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Improved Protection in a Rabbit Model of Community-Associated
Methicillin-Resistant Staphylococcus aureus Necrotizing Pneumonia
upon Neutralization of Leukocidins in Addition to Alpha-Hemolysin

Binh An Diep,a Vien T. M. Le,a Zehra C. Visram,b Harald Rouha,b Lukas Stulik,b Etyene Castro Dip,a Gábor Nagy,b Eszter Nagyb

Division of HIV, Infectious Diseases, and Global Medicine, Department of Medicine, University of California, San Francisco, San Francisco, California, USAa; Arsanis,
Inc./Arsanis Biosciences GmbH, Vienna, Austriab

Community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA), especially the USA300 pulsotype, is a frequent
cause of skin and soft tissue infections and severe pneumonia. Despite appropriate antibiotic treatment, complications are com-
mon and pneumonia is associated with high mortality. S. aureus strains express multiple cytotoxins, including alpha-hemolysin
(Hla) and up to five bicomponent leukocidins that specifically target phagocytic cells for lysis. CA-MRSA USA300 strains carry
the genes for all six cytotoxins. Species specificity of the leukocidins greatly contributes to the ambiguity regarding their role in
S. aureus pathogenesis. We performed a comparative analysis of the leukocidin susceptibility of human, rabbit, and mouse poly-
morphonuclear leukocytes (PMNs) to assess the translational value of mouse and rabbit S. aureus models. We found that mouse
PMNs were largely resistant to LukSF-PV, HlgAB, and HlgCB and susceptible only to LukED, whereas rabbit and human PMNs
were highly sensitive to all these cytotoxins. In the rabbit pneumonia model with a USA300 CA-MRSA strain, passive immuniza-
tion with a previously identified human monoclonal antibody (MAb), Hla-F#5, which cross-neutralizes Hla, LukSF-PV, HlgAB,
HlgCB, and LukED, provided full protection, whereas an Hla-specific MAb was only partially protective. In the mouse USA300
CA-MRSA pneumonia model, both types of antibodies demonstrated full protection, suggesting that Hla, but not leukocidin(s),
is the principal virulence determinant in mice. As the rabbit recapitulates the high susceptibility to leukocidins characteristic of
humans, this species represents a valuable model for assessing novel, cytotoxin-targeting anti-S. aureus therapeutic approaches.

Staphylococcus aureus is one of the most common human
pathogens. It is characterized by high versatility and adaptabil-

ity, causing many types of infections with various levels of disease
severity, with pneumonia being one of the most severe infections
associated with high mortality (1). Its success as a pathogen relies
on the great arsenal of virulence factors, many of which are em-
ployed to evade and counteract the immune system (2).

One of the most aggressive ways in which S. aureus interacts
with the human host is through the production of tissue- and
cell-damaging cytolytic toxins (3). The role of alpha-hemolysin
(Hla, or alpha-toxin), a beta-barrel pore-forming toxin that dam-
ages epithelial and endothelial cells, in the pathogenesis of pneu-
monia is well characterized (4). Phagocytic cells, especially neu-
trophilic granulocytes, are the cornerstones of the immune
defense against extracellular bacterial pathogens in general and S.
aureus in particular (5). In recent years, the important role of the
bicomponent leukocidins lysing white blood cells (WBCs),
mainly phagocytic cells, became evident (3, 6). The fact that
S. aureus is capable of producing up to five potent leukocidins
underlines the importance of this type of immune evasion
mechanism. These toxins—two gamma-hemolysins (HlgAB
and HlgCB), the Panton-Valentine leukocidin (LukSF-PV),
and LukED and LukGH (also known as LukAB)— belong to the
bicomponent beta-barrel pore-forming toxin family and share
structural homology with Hla (6). The most prevalent communi-
ty-associated methicillin-resistant S. aureus (CA-MRSA) clone in
the United States, the USA300 pulsotype, carries the genes for all
five leukocidins.

The species specificity of the staphylococcal cytotoxins delayed
the recognition of their important roles in S. aureus pathogenesis.
The most studied of these toxins is LukSF-PV, which was the first

identified leukocidin. It was shown to be inactive as a cytolysin
with respect to mouse cells, while rabbit and human neutrophils
are highly susceptible (7, 8). LukSF-PV was demonstrated to be a
major contributor to acute lung injury in a rabbit model of necro-
tizing pneumonia induced by USA300 CA-MRSA (8), whereas
deletion of the LukSF-PV gene did not attenuate S. aureus in a
murine model of pneumonia (9). The role of gamma-hemolysins
could not be convincingly demonstrated in mice in vivo, and these
toxins are not lytic with respect to murine neutrophils in vitro (8).
The lack of sensitivity of murine neutrophils to LukSF-PV and the
gamma-hemolysins arises from the lack of evolutionary conserva-
tion of their cognate receptors, which have been identified as the
complement receptors C5aR and C5L2 for LukSF-PV and HlgCB
and as the chemokine receptors CXCR1 and CXCR2 (and CCR2)
for HlgAB (10, 11). LukED, which also recognizes CXCR1 and
CXCR2 (and, in addition, CCR5 on lymphocytes), was shown to
contribute to pathogenesis in murine bacteremia models (12, 13),
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but its role in the pathogenesis of murine pneumonia has not been
established. Mouse neutrophils are lysed by LukED, although at
toxin concentrations approximately 10 times higher than those
needed for human neutrophils (14). Interestingly, while HlgAB
and LukED share receptors on human neutrophils, the mouse
CXCR2 is not recognized by HlgAB, in contrast to LukED (10).
The more distantly related bicomponent leukocidin LukGH/
LukAB, which binds CD11b, the �-subunit of the complement
receptor CR3 (CD11b/CD18 or Mac1), also displays species spec-
ificity, being very potent against human phagocytic cells but inter-
mediately active and very weak against rabbit and mouse phago-
cytes, respectively (15, 16).

Previously, we reported the discovery of unique human mono-
clonal antibodies (MAbs) with simultaneous, high-affinity bind-
ing to Hla and to three F components (HlgB, LukF-PV, and LukD)
of the leukocidin family, resulting in potent inhibition of lysis of
human cells by Hla, HlgAB, HlgCB, LukSF-PV, and LukED in in
vitro assays (17). Such an antibody was shown to be highly protec-
tive in mouse pneumonia models with several S. aureus strains
(17). Considering the species specificity of the leukocidins and
their low toxicity in mice, it appears that murine models have
limitations with respect to evaluation of the efficacy of such anti-
bodies. Moreover, mice were also reported to be significantly less
sensitive or even resistant to other toxins, e.g., Hla, toxic shock
syndrome toxin 1 (TSST-1), and enterotoxin superantigens, all of
which are important S. aureus virulence factors (18).

Hla is known to be hemolytic and to cause damage to the lung
in both mice and rabbits. However, the susceptibility of rabbits to
gamma-hemolysins and LukED and the contribution of these tox-
ins to disease have not been reported. Therefore, we aimed to
determine the sensitivity of rabbit polymorphonuclear cells
(PMNs) to these leukocidins in vitro and to compare the protec-
tive efficacies of Hla-specific and Hla-leukocidin cross-neutraliz-
ing MAbs in rabbit and mouse models of CA-MRSA pneumonia.

MATERIALS AND METHODS
Human monoclonal antibodies used in the study. The Hla/HlgB/LukD/
LukF-PV cross-reactive (Hla-F#5) and Hla-specific human MAbs were
discovered using a human IgG1 library expressed by yeast as described
previously (17). The two MAbs target the cell binding region (rim do-
main) of Hla and compete with each other for antigen binding. They
display comparable affinities and neutralization potencies for Hla (17).
The exact epitopes are different, resulting in quadruple- or monospecific
antibodies. Motavizumab, specific for the respiratory syncytial virus
(RSV), was used as an isotype-matched (human IgG1), negative-control
antibody. The genes for the heavy and light chains of each MAb were
cotransfected into HEK293 cells using the same plasmid vectors and
transfection protocols. MAbs were purified by protein A affinity chroma-
tography, dialyzed against phosphate-buffered saline (PBS), and stored at
the same concentration at �80°C until use.

Mouse pneumonia model. Female, 6-to-8-week-old BALB/cJRj mice
(Janvier, France) were randomized for administration of one of the three
monoclonal antibody preparations: Hla-F#5 MAb; Hla-specific MAb; or
isotype-matched, control MAb. Each animal was dosed with 200 �g MAbs
(approximately 10 mg/kg of body weight) via the intraperitoneal route. At
24 h postimmunization, animals were anesthetized by intraperitoneal in-
jection of 200 �l of 10% ketamine (Ketamidor; Richter-Pharma) and 2%
xylazine (Rompun; Bayer) and subsequently challenged intranasally with
a lethal dose of 8 � 108 CFU (in 40 �l of saline solution) of the strain, a
clinical isolate belonging to epidemic CA-MRSA clone USA300-0114.
Survival of animals was monitored daily for 10 days postchallenge. Mor-
ibund animals were humanely euthanized by cervical dislocation prior to

the experimental endpoint. The murine studies were performed accord-
ing to Austrian law (BGBl Nr. 501/1989, approved by MA58, Vienna,
Austria).

Rabbit model of necrotizing pneumonia. Male New Zealand White
rabbits (weighing between 2.0 and 2.4 kg) were randomly assigned for
intravenous administration of one of the three blind monoclonal anti-
body preparations, corresponding to 10 mg/kg of Hla-F#5 MAb, Hla-
specific MAb, or isotype-matched control MAb. At 24 h after antibody
prophylaxis, animals were challenged endobronchially with 6.1 � 109

CFU (in 1.5 ml of saline solution) of SF8300, as previously described (8,
18). Rabbits were assessed for evidence of pulmonary dysfunction every
3 h for the first 48 h and three times daily thereafter until all survivors were
euthanized at 90 h postinfection. Animals with pulmonary dysfunction—
defined as a respiration rate of �75 breaths per minute and the presence of
cyanosis and cough—were euthanized. Ratios of lung weight to body
weight (LW/BW) and bacterial counts in lungs, spleens, and kidneys were
determined at the time that rabbits were found dead or were euthanized
(8, 19).

PMN lysis assays. Mouse PMNs were purified from acid citrate dex-
trose (ACD)-treated whole blood of naive BALB/cJRj mice (Janvier,
France) by negative selection using an EasySep mouse neutrophil enrich-
ment kit (Stemcell Technologies) according to the manufacturer’s in-
structions. Rabbit PMNs from ACD-treated blood of naive New Zealand
White rabbits (Medical University of Vienna, Division for Laboratory
Animal Science and Genetics, Vienna, Austria) were purified using His-
topaque 1077 (Sigma-Aldrich) and HetaSep (Stemcell Technologies) as
described elsewhere (20). Human PMNs were isolated from heparinized
human whole blood according to a previously published protocol (17).
Purification methods resulted in PMN purity of �90% for murine and
�95% for human and rabbit PMNs as determined by flow cytometry
(forward-scatter/side-scatter dot plot analysis) using an iCyt Eclipse flow
cytometer (Sony Biotechnology) as described in reference 20. Viability
was determined by trypan blue (Thermo Scientific) exclusion and was
�98% for all three species. Purified PMNs were resuspended in RPMI
1640 (Gibco) supplemented with 10% fetal calf serum (FCS) (Sigma-
Aldrich) and 2 mM L-glutamine (Invitrogen), referred to as “neutrophil
medium” for all cell-based assays. For toxin activity assays, an equimolar
mixture of the leukocidin F and S components was serially diluted in
neutrophil medium and used for intoxication of 2.5 � 104 cells for 4 h at
37°C and 5% CO2 in 96-well, white half-area plates (Greiner). Cell viabil-
ity was then measured using a CellTiter-Glo luminescent cell viability
assay kit (Promega), and lactate dehydrogenase (LDH) release was deter-
mined using a CytoTox 96 nonradioactive cytotoxicity assay (Promega).
Percent viability (ATP assay) was calculated relative to mock-treated con-
trol cell results, and LDH release was expressed as a percentage relative to
a Triton X-100 (0.8%) lysis control. Values corresponding to 50% effec-
tive concentrations (EC50s) were calculated by nonlinear regression anal-
ysis using Prism 6 (GraphPad).

Hla neutralization assay—rabbit RBC hemolysis inhibition. Red
blood cells (RBCs) were purified from EDTA-treated whole blood ob-
tained from naive New Zealand White rabbits (Preclinics; Germany) by
Ficoll purification (Ficoll-Paque Plus; GE Healthcare). Pooled sera from
rabbits treated with Hla-F#5 or Hla-specific or control MAbs, obtained
23 h after intravenous MAb administration (1 h before bacterial chal-
lenge), were serially diluted in PBS and mixed with recombinant Hla (10
nM). After preincubation at room temperature for 30 min, the mixture
was applied to 5 � 107 RBCs per well for 1 h at 37°C. Cell lysis was detected
by photometric measurement of released hemoglobin at 541 nm. Percent
inhibition of toxin activity was calculated using the following formula:
percent inhibition � [(normal activity � inhibited activity)/(normal ac-
tivity)] � 100. Data were analyzed by nonlinear regression analysis using
Prism 6 (GraphPad).

Leukocidin neutralization assays—PMN lysis inhibition. For PMN
cytotoxicity inhibition assays, pooled sera (described above) were serially
diluted in neutrophil medium and mixed with recombinant leukocidins
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at concentrations selected to result in �90% cell death in the absence of
neutralizing antibodies (as indicated in the figure legends). Sera and tox-
ins were preincubated for 30 min prior to addition of rabbit PMNs (2.5 �
104 cells/well). Cell viability was measured after 4 h of incubation at 37°C
in 5% CO2 using a CellTiter-Glo luminescent cell viability assay kit (Pro-
mega). Inhibition of toxin activity was calculated using the same formula
as mentioned above. Data were analyzed by nonlinear regression analysis
using Prism 6 (GraphPad).

Statistical analyses. The survival rates of mice and rabbits in the dif-
ferent treatment groups, indicated in the respective Kaplan-Meier plots,
were statistically compared by applying the two-sided log-rank (Mantel-
Cox) test using the hypothesis that the survival curves of animals pre-
treated with Hla-specific MAb, Hla-F#5 MAb, or control MAb are not
different from one another, with P values of �0.017 (the significance level
of 0.05 divided by 3 different comparisons) being considered statistically
significant to account for multiple comparisons performed using the Bon-
ferroni method. LW/BW ratios and bacterial densities in lungs, spleens,
and kidneys were compared to one another by nonparametric one-way
analysis of variance (ANOVA) with the Kruskal-Wallis test followed by
Dunn’s multiple-comparison test using Prism 6 (GraphPad).

RESULTS
Rabbit PMNs, unlike mouse PMNs, are highly susceptible to
leukocidins. To determine the sensitivity of rabbit white blood
cells to gamma hemolysin, LukED, and LukSF-PV and to directly
compare it to that of mouse and human cells, polymorphonuclear
cells (PMNs) were purified from freshly drawn rabbit, mouse, and
human blood and incubated with recombinant leukocidins in a
broad range of concentrations (50 to 0.001 nM). In these assays,
two different readouts were used: cell viability measured by lumi-
nescent detection of cellular ATP levels and cell lysis determined
by LDH release. The results of the two different methods were
comparable, with slightly higher EC50 values calculated based on
LDH release compared to the more sensitive ATP-based readout.
Both methods revealed high sensitivity of rabbit PMNs to all four
leukocidins, being in the same range as that observed with human
PMNs, with the exception of LukED, which was even more potent
for rabbit cells (Fig. 1). Mouse PMNs were resistant to LukSF-PV,
and HlgAB and HlgCB did not reach half maximal killing in the
LDH release assay even at the highest toxin concentration tested
(50 nM; 	3.5 �g/ml). The level of LukED-mediated lysis of
mouse PMN was about 2 orders and 1 order of magnitude lower
than those of rabbit and human PMNs, respectively.

Comparable efficacies of Hla-specific and Hla-leukocidin
cross-neutralizing MAbs in a murine pneumonia model. Hla-
F#5 MAb, which cross-neutralizes Hla, HlgAB, HlgCB, LukSF-
PV, and LukED, and an Hla-specific MAb were compared for their
protective efficacies in a murine pneumonia model induced by
intranasal challenge with the CA-MRSA USA300 type SF8300
strain. Mice were immunized intraperitoneally with Hla-F#5 or
Hla-specific or isotype-matched negative-control MAbs at a 10
mg/kg dose 24 h prior to bacterial challenge. We detected 20%
(3/15) survival in the control group, while both Hla-F#5 MAb and
the Hla-specific MAb elicited full (100%; 15/15) protection (Fig.
2) (P � 0.0001 versus control MAb by log-rank [Mantel-Cox]
test).

Neutralization of leukocidins in addition to alpha-hemoly-
sin increases survival in the rabbit necrotizing pneumonia
model. Since rabbit cells proved to be significantly more sensitive
to S. aureus leukocidins than mouse cells, we aimed at evaluating
survival outcomes for rabbits treated with Hla plus leukocidin
neutralizing antibody in a CA-MRSA pneumonia model de-

scribed previously (8, 18). Animals were randomized for prophy-
laxis with Hla-F#5 MAb, the Hla-specific MAb, or control MAb
(10 mg/kg of the same purification batches used in the murine
model) and were infected endobronchially 24 h later with a
USA300 CA-MRSA strain (SF8300). The survival rates were 100%
(8/8) for rabbits immunized with the Hla-F#5 MAb and only 25%
(2/8) for the animals pretreated with the Hla-specific MAb and
0% (0/8) for those in the control group (Fig. 3A). Unlike in the
mouse model, pretreatment with Hla-F#5 MAb resulted in a 75%
reduction in the mortality rate compared to the Hla-specific MAb
(Fig. 3A), suggesting that simultaneous neutralization of Hla and
bicomponent leukocidins enhanced survival over targeting of Hla
alone. Although rabbits passively immunized with Hla-specific
MAb had statistically significantly greater protection than those
immunized with control MAb (Fig. 3A), the overall difference in
mortality rates was only 25%, further suggesting that targeting of
Hla alone may not be sufficient to confer a significant survival
benefit in an animal species susceptible to the bicomponent leu-
kocidins.

The severity of pulmonary edema, as determined using the
LW/BW ratios, was reduced in rabbits pretreated with control
MAb compared to those pretreated with Hla-specific MAb or Hla-
F#5 MAb (Fig. 3B). As PVL was shown previously to induce
greater severity of pulmonary edema in the same model of rabbit
pneumonia (6), it would be expected that animals pretreated with
Hla-F#5 MAb, which neutralizes PVL, would have reduced pul-
monary edema formation. A potential explanation is that rabbits
pretreated with the control MAb succumbed rapidly to fatal infec-
tion, allowing less time for pulmonary edema formation, com-
pared to those treated with the Hla-F#5 or Hla-specific MAbs that
had prolonged survival time, which allowed more time for staph-
ylococcal virulence factors other than those targeted by these
MAbs to induce pulmonary edema formation. In support of this,
the LW/BW ratio was 10.67 for the seven rabbits that died early
(between 9 and 12 h postinfection) compared to 12.99 for the
seven animals that died later (15 to 33 h postinfection; P � 0.016).

Bacterial counts in lungs, spleens, and kidneys were signifi-
cantly lower in rabbits pretreated with Hla-F#5 MAb than in those
pretreated with the Hla-specific MAb or control MAb (Fig. 3C to
E). This reduction in CFU counts afforded by Hla-F#5 MAb was
not due to any direct antimicrobial effect because this antibody
targets secreted toxins but was rather an indirect effect on enhanc-
ing host survival, thereby allowing the host’s cellular immune de-
fense to clear the bacteria from lungs and distal organs. In support
of this, rabbits that died of pneumonia had a bacterial burden in
the lung that was 	104-fold greater than that seen with those that
were euthanized at 90 h postinfection (filled versus open symbols
in Fig. 3C to E).

We wanted to confirm that sera of rabbits passively immunized
with Hla-F#5 or the Hla-specific MAb were effective in neutraliz-
ing cytotoxins in vitro. Therefore, sera were collected 1 h before
bacterial challenge, pooled for each treatment group (8 in each
group), and characterized in toxin neutralization assays. The se-
rum pools from animals treated with Hla-F#5 MAb or Hla-spe-
cific MAb exhibited comparable neutralization potencies in the
rabbit RBC lysis assay performed with recombinant alpha-hemo-
lysin (Fig. 4A), whereas only the Hla-F#5-containing serum pool
exhibited neutralization activities against the bicomponent tox-
ins, namely, LukSF-PV (Fig. 4B), LukED (Fig. 4C), and HlgCB
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(Fig. 4D). The serum pool from rabbits treated with control MAb
did not exhibit any toxin neutralization activity.

These data confirmed that, compared to the Hla-specific MAb,
the Hla-F#5 MAb provides improved protection against lethal
pneumonia through its potent neutralizing activities against leu-
kocidins.

DISCUSSION

In order to best predict the clinical value of human therapeutics, it
is essential to use appropriate animal models. This is especially
critical in light of repeated experiences showing that vaccines and
antibody-based approaches targeting S. aureus failed to show clin-
ical efficacy despite supportive preclinical in vivo data generated in
rodent models (mainly in mice) (21). Recent immune approaches
increasingly employ cytolysins as vaccine antigens and as targets
for human monoclonal antibody therapeutics (22, 23). A previ-
ously described human MAb, Hla-F#5, binds to a region suffi-
ciently conserved in alpha-hemolysin (Hla), LukF-PV, HlgB, and

FIG 2 Protection in murine CA-MRSA pneumonia model is dependent on
alpha-hemolysin neutralization. Kaplan-Meier survival curves are shown for
three independent experiments performed with 5 BALB/cJRj mice per group
(n � 15 animals per experimental group). At 24 h prior to lethal intranasal
challenge with 8.0 � 108 CFU S. aureus strain SF8300, animals were immu-
nized intraperitoneally with 200 �g (	10 mg/kg of body weight) of Hla-F#5,
Hla-specific, or control MAb. Indicated P values were calculated by log-rank
(Mantel-Cox) test.

FIG 1 Greatly different sensitivities of rabbit, mouse, and human PMNs to S. aureus leukocidins. PMNs purified from rabbit, mouse, and human whole blood
were coincubated with leukocidins in the indicated dose range for 4 hours, followed by parallel measurement of cellular ATP content (blue curves and EC50

values) and LDH release (red curves and EC50 values) as indicators for cell viability or pore formation, respectively. n.d., no EC50 value determined. Error bars
represent SEM from at least 2 independent experiments for each toxin.
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LukD for high-affinity interaction and therefore neutralizes Hla,
LukSF-PV, HlgAB, HlgCB, and LukED (17). Due to the species
specificity of the cytolysins targeted by Hla-F#5, the choice of an-
imal species is pivotal for testing its efficacy and understanding the
mechanism of protection. We observed that rabbit PMNs were
not only highly susceptible to LukSF-PV, in line with earlier re-
ports (7, 8), but were also sensitive to HlgAB, HlgCB, and LukED
(Fig. 1). These data resembled those obtained with human PMNs,
although LukED was even more potent toward rabbit cells. In
contrast, mouse PMNs exhibited sensitivity to LukED that was
6-fold to 10-fold lower than that seen with human PMNs and were
not lysed by LukSF-PV, and less than 20% of total LDH was re-
leased by HlgAB or HlgCB at the highest concentration tested.
Therefore, we conclude that the rabbit is a more relevant host than

the mouse for investigating the contribution of leukocidins to S.
aureus pneumonia pathogenesis and thus for evaluating the po-
tential beneficial effects of leukocidin neutralization in disease
prevention.

We subsequently compared the protective efficacies of human
monoclonal antibodies neutralizing Hla only (Hla-specific MAb)
or cross-neutralizing four leukocidins in addition to Hla (Hla-F#5
MAb) in mouse and rabbit pneumonia models using the same
CA-MRSA USA300 strain and the same batches and doses of
MAbs. Although Hla-F#5 has previously been shown to protect
against pneumonia and sepsis in mouse models (17), it was not
evident whether its mechanism of protection included neutraliza-
tion of any bicomponent leukocidins. It was also not clear whether
neutralization of alpha-hemolysin alone was sufficient to confer

FIG 3 Superior in vivo efficacy achieved by simultaneous neutralization of Hla and leukocidins in the rabbit model of CA-MRSA necrotizing pneumonia. (A)
Kaplan-Meier survival curves for animals (n � 8 per group) pretreated at 24 h before challenge with S. aureus strain SF8300 (6.1 � 109 CFU/ml) with 10 mg/kg
of Hla-specific MAb, 10 mg/kg of Hla-F#5 MAb, or 10 mg/kg of control MAb. P values were calculated by log-rank (Mantel-Cox) test. (B) Comparisons of lung
weight (in grams) to body weight (in kilograms) (LW/BW � 103). (C to E) Bacterial counts (log10 CFU) in lung (C), spleen (D), and kidneys (E). In panels B to
E, filled symbols represent data from animals that died from respiratory failure or were euthanized for pulmonary dysfunction, and open symbols represent data
from surviving rabbits that were euthanized at 90 h postinfection. Multiplicity-adjusted P values were calculated by nonparametric one-way ANOVA with the
Kruskal-Wallis test followed by Dunn’s multiple-comparison test.
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protection in rabbits that are susceptible to LukSF-PV and other
bicomponent toxins. Here, we have shown that Hla-F#5 MAb has
protective efficacy comparable to that of an Hla-specific MAb in a
mouse pneumonia model (Fig. 2), suggesting that targeting of Hla
alone is sufficient to improve survival outcomes in the mouse.
These data are in line with earlier observations indicating that S.
aureus pathogenesis is mainly driven by Hla in mouse models
(18). In contrast, Hla-F#5 MAb demonstrated efficacy that was
superior to that of Hla-specific MAb in the rabbit pneumonia
model (Fig. 3), indicating that neutralization of leukocidins con-
tributes to prevention of pneumonia in a species that is highly
susceptible to these cytolytic toxins. A limitation of the current
study was that it focused on survival outcome and was not de-
signed to evaluate the effects on lung edema and bacterial burden,
which are evaluable only when animals are sacrificed at the same
time point after bacterial challenge (e.g., see reference 8).

This rabbit pneumonia model reproduces some of the hall-
mark clinical features of fulminant necrotizing pneumonia in hu-
mans, including severe leukopenia, lung necrosis, respiratory fail-
ure, hemoptysis, and death (8). S. aureus necrotizing pneumonia
is a rare clinical entity that is rapidly progressive and hemorrhagic
and is associated with severe leukopenia and high mortality (24).
It is often caused by S. aureus strains that produce LukSF-PV,
most notably CA-MRSA strains, even in young, immunocompe-
tent patients, typically after presenting with flu-like symptoms
(25). S. aureus strains are very heterogeneous regarding their cy-
totoxin expression profiles. The SF8300 USA300 CA-MRSA strain
used in this study carries the genes for Hla and all five leukocidins.
We previously reported that LukSF-PV contributed to acute lung
injury and death in a PMN-dependent manner (8). While
lukSF-PV is present in only 5% to 10% of S. aureus clinical isolates,
hlgABC and lukED can be found in 100% and 	60% of S. aureus
strains, respectively. Although CA-MRSA strain USA300 is a com-
mon cause of necrotizing pneumonia, it also causes nonnecrotiz-
ing nosocomial pneumonia. The majority of S. aureus pneumonia
cases are not characterized as necrotizing. Moreover, hospital-asso-
ciated MRSA strains, such as the USA100 clone, endemic in health
care facilities across the United States, and methicillin-susceptible
S. aureus (MSSA) strains are frequently isolated from pneumonia
patients. The USA100 strains and the majority of MSSA strains do
not express LukSF-PV; therefore, it will be important to evaluate

whether the Hla-F#5 MAb would also confer greater survival ben-
efits than Hla-specific MAbs in the rabbit pneumonia model with
LukSF-PV-negative strains.

In patients who were receiving mechanical ventilation and
were heavily colonized in their lower airways with S. aureus, Hla
expression levels of MSSA strains were associated with progres-
sion to pneumonia (26). In the same study, none of the S. aureus
isolates obtained from patients diagnosed with ventilator-associ-
ated pneumonia carried the gene for LukSF-PV. Based on the
functionally equivalent roles of the other leukocidins in lysing
human phagocytic cells with the same potency as LukSF-PV, their
involvement in neutrophil-associated lung damage can be envi-
sioned. However, it remains to be seen whether leukocidin neu-
tralization can interfere with nonnecrotizing pneumonia progres-
sion. A derivative of the Hla-F#5 MAb (ASN-1) is an important
component of MAb combination product candidate ASN100,
which recently completed phase 1 safety and pharmacokinetic
testing and is in development for use in a stand-alone preemptive
approach in the prevention of pneumonia in patients receiving
mechanical ventilation. Therefore, the prophylactic approach
used in this study is relevant to support the intended clinical indi-
cation.

Cytotoxin neutralization may also reduce disease severity
when used as an adjunctive therapy in addition to antibiotics ad-
ministration in patients diagnosed with S. aureus pneumonia. The
therapeutic efficacy of the Hla-F#5 MAb, as well as of two Hla-
specific antibodies, was demonstrated in combination with differ-
ent antibiotics in mice (17, 27–29). It will be necessary to perform
similar therapeutic studies with Hla-F#5 in the rabbit necrotizing
pneumonia model, particularly in light of the notion that certain
commonly used antimicrobial agents such as oxacillin or vanco-
mycin upregulate the cytotoxin production of S. aureus whereas
others (e.g., bacterial protein synthesis inhibitors clindamycin and
linezolid) are not expected to increase cytolysin production (19,
30, 31).

In sum, in vivo data, together with those from in vitro cytotoxin
neutralization assays performed with sera from MAb-treated rab-
bits, confirm that the mechanism of protection afforded by Hla-
F#5 MAb in necrotizing pneumonia is based on leukocidin neu-
tralization in addition to alpha-hemolysin neutralization.

FIG 4 In vitro neutralization of cytotoxins with rabbit sera after passive immunization with human MAbs. Rabbit sera, collected at 1 h before bacterial challenge
from animals treated with Hla-F#5, Hla-specific, or control MAbs, were pooled and tested for cytotoxin neutralization potency using rabbit cells. (A) Rabbit red
blood cell (RBC) hemolysis inhibition assay using Hla at 10 nM. (B to D) Rabbit PMN lysis inhibition assay using LukSF-PV at 1 nM (B), LukED at 0.1 nM (C),
and HlgCB at 0.25 nM (D). Error bars represent SEM of data from at least 2 independent experiments for each toxin.
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