analysis of May-Gr€unwald-Giemsa
stained PMNs exposed to TCH1516 live bacteria for two

hours revealed that control samples (treated with isotype
control mAb) showed swollen nuclei, altered cytoplasmic
staining and few, if any, intracellular S. aureus, while in
the presence of ASN100 cell morphology was preserved
and neutrophils were able to engulf bacteria in large
numbers (Fig. 5C). Notably, a similar outcome was
achieved with the gene deletion mutant lacking the genes
for all leukocidins and Hla in absence of neutralizing
antibodies (Fig. S4).

ASN100 prevents lysis of all human white blood cells
susceptible to S. aureus leukocidins

Although neutrophils are considered to be the major target
cells of S. aureus leukocidins (all five are highly active on
this cell type), lysis of other leukocyte types such as mono-
cytes, lymphocytes and NK cells is also expected based on
leukocidin receptor expression profiles.11 To assess the
protective effect of ASN100 for these cell populations, we
isolated peripheral white blood cells from fresh human
blood and exposed them to CS pools of the seven strains
characterized in Fig. 2. The different cell types were pheno-
typed by flow cytometry using side scatter properties in
combination with cell surface markers (Fig. 6 and Fig. S5).
Exposure to S. aureus CS almost completely eliminated
granulocytes, monocytes, and NK-cells populations, and
significantly reduced the number of T-lymphocytes and B-
lymphocyte counts (Fig. 6). Similarly to the results
obtained with purified PMNs in the viability assays, com-

Figure 5. Effect of ASN100 during PMN ex vivo infection. Human PMNs were infected with different S. aureus strains at a MOI 50 for
2 hours. PMN viability was determined using a Calcein-AM viability dye. A: TCH1516 and isogenic mutant strains, mAbs used at 1 mM
each. B: Data summary of TCH1516 and 16 additional clinical isolates, ��p � 0.01 and ���p � 0.001 using one-way ANOVA with Dunn’s
multiple comparison test. Data are presented as mean C/¡ SEM of two independent experiments. C: May-Gr€unwald Giemsa staining of
human PMNs 2 hours after infection with TCH1516, 100x magnification.
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Figure 6. Protection of white blood cells by ASN100. Human peripheral WBCs were exposed to pooled BHI CS fractions of seven
S. aureus strains for 2 hours and then stained with fluorescent antibodies specific for CD3, CD56, CD14, and CD19. Side-scatter and CD14
expression were used to discriminate lymphocyte, granulocyte and monocyte populations. T-cells, NK-cells and B-cells in the lymphocyte
gate were further subtyped based on CD3, CD19 and CD56 expression. A: Representative plots showing untreated control cells and CS-
exposed cells in presence of control mAb and ASN100. B: Data summary of 3 independent experiments using ASN-1, ASN-2 and
ASN100. Data are shown as mean C/¡ SEM.
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plete protection of granulocytes, monocytes, T-cells and
NK cells was dependent on the simultaneous presence of
both, ASN-1 and ASN-2 (Fig 6B). B-cell lysis was largely
preventable with ASN-1 alone (Fig. 6B and Fig. S5).
Importantly, ASN100 was effective in preserving the viabil-
ity of all cell types analyzed.

Protective effects of ASN100 in an in vitro 3D airway
epithelial tissue model infected with S. aureus

The cytoprotective effect of ASN-1 and ASN100 via Hla-
neutralization was tested in a 3D- primary human respi-
ratory epithelial tissues culture model (EpiAirwayTM,
MatTek). These tissues consist of normal, human-
derived tracheal/bronchial epithelial cells that are highly
differentiated containing cilia and tight junctions and
retain properties of normal respiratory tract epithelial
tissue including active mucus secretion. Tissues were

infected with the S. aureus TCH1516 strain using an
MOI of 100 on the apical side for 24 hours in the pres-
ence of ASN-1, ASN-2, ASN100, or an isotype-matched
control mAb. Hematoxylin-eosin staining revealed com-
plete tissue destruction by S. aureus in samples with the
control antibody and ASN-2, while ASN-1 and ASN100
treated samples displayed fully preserved tissue integrity
(Fig. 7A). LDH release, measured in the basal feeding
medium mirrored the microscopy data confirming full
lysis of cells by S. aureus (comparable to saponin-treated
samples), except when cells were co-incubated with
ASN-1 or ASN100 (Fig. 7B). The lysis of epithelial cells
was dependent on Hla, as the hla-deletion mutant
S. aureus strain was not toxic, while the leukocidin gene
deletion mutant strain was indistinguishable from the
wild-type strain (Fig. 7C). Interestingly, we observed
great reduction in bacterial counts of ASN-1 and
ASN100 protected samples relative to control or ASN-2

Figure 7. ASN100 prevents Hla-mediated tissue damage in a human 3D lung tissue infection model. EpiAirwayTM tissues were
infected with S. aureus TCH1516 at MOI 100 for 24 hours in the presence of control mAb, ASN-1, ASN-2 or ASN-100 (2 mM each). A: H&E
staining of tissues. B: LDH release measured from basolateral compartment. C: LDH release measured with wild-type and gene deletion
mutant TCH1516 strains in absence of mAbs. D: Relative increase in bacterial CFUs determined in the apical compartment. E: Viability of
human neutrophils exposed to toxins produced in the control mAb sample in the presence of ASN-1, ASN-2 and ASN100 (1 mM each).
Error bars indicate mean C/¡ SEM from duplicate measurements.
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treated samples (Fig. 7D). This is likely due to the growth
enhancing effects of nutrients released from lysed cells,
which is prevented in the presence of ASN-1.

Since no white blood cells are present in the MatTek
EpiAirwayTM model, Hla neutralization was sufficient to
block S. aureus mediated toxicity. To indirectly assess
leukocidin toxicity and ASN100 mediated protection of
neutrophils, we collected the basolateral fluid of the tis-
sues infected with S. aureus in the absence of toxin-neu-
tralizing antibodies and tested for toxicity towards
human neutrophils in presence of ASN-1, ASN-2 or
ASN100. As bacteria cannot pass through the seeding
membrane, only soluble molecules (such as toxins) reach
the basolateral compartment. Performing neutralization
assays with the harvested media containing the in situ
produced toxins from the infected tissues we observed a
similar pattern of PMN toxicity and ASN100 mediated
protection as seen in bacterial culture media, namely
partial neutralization with ASN-1, and full protection by
ASN100 (Fig. 7E). This confirmed that S. aureus pro-
duced both Hla and multiple leukocidins during infec-
tion of the lung tissues and that all toxins could be
neutralized by ASN100.

Discussion

Given the high redundancy, species specificity, and vari-
ability of expression of S. aureus pore-forming cytotox-
ins, we applied a comprehensive approach to examine
their effects on human target cells and to evaluate the
potency of two human mAbs specific for alpha-hemoly-
sin and five leukocidins in six different in vitro models.
First, human PMNs, containing mainly neutrophils were
exposed to the mixture of recombinant leukocidins. The
two mAbs – ASN-1 that neutralizes four of the five leu-
kocidins (in addition to Hla) and ASN-2 targeting the
5th leukocidin, LukGH – were both required to prevent
PMN cytotoxicity. Next, we characterized the leukocidin
expression profiles of seven S. aureus isolates with differ-
ent genetic backgrounds grown in four different culture
media commonly used for in vitro culturing of S. aureus.
Immunoblotting revealed variable expression levels of
the individual leukocidins of the different strains that
were influenced by the culture media. RPMI medium
(optimized for mammalian cell cultures) is considered to
be more appropriate to imitate in vivo-like conditions
than rich bacterial culture media. Its low iron and nutri-
ent content and physiologic ionic strength are expected
to reflect the situation in plasma and tissue fluids. This
assumption is supported by high promoter activity of the
leukocidin genes in such media.41 The variable leukoci-
din expression in response to the different culture media
was reflected by the PMN toxicity of the culture

supernatants. Similar findings were made by quantitative
mass-spectrometry and correlating individual leukocidin
expression levels to the degree of PMN toxicity measured
in RPMI versus rich culture medium.42

Cytotoxin expression is subject to complex regulation
and influenced by environmental conditions. As seen
with most secreted virulence factors, the cytotoxins are
expressed mainly in the stationary growth phase in vitro.
The global regulator Agr that is part of the quorum sens-
ing (bacterium density) mechanism, is the master regula-
tor of expression, but many other regulators, such as Sae,
Rot, Sar, Rsp, and metabolic sensors have also been
shown to modulate the expression of S. aureus cytotox-
ins.43-46 Mutations and/or variations in transcriptional
regulators have been described in clinical S. aureus iso-
lates. For example, a unique saeS allele was reported that
overrides cell-density dependent SaeR and LukSF-
PV expression in ST30 CA-MRSA isolates, resulting in a
higher level of LukSF-PV in early log phase.47 Several
studies report that S. aureus exposed to the host environ-
ment (human blood cells, infected animals in pneumonia
model, surfactant, etc.) greatly up-regulates expression of
hla and the leukocidin genes.40,41,48-50 Moreover, we found
that exposure to inflammatory stimuli, such as LPS, S.
aureus culture supernatant (peptidoglycan and delta-
toxin), and IL-8, activates PMNs and alters their sensitiv-
ity towards the individual leukocidins, rendering LukGH
the most dominant leukocidin in vitro due to up-regula-
tion of its receptor, CD11b.38 Even without PMN stimula-
tion, LukGH has been reported to be prominent among
leukocidins in the culture supernatants of S. aureus.42,51,52

We found that ASN-1 or ASN-2 alone had variable
effects on PMN viability upon exposure to the culture
supernatants of 19 S. aureus strains, ranging from no
effect to partial efficacy, and in some cases even full pro-
tection with ASN-2. Importantly, irrespective of the
genetic background or culture medium used, the combi-
nation of the two mAbs, ASN100, was always sufficient
to prevent PMN cytotoxicity. These data suggest that
preventing immune cell damage necessitates the simulta-
neous neutralization of all leukocidins. In vitro infection
of human PMNs with S. aureus revealed that LukGH
was responsible for the majority of the killing effect and
ASN-2 alone was highly protective. Microscopic analysis
of PMNs protected by ASN100 detected intact cells that
were able to engulf S. aureus; these intracellular bacteria
were not seen in the controls. These data suggest that
not only PMN viability but also phagocytic activity was
maintained with ASN100.

Since leukocidins do not only target neutrophils, but
also monocytes, macrophages and lymphocytes,9,11 we
confirmed ASN100 efficacy and the requirement for
both mAbs with these important cell populations.
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Hla-mediated pathogenesis was mimicked by infect-
ing primary human mucociliary tracheal/bronchial epi-
thelial tissue cultured at the air-liquid phase with
S. aureus. We observed full protection of epithelial cell
morphology and prevention of LDH release by ASN-1
due to its Hla-neutralizing activity. Moreover, reduced
growth of S. aureus in the presence of ASN-1 was also
evident, most likely due to limited access to nutrients
from lysed epithelial cells.

Based on the in vitro data presented here and the high
in vivo efficacy in rabbit models,15,54 we propose that
ASN100 treatment greatly reduces S. aureus virulence by
preventing Hla-mediated tissue damage and subsequently
bacterial invasion, and by preserving phagocyte function,
enabling the human host to efficiently control bacterial
growth (Fig. 8). In addition, prevention of neutrophil kill-
ing is expected to reduce inflammation and edema, espe-
cially in the lung, where recruited and subsequently lysed
phagocytes damage the lung by releasing the contents of
cytotoxic granules and/or reactive oxygen species.17 As
antibiotics do not address these important virulence
determinants, and are even implicated in enhancing cyto-
toxin production by S. aureus,55 adjunct therapy in addi-
tion to prophylaxis or preemptive applications is justified.

The limitation of our study is related to the lack of
data on in vivo cytotoxin expression levels in patients.
The increase in cytotoxin specific antibodies during con-
valescence from invasive S. aureus infections provide evi-
dence that these virulence factors are indeed expressed in
human S. aureus disease.56,57 Notably, the greatest
increase in anti-cytotoxin antibody levels was seen with
LukGH (LukAB).57

Although ASN-1 alone is able to neutralize five differ-
ent cytotoxins, while ASN-2 can inhibit only one, the
function of ASN-2 is crucial for the protection of phago-
cytic cells due to the dominant role of LukGH, especially
under iron-restricted conditions and upon exposure of
PMNs to inflammatory stimuli.38 Consistent with the
importance of both mAbs and their synergistic mode of
action, changing the ratios of ASN-1 or ASN-2 by
decreasing one component and keeping the other con-
stant was inferior in overall protective potency. Facing
the highly variable leukocidin expression profiles across
clinical isolates, our approach is to provide sufficiently
high mAb levels in patients, not only in the plasma but
also in epithelial lining fluids. In the ongoing Phase 2
clinical trial (NCT02940626), mechanically ventilated
patients who become heavily colonized with S. aureus

Figure 8. Proposed model for the role of S. aureus cytotoxins in pathogenesis and mode of action of ASN100. A: As bacterial density
increases on mucosal surfaces, S. aureus secretes up to six cytolytic toxins. Alpha-hemolysin (Hla) lyses epithelial and endothelial cells
allowing invasion to otherwise sterile body parts (e.g. lung, connective tissue) and promoting S. aureus disease (e.g. pneumonia, deep
tissue infection). Up to five different leukocidins that primarily attack phagocytic cells, such as alveolar and tissue macrophages and
granulocytes are also released, leading to weakened host defense and slower elimination of S. aureus. B: ASN-1 that neutralizes Hla and
four leukocidins and ASN-2 that is specific for the fifth leukocidin (LukGH) inhibit cytotoxicity of S. aureus, which allows preservation of
tissue integrity and immune defense during infection.
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(based on microbiological analysis of ETA samples)
receive equal amounts of ASN-1 and ASN-2 (1800 mg
each). Based on the pharmacokinetic analysis from a
healthy volunteer study, this ASN100 dose is expected
to result in approximately 450 mg/mL initial and
>150 mg/mL plasma levels of ASN-1 and ASN-2 for at
least 2 weeks following intravenous administration.58

The recognition of the toxin-driven pathogenesis of
S. aureus started almost 100 years ago and led to passive
immunization trials in patients with complicated skin
infections.59,60 Recent clinical studies with anti-S. aureus
vaccines and passive immunization include or completely
rely on anti-toxin approaches.5,61 These forthcoming stud-
ies will reveal whether inactivation of cytotoxins can result
in prevention or amelioration of S. aureus infections in
humans.
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