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Staphylococcus aureus pneumonia is a common, potentially life-threatening infection caused by this human
pathogen. The only therapies available to treat S. aureus pneumonia are antibiotics, a modality that is
jeopardized by the organism’s remarkable ability to acquire antimicrobial resistance. S. aureus alpha-hemo-
lysin is a pore-forming cytotoxin that is essential for the pathogenesis of pneumonia. Strains lacking this
cytotoxin are avirulent in a murine model of pneumonia; likewise, vaccine-based strategies that antagonize the
toxin afford protection against lethal disease. Disruption of the function of this toxin therefore provides a
potent mechanism to prevent and/or treat S. aureus pneumonia. 3-Cyclodextrin derivatives are small molecules
with a sevenfold symmetry that mirrors the heptameric alpha-hemolysin. These compounds block the assem-
bled alpha-hemolysin pore, compromising toxin function. We report that a modified 3-cyclodextrin compound,
IB201, prevents alpha-hemolysin-induced lysis of human alveolar epithelial cells. This protective effect does not
result from the ability of the B-cyclodextrin to impair formation of the oligomeric alpha-hemolysin on the cell
surface, supporting a role for this molecule in blockade of the lytic pore. An examination of IB201 in murine
S. aureus pneumonia demonstrated that administration of this compound prevents and treats disease, pro-
tecting against mortality. Consistent with the vital importance of alpha-hemolysin in pneumonia caused by
methicillin-sensitive and highly virulent methicillin-resistant S. aureus strains, IB201 protects against lethal
challenge with both types of isolates. These observations, coupled with a favorable safety profile of 3-cyclo-

dextrin compounds, provide a novel strategy that may be developed to combat S. aureus pneumonia.

Staphylococcus aureus is a gram-positive human pathogen
that is able to cause a multitude of diseases ranging in severity
(21). Of the many infections and toxinoses mediated by S.
aureus, pneumonia is among the most prominent, accounting
for an estimated 50,000 staphylococcal infections per year in
the United States alone (18, 20). As one of the leading etio-
logic agents of ventilator-associated pneumonia, S. aureus has
long plagued the intensive care environment (14, 19). Further,
this pathogen is now increasingly recognized as an important
cause of community-acquired pneumonia, displaying the ca-
pacity to infect a population of otherwise healthy adults and
children (9, 10, 19). A number of these reported cases of
community-acquired disease have occurred on the backdrop of
an intercurrent respiratory viral infection, often caused by in-
fluenza (8, 9, 15). The fulminant nature of coinfection with
influenza and S. aureus is evident in mortality rates that ap-
proach or exceed 50%, highlighting an apparent synergy of
these pathogens in the lung environment. Both the reliance of
an aging population on intensive care therapies and the current
threat of epidemic or pandemic influenza underscore the large
populations of diverse individuals that are at significant risk for
the development of S. aureus pneumonia.

Complicating the clinical management of staphylococcal
pneumonia is the fact that over half of S. aureus isolates are
currently classified as methicillin-resistant S. aureus (MRSA),
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harboring genes that render these isolates insensitive to a once
potent class of antimicrobial agents (14). Recent clinical ob-
servations have documented that mortality from MRSA pneu-
monia can exceed 50%;, defining the severity of disease caused
by this organism (1). The estimated direct medical cost to treat
a patient suffering with S. aureus pneumonia is in excess of
$35,000, imparting a significant burden on the economy (30). The
combined risks of a changing disease epidemiology and wide-
spread drug resistance among S. aureus strains mandate the de-
velopment of novel strategies to both prevent and treat disease.
Recent investigations highlighting the pore-forming cytotoxin al-
pha-hemolysin (Hla) as essential for the pathogenesis of S. aureus
pneumonia have provided opportunities to design and investigate
new strategies to combat this disease (5, 6, 28).

S. aureus strains lacking Hla display a profound defect in
virulence in a murine model of pneumonia (4, 5). Consistent
with this observation, antagonism of the toxin through a num-
ber of distinct immunization strategies has been demonstrated
to provide protection against disease (6, 28). Hla displays a
detrimental effect on the lung epithelium, resulting in cellular
injury and death as well as the generation of proinflammatory
mediators (23, 29). The toxin also has the capacity to target the
pulmonary vascular endothelium, as treatment of isolated pul-
monary arteries ex vivo results in increased vascular resistance
and vascular leakage (31, 32). In addition to its role in the lung,
this toxin plays a critical role in S. aureus pathogenesis in
intraperitoneal, intramammary, and corneal models of infec-
tion (3, 7, 27). Hla is secreted by the majority of S. aureus
strains as a water-soluble monomer (2, 26). This monomeric
form binds to susceptible host cell membranes and through a
well-detailed series of intra- and intermolecular interactions,
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subsequently assembles into a stable homoheptameric trans-
membrane pore with a 2-nm internal diameter (11, 17, 33).
With the essential nature of alpha-toxin in mind, Karginov et
al. used structure-inspired drug design to demonstrate that a
hepta-6-substituted B-cyclodextrin derivative, termed IB201, is
able to prevent alpha-toxin-mediated hemolysis of rabbit red
blood cells (rRBCs), a cell type that is highly sensitive to the
lytic action of the toxin (16). Previous investigations had dem-
onstrated the utility of unsubstituted B-cyclodextrin as an
adapter molecule, capable of lodging in the central pore of
alpha-hemolysin and facilitating the use of the toxin as a bio-
sensor (12, 13). An investigation of IB201 revealed that this
molecule blocks ion conductance through the assembled he-
molysin pore, consistent with the ability of the cyclodextrins to
insert into the pore itself. The inhibitory effect of IB201 on ion
conductance and red blood cell hemolysis are both observed in
the low micromolar concentration range, demonstrating the
potency of this molecule as an inhibitor of the S. aureus
alpha-hemolysin. Interestingly, McCormick et al. have re-
cently utilized methyl-B-cyclodextrin plus cholesterol to in-
hibit the activity of S. aureus alpha-hemolysin, revealing that
this treatment affords protection against toxin-induced cor-
neal erosions in a rabbit model of S. aureus keratitis (22).
We report herein that the B-cyclodextrin derivative IB201 is
able to prevent alpha-toxin-mediated alveolar epithelial cell
lysis in vitro and is also able to prevent mortality associated
with S. aureus pneumonia in a murine model of infection.

MATERIALS AND METHODS

Bacterial strains, culture, and plasmid constructs. For mouse lung infections,
S. aureus strains Newman and LAC/USA300 were grown at 37°C in tryptic soy
broth to an optical density at 660 nm (ODgg,) of 0.5. Fifty-milliliter culture
aliquots were centrifuged and washed in phosphate-buffered saline (PBS) prior
to resuspension. For mortality studies, S. aureus Newman was resuspended in 750
ul (3 X 108 to 4 x 10® CFU per 30-ul volume), while S. aureus LAC/USA300 was
resuspended in 1,250 pl (2 X 108 CFU per 30-pl volume). For bacterial load and
histopathology experiments, S. aureus Newman was resuspended in 1,100 pl (2 X
10® CFU per 30-p1 volume). For cytotoxicity studies, 5 ml of culture prepared as
described above was resuspended in 10 ml of F12K medium (Invitrogen). A
100-pl suspension was used per assay well. To generate a polyhistidine-tagged
version of full-length, active Hla, a PCR product encoding the mature polypep-
tide was amplified from S. aureus Newman chromosomal DNA, cloned into
pET24b (Novagen), and then transformed into Escherichia coli BL21(DE3) (28).

Chemicals. Per-6-[N*-Boc-L-ornithinyl)amino]-B-cyclodextrin trifluoroacetic acid
salt (IB201) was custom synthesized by CycloLab (Budapest, Hungary). For in vitro
assays, IB201 was resuspended in sterile PBS containing 0.1% dimethyl sulfoxide
(DMSO) (PBSD). For in vivo assays, IB201 was resuspended in sterile PBS.

Animals and procedures. Animal experiments were reviewed, approved, and
supervised by the Institutional Animal Care and Use Committee at the Univer-
sity of Chicago. For lung infection, 7-week-old C57BL/6J mice (Jackson Labo-
ratory) were anesthetized before inoculation of 30 wl of S. aureus suspension
prepared as described above into the left nare. Animals were placed into the cage
in a supine position for recovery and were observed for the time periods indi-
cated in each figure. A small percentage of animals routinely succumbed within
the first 6 h after inoculation, likely from the combined effects of aspiration and
anesthesia. These animals were not included in subsequent statistical analyses.
All animal experiments were performed on groups of 15 mice per condition.

For studies of the effects of IB201 treatment, animals infected with S. aureus
received scheduled doses of the compound in a 100-pl volume via the intrave-
nous (i.v.) route at the concentrations indicated 2 h following infection and then
at 12-h intervals thereafter for a total of six doses. Control mice received 100 pl
PBS according to the same schedule.

For studies of the effects of prophylactic administration of IB201 or the effects
of a single dose of IB201 postinfection as depicted in Fig. 4, infected mice
received 100 wl IB201 (to deliver 10 mg/kg of body weight) in a single dose either
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2 h prior to infection with S. aureus or at 2, 6, or 12 h postinfection. Control mice
received a single treatment with 100 pl PBS 2 h prior to the time of infection.

To evaluate the pathological correlates of pneumonia, infected animals were
killed via forced CO, inhalation before removal of both lungs. The right lung was
homogenized for enumeration of lung bacterial load via serial dilution and
plating techniques. The left lung was placed in 10% formalin, paraffin embedded,
thin sectioned, stained with hematoxylin-eosin, and analyzed by microscopy.

Live/dead and cytotoxicity assays. A549 cells were washed and plated in F12K
medium supplemented with 10% fetal bovine serum at a density of 1.5 X 10* cells
per well of a 96-well plate. For both assays, washed A549 cells were cultured with
100 pl of staphylococcal suspension per well in F12K medium with either control
PBS or the indicated concentrations of IB201 in triplicate wells. After 3.5 h of
incubation at 37°C, either cells were treated with live/dead (green/red) reagent
(Invitrogen), or lactate dehydrogenase (LDH) activity was determined (Roche)
according to the manufacturer’s recommendations. Prior to live/dead staining,
cells were gently rinsed two times with PBS to remove staphylococci. Microscopic
images of stained cells were obtained using a microscope (Eclipse TE2000U;
Nikon). LDH activity was measured on a spectrophotometer and is depicted as
the percent maximal lysis achieved with detergent treatment of the A549 cells.
Results are representative of a minimum of two independent experiments. Fifty
percent inhibitory concentration (ICs,) calculations were performed using
SigmaPlot software.

Oligomerization and rabbit red blood cell hemolysis assay. Radiolabeled Hla
was synthesized by in vitro transcription and translation performed using a
construct encoding full-length Hla in the pET24b vector (Novagen) in an E. coli
S30 extract (Promega) supplemented with T7 RNA polymerase, rifampin, and
[>*S]methionine according to the manufacturer’s instructions. One hundred
twenty microliters of 12.5% rabbit red blood cells in K-PBSA/BME (20 mM
K-phosphate [monobasic], 150 mM NaCl [pH 7.4], 1 mg/ml bovine serum albu-
min [BSA], 1 mM B-mercaptoethanol [BME]) was incubated with 30 pl of the
radiolabeled Hla mix in the presence of either PBS control or IB201 (50 wM) for
1 hour at 20°C. Following incubation, samples were centrifuged at 13,000 rpm for
5 min. Supernatants were removed, and the absorbance of the supernatants was
measured at 475 nm. Percent hemolysis was calculated using the supernatant
reading from an equivalent number of cells that had been lysed in 1% Triton
X-100. The corresponding pellets were washed with 500 wl K-PBSA/BME and
centrifuged as described above. The samples were then resuspended in 90 pl of
1x Laemmli buffer, divided into three separate aliquots, and incubated at either
37°C, 50°C, or 90°C as indicated for 10 min prior to loading 12 pl of the sample
on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels for electrophoresis.
Gels were dried, and then the results were visualized using a phosphorimager.

Statistical analysis. Statistical significance of mortality studies was assessed
using Fisher’s exact test; significance of LDH release assay results, bacterial
recovery from lungs, and red blood cell hemolysis was calculated using the
two-tailed Student # test.

RESULTS AND DISCUSSION

B-Cyclodextrin inhibitor IB201 prevents Hla-mediated he-
molysis without impairing toxin oligomerization. The forma-
tion of an oligomeric alpha-hemolysin (Hla) pore within the
membrane of susceptible cells leads to the efflux of cytoplasmic
potassium and other small molecules. Initial investigations of
the B-cyclodextrin derivative IB201, depicted in Fig. 1A, re-
vealed that this molecule is able to functionally block the
central Hla pore in artificial membranes, terminating an estab-
lished potassium ion current (16). This blockade of the pore
correlates with a significant reduction in the lytic activity of the
toxin. A series of elegant studies have demonstrated that Hla
forms a heat- and SDS-stable oligomer, a structure that is
required for lytic capacity (25, 33, 34). To investigate whether
the disruption of pore conductance and lytic function of Hla by
IB201 results from an alteration in the heptameric state of the
assembled toxin, we examined the effects of IB201 on Hla
oligomerization in vitro. [*>S]methionine-labeled Hla was gen-
erated in an E. coli S30 extract in vitro transcription/translation
assay utilizing a pET-based construct encoding the mature
form of Hla with an appended C-terminal histidine tag (28).
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FIG. 1. B-Cyclodextrin IB201 prevents alpha-toxin-induced hemolysis
without disrupting formation of the fully assembled heptameric toxin.
(A) Structure of B-cyclodextrin derivative IB201. (B) Hemolysis assays
were performed with active [>*S]methionine-labeled toxin synthesized in
vitro added to 12.5% rabbit red blood cells (rRBC) in K-PBSA/BME. The
addition of 50 WM IB201 significantly reduced hemolysis as measured by
the absorbance at 475 nm (Abs,,;s) of assay supernatants (P = 1.7 X
10~7). Each condition was analyzed in triplicate, and the results shown are
representative of two independent experiments. (C) Active [*>S]methionine-
labeled toxin was synthesized in vitro and added to rRBC in the presence
of PBS or 50 uM IB201 at 37°C, 50°C, or 90°C. Toxin oligomerization
(designated Hla,) was evident with both PBS and IB201. IB201 did not
disrupt binding of the labeled toxin to rRBCs, indicated by the presence
of the Hla monomer in all lanes. The results shown are representative of
the results of two independent experiments.

Labeled, active Hla was incubated with rabbit red blood cells
(rRBCs) either in control PBS or in the presence of 50 uM
IB201. Following a 1-h incubation with Hla, insoluble cellular
components were pelleted, and the remaining supernatants
were analyzed to quantitate toxin-induced hemolysis. In the
presence of PBS, labeled toxin leads to the lysis of greater than
95% of the rRBCs when measured as the OD,,s of assay
supernatants. Conversely, the addition of IB201 provides
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marked protection against Hla-mediated rRBC lysis (Fig. 1B).
To examine the effects of this compound on oligomer forma-
tion, cell pellets from the above assays were divided into three
equal parts and subjected to treatment at 37°C, 50°C, or 90°C.
The oligomer formed by the radiolabeled wild-type toxin is
SDS and heat stable to 66°C (24, 35), while mutant forms of
the toxin that are defective in stable oligomer formation have
a reduced capacity to remain in the assembled form at 50°C
(34). Membrane-associated, labeled toxin from the hemolysis
assays depicted in Fig. 1B was visualized by SDS-polyacryl-
amide gel electrophoresis (PAGE) after treatment at the in-
dicated temperatures (37°C, 50°C, and 90°C), and the presence
or absence of the oligomer was assessed. The addition of Hla
to rRBCs in the presence of control PBS led to the formation
of an oligomer at 37°C and 50°C, consistent with previously
published observations (Fig. 1C, Hla;). Incubation of the
rRBCs at 90°C led to disruption of the oligomer. When Hla is
incubated with rTRBCs in the presence of IB201, a stable
oligomer forms in a fashion identical to that seen without treat-
ment, suggesting that the modified B-cyclodextrin does not
prevent toxin-induced hemolysis by disrupting the formation of
the heptameric pore. In this assay, the monomeric form of
membrane-bound Hla produced in vitro migrates as two bands,
seen in previous studies (17, 28). Together, these data provide
additional support to confirm that the principal mechanism by
which IB201 protects against Hla-induced lysis is to block the
transmembrane pore that is formed by the toxin. As a conse-
quence, cell lysis is impaired, despite the fact that the toxin is
membrane-bound in the fully functional oligomeric form.

B-Cyclodextrin IB201 prevents Hla-mediated alveolar epi-
thelial cell injury. The B-cyclodextrin derivative IB201 was
next examined for its ability to prevent injury to cultured A549
human alveolar epithelial cells. We have previously demon-
strated that A549 cell injury and death in this model critically
depends on Hla, as S. aureus strains lacking Hla do not result
in cellular injury (6). Further, antagonism of the toxin via
anti-Hla antibodies in this culture model is fully protective (6,
28). Uninfected A549 cells retain a green fluorophore when
examined with a live (green)/dead (red) staining reagent (Fig.
2A). Upon coculture of A549 cells with live S. aureus strain
Newman in the presence of PBS control for 3.5 h, cell death
was apparent, as indicated by an increase in the number of red
fluorescent dead cells (Fig. 2B). As the B-cyclodextrin IB201
was solubilized in a PBS-0.1% DMSO (PBSD) vehicle for
these studies, we examined the effects of PBSD on cell death in
the coculture model. As shown in Fig. 2C, the addition of the
PBSD control led to a degree of cell death similar to that
evident with PBS alone, indicating that there are no untoward
effects of DMSO on cell viability in this in vitro system. When
cells were treated with 5 wM IB201 (in the PBSD vehicle), they
were completely protected from Hla-induced cell death (Fig.
2D). A value for cell death (a percentage) is recorded in the
lower right-hand corner of each panel.

To appreciate the concentration range in which IB201 af-
fords protection of A549 cells in vitro, we treated S. aureus-
infected cells with 0.05 to 5 pM IB201 and quantified cell
injury in a lactate dehydrogenase (LDH) release assay. IB201
conferred significant protection across a concentration range
from 0.25 to 5.0 uM when added to cocultures of A549 cells
with §. aureus Newman (Fig. 2E) (P < 0.0008). The IC, was



VoL. 54, 2010

88.8+6.1
E Fio-
100— Newman Newman
90—
o 80—
n —
E ‘7>’. 70
0 = 60— o
@©
E g 50— * % ok * * § 14
a: é 40— o) ——PBSD
§§ 30 ——1B201
20—
10—
O_QOLDOLDLQFID 0.1 T T T T T
DoaroNcSS 0 100 200
E ©c o Minutes
1B201 (M)

FIG. 2. B-Cyclodextrin derivative IB201 protects human alveolar ep-
ithelial cells from S. aureus injury. Live (green)/dead (red) staining of
A549 alveolar epithelial cells was imaged by fluorescence microscopy 3.5 h
after infection. (A to D) Cells were uninfected (A) or cocultured with S.
aureus Newman in medium treated with PBS (B), PBS plus 0.1% DMSO
(PBSD) (C), or 5 M 1B201 in PBSD (D). The percentage of dead cells
for each experimental condition was calculated by scoring live versus dead
cells in four independent fields and expressing the number of dead cells as
a fraction of the total; these values are noted in the bottom right-hand
corner of each panel. Images for each condition are representative of cells
visualized in two independent experiments. Bars, 20 pm. (E) LDH release
by A549 cells was observed by cells cocultured with S. aureus Newman in
medium treated with the indicated concentrations of IB201; an asterisk
indicates a significant reduction in LDH release for specific concentration
(P < 0.05). (F) Optical density readings were taken at 600 nm (ODy,) to
measure the growth of S. aureus strain Newman in the presence of either
PBS plus 0.1% DMSO or 5 uM IB201. The values in panels E and F
represent means =+ standard deviations (SD) (error bars). The data shown
are representative of the data in three independent experiments.

calculated to be 0.54 wM. To ensure the protection 1B201
provides is in fact due to its ability to antagonize the toxin and
not merely the result of an inhibitory effect on bacterial
growth, we analyzed the growth of S. aureus Newman in tryptic
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soy broth supplemented with either control PBSD or 5 uM
IB201. As shown in Fig. 2F, the presence of IB201 did not alter
bacterial growth kinetics. Together, these results demonstrate
the in vitro efficacy of IB201 in protecting human alveolar
epithelial cells against cell death caused by Hla. The low mi-
cromolar concentration of IB201 required to elicit this protec-
tion is very favorable, highlighting the potential for further
investigation of this and related B-cyclodextrin derivatives as
clinically useful small-molecule inhibitors of Hla.

IB201 prevents mortality resulting from methicillin-sensi-
tive S. aureus pneumonia. To determine the ability of IB201 to
protect mice from staphylococcal pneumonia, we infected
7-week-old C57BL/6J mice via the intranasal route (i.n.) with
3 X 10® to 4 X 10% CFU of S. aureus Newman. Two hours
postinfection, we administered PBS or 10, 5, 1, or 0.1 mg of
IB201 per kg via i.v. injection to groups of 15 mice. Mice were
then given additional doses of PBS or IB201 at the correspond-
ing concentrations 12 h after infection and every 12 h thereaf-
ter for a total of five doses. We monitored mortality, a result of
acute lethal disease secondary to S. aureus pneumonia over a
72-h time course. Mice that received either 5 or 10 mg/kg of
IB201 were significantly protected from S. aureus pneumonia
at 48 h and 72 h (Fig. 3A) (P < 0.008). When mice were given
1 mg/kg of IB201, they were significantly protected from mor-
tality only until 48 h postinfection (P < 0.038). This reduction
in mortality indicates that multiple doses of IB201 ranging
from 5 to 10 mg/kg are able to effectively treat S. aureus
pneumonia in a murine model of infection.

To examine the effects of IB201 on S. aureus survival and
proliferation within the lung, we examined CFU recovery from
the right lung of infected mice that had received a 10-mg/kg
dose of IB201 2 h and 12 h after infection with S. aureus
Newman. Lung tissues were harvested for processing 24 h
postinfection, and IB201-treated animals were compared to
animals receiving PBS alone. IB201 facilitated a nearly 1.5-log-
unit reduction in S. aureus recovery from the lung relative to
that observed in controls (Fig. 3B; P < 0.008; groups of 15
mice). Interestingly, this result parallels the diminished recovery
of S. aureus seen in mice infected with Hla-deficient strains or in
mice that received either vaccines or immunotherapy targeting
Hla (5, 6, 28). In aggregate, these observations suggest that Hla
may potentiate lethal staphylococcal lung injury through its ability
to lead to a favorable environment that facilitates bacterial sur-
vival and/or proliferation within the lung.

1B201 does not impact significantly on pathological features
of lung injury in S. aureus pneumonia. Our previous investi-
gations on the role of Hla in S. aureus pneumonia revealed that
antibody-mediated antagonism of the toxin markedly im-
proved the histopathologic manifestations of disease, as the
signs of tissue inflammation and destruction were focal in na-
ture in contrast to the widespread insults evident with control
treatments (6, 28). This result was observed following active
immunization of mice with a nontoxic Hla variant as well as in
passive vaccination studies employing rabbit polyclonal anti-
Hla sera or two newly described anti-Hla mouse monoclonal
antibodies. To examine the impact of IB201 treatment on
pathological manifestations of lung injury, we examined he-
matoxylin-eosin-stained thin sections of lungs from S. au-
reus-infected mice that had either received treatment with
PBS control or 10 mg/kg IB201. Interestingly, while the
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FIG. 3. IB201 protects against S. aureus pneumonia. (A) IB201 was administered to mice via retro-orbital injection 2 h after infection, 12 h after infection,
and then every 12 h thereafter. They were challenged with S. aureus Newman via the i.n. route, and mortality was recorded at 24, 48, and 72 hours postinfection
(P < 0.039; 15 animals per group) (statistical significance is denoted by an asterisk). (B) CFU recovery from the right lung was determined and demonstrated
a significant decrease in bacterial burden in mice that received IB201 (P = 0.008; 15 animals per group). The symbols show the values for individual mice, and
the short horizontal lines indicate the mean bacterial load for that group. (C) Histopathology of S. aureus Newman-infected lung tissue from mice that were
treated with either PBS or IB201. Scale bars on low-magnification images (left) represent 0.1 cm, while scale bars on high-magnification images (right) represent
20 wm. Experimental results shown in panels A, B, and C are representative of the results in two independent experiments.

bacterial burden of S. aureus in the lungs of IB201-treated
mice was significantly reduced (Fig. 3B), widespread inflam-
mation persisted in the lungs of treated animals as manifest
by the accumulation of cellular infiltrates in the alveolar
space and consolidation of the lung tissue (Fig. 3C). The
histopathologic appearance of lung injury was essentially
indistinguishable from that seen in control mice, with the
exception that aggregates of S. aureus were readily visual-
ized in the lungs of control animals but not IB201-treated
animals (Fig. 3C, magnified images; S. aureus aggregates
indicated by the green arrow).

This result was surprising, as antibody-mediated antagonism
of Hla in our previous studies always led to a reduction in the
appearance of lung injury, commensurate with the robust pro-
tection that these strategies provided against mortality from S.
aureus pneumonia. In the case of treatment with IB201, how-
ever, we observe that the compound affords a similar degree of
protection from mortality and a significant reduction in S.
aureus load in the tissues yet does not alter the features of lung
injury apparent histologically. The effects of anti-Hla antibod-
ies in the prevention of disease are perhaps threefold. First,
antibodies may block toxin binding to susceptible host cells.
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Second, these antibodies may have the ability to prevent oligo-
merization of the toxin on the cell membrane. Third, antibod-
ies may have the ability to structurally block the pore itself. It
is probable that an array of polyclonal antibodies may possess
several or all of these activities, while monoclonal antibodies,
such as those we have recently described, may only harbor one
such activity. In contrast, IB201 permits the full assembly of
the heptameric toxin on the cell membrane, exerting its
antagonistic capacity entirely through a functional blockade
of the pore. These disparate observations may suggest that
if Hla is able to assemble on the surface of susceptible cells,
the oligomer itself may induce cellular inflammatory re-
sponses, irrespective of the integrity of the pore. Thus, anti-
bodies that primarily preclude Hla binding to host cells or prevent
oligomerization may have a more potent ability to minimize lung
injury than B-cyclodextrin derivatives that cannot prevent toxin
assembly. This observation highlights the interesting possibility
that the assembled oligomer may stimulate cellular signal trans-
duction cascades that contribute to inflammation, independent of
the injury that may result from compromise of the membrane via
the 2-nm Hla pore. Together, these studies imply that IB201 and
related compounds may serve as a useful tool to more carefully
dissect the molecular mechanisms by which the Hla pore and the
oligomeric structure exact cellular injury and drive host tissue
responses.

Early treatment with IB201 is required to prevent mortality
from S. aureus pneumonia. As the development of both pre-
ventative and therapeutic strategies for S. aureus pneumonia is
needed, we were curious as to whether a single dose of IB201
would be able to prevent or treat S. aureus pneumonia when
given at various times prior to and following infection. A single
10-mg/kg dose of IB201 was given to mice at either 2 h prior to
infection or 2, 6, or 12 h after infection with 3 X 10% to 4 x 108
CFU of S. aureus. Mortality was then observed over a 72-h
time course. Mortality was significantly reduced when the 8-cy-
clodextrin was given 2 h before and 2 h after infection (Fig. 4;
P < 0.035), highlighting the role of this compound in mitigat-
ing early stages of disease. Animals that did not receive I1B201
until 6 and 12 h postinfection showed a trend toward a delay in
the time to death; however, this observation failed to reach
statistical significance. To rule out the possibility that addi-
tional doses of IB201 would be of utility when the first dose is
administered later during the course of infection (i.e., 6 or 12 h
postinfection), we repeated this experiment and gave 10 mg/kg
of IB201 at 6 h or 12 h after infection and then every 12 h
thereafter. While mortality was again delayed in this experi-
ment, 100% mortality was reached by 72 h in both treatment
groups similar to that observed in animals that received PBS
(data not shown). These findings support our previous hypoth-
esis that Hla is essential in the early stages of infection and that
after initial tissue damage, antagonizing the action of the toxin
is no longer effective in halting the progression of disease.

IB201 prevents mortality resulting from methicillin-resis-
tant S. aureus pneumonia. The recent emergence of commu-
nity-acquired methicillin-resistant S. aureus (CA-MRSA) has
led to a changing epidemiology of disease, expanding the co-
hort of people that are normally susceptible to S. aureus pneu-
monia and simultaneously increasing the mortality associated
with this disease. With this in mind, we decided to test the
efficacy of IB201 against a clinical CA-MRSA isolate, LAC/
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FIG. 4. Efficacy of a single dose of B-cyclodextrin derivative IB201 in
S. aureus pneumonia. (A) IB201 (10 mg/kg) was administered as a single
dose at the indicated time points before or after infection with S. aureus
Newman. Mortality was then recorded at 24, 48, and 72 hours postinfec-
tion. Values were statistically significantly different (P < 0.035) for ani-
mals treated either 2 h before or 2 h after infection (15 animals per group)
compared to the control (PBS-treated) animals (statistical significance is
denoted by an asterisk). The experimental results shown are representa-
tive of the results of two independent experiments.

12hr

USA300. This isolate remains one of the most prominent cir-
culating CA-MRSA isolates in the United States, and is known
to be associated with lethal S. aureus pneumonia. We have
previously demonstrated the high-virulence phenotype of
LAC/USA300 in the murine model of S. aureus pneumonia.
This isolate secretes approximately twice as much Hla as S.
aureus Newman does, resulting in rapid and complete mortal-
ity in groups of experimental animals (6). C57BL/6J mice were
infected with 2 X 10 CFU of LAC/USA300 via the i.n. route
and then treated 2 h after infection and at 12-h intervals there-
after with either PBS or 10, 5, 1, or 0.1 mg/kg IB201. Mice that
received either 10 or 5 mg/kg IB201 were significantly protected
from mortality associated with CA-MRSA pneumonia through-
out the 3-day experimental time course (P = 0.0002 and 0.02,
respectively), while mice that received 1 mg/kg were afforded
protection through 48 h postinfection (P = 0.01) (Fig. 5).
Current clinical S. aureus disease is rather frightening when
one considers the widespread distribution of methicillin-resis-
tant isolates that are capable of causing a wide array of infec-
tions, even in individuals that are otherwise healthy. Preven-
tative and therapeutic strategies that specifically disrupt a facet
of the host-pathogen interaction during S. aureus infection
have the potential to provide a powerful means by which to
decrease the morbidity and mortality associated with disease.
In the case of staphylococcal pneumonia, the strict require-
ment for Hla in pathogenesis has allowed for the design of a
number of new vaccine-based modalities to target disease,
each of which has proven efficacious in an animal model and
can now be considered for further development and translation
for human clinical investigation. The studies reported herein
describe the utility of the B-cyclodextrin derivative, IB201, in
the prevention and treatment of S. aureus pneumonia. While
distinct from the potent immunologic approaches we have de-
scribed previously, this small-molecule inhibitor of the toxin af-
fords a similar high level of protection against lethal disease
caused by both methicillin-sensitive and methicillin-resistant clin-
ical isolates. Functioning to block the pore formed by the assem-
bled, heptameric toxin, IB201 is thus able to exploit the essential
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FIG. 5. B-Cyclodextrin derivative IB201 protects against S. aureus
pneumonia caused by highly virulent CA-MRSA isolate LAC/USA300.
(A) 1B201 (10, 5, 1, or 0.1 mg/kg) administered 2 h after infection and
every 12 h thereafter conferred protection against mortality in mice
infected via the i.n. route with S. aureus LAC/USA300 (10 animals per
group). Values were statistically significantly different (P = 0.02) from
the values for the control (PBS-treated) animals (statistical signifi-
cance is denoted by an asterisk). The experimental results shown are
representative of the results of two independent experiments.

nature of Hla in lung infections and provide a novel mechanism
by which to combat deadly staphylococcal pneumonia.
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