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Abstract
The emergence and spread of multi-drug-resistant strains of Staphylococcus aureus in hospitals and in the
community emphasize the urgency for the development of novel therapeutic interventions. Our approach was
to evaluate the potential of harnessing the human immune system to guide the development of novel
therapeutics. We explored the role of preexisting antibodies against S. aureus α-hemolysin in the serum of
human individuals by isolating and characterizing one antibody with a remarkably high affinity to α-hemolysin.
The antibody provided protection in S. aureus pneumonia, skin, and bacteremia mouse models of infection
and also showed therapeutic efficacy when dosed up to 18 h post-infection in the pneumonia model.
Additionally, in pneumonia and bacteremia animal models, the therapeutic efficacy of the α-hemolysin
antibody appeared additive to the antibiotic linezolid. To better understand the mechanism of action of this
isolated antibody, we solved the crystal structure of the α-hemolysin:antibody complex. To our knowledge, this
is the first report of the crystal structure of the α-hemolysin monomer. The structure of the complex shows that
the antibody binds α-hemolysin between the cap and the rim domains. In combination with biochemical data,
the structure suggests that the antibody neutralizes the activity of the toxin by preventing binding to the plasma
membrane of susceptible host cells. The data presented here suggest that protective antibodies directed
against S. aureus molecules exist in some individuals and that such antibodies have a therapeutic potential
either alone or in combination with antibiotics.

© 2013 Elsevier Ltd. All rights reserved.
Introduction

Staphylococcus aureus is a versatile pathogen
and a common cause of nosocomial and community-
acquired infections. While the majority of S. aureus
infections manifest as skin and soft tissue infections
(SSTIs), the pathogen can also cause more invasive
and life-threatening diseases such as sepsis, endo-
carditis, and pneumonia.1 The emergence and
spread, in hospitals and the community, of multi-
drug-resistant strains are making therapeutic inter-
vention increasingly difficult and expensive.2,3 With
only few new antibiotics in development, consider-
able interest and efforts have been directed towards
exploring active and passive immune-mediated
therapeutic approaches to prevent and treat staph-
ylococcal infections.4,5
0022-2836/$ - see front matter © 2013 Elsevier Ltd. All rights reserve
At the same time, S. aureus is a human
commensal and 20–30% of healthy, symptom-free
individuals are persistently colonized in the nose and
another 30% carry it intermittently.6 Although prior
infection with S. aureus is generally thought not to
result in protective immunity, antibodies against a
variety of S. aureus molecules have been detected
in human blood of healthy donors and in infected
individuals and their possible protective role remains
a matter of debate (reviewed in Ref. 7).
S. aureus has a formidable arsenal of virulence

factors that represent potential targets for both active
and passive immunotherapy.8 α-Hemolysin is
among the first characterized and best-studied
pore-forming cytotoxins of S. aureus (reviewed in
Ref. 9). At low concentrations, the toxin induces pro-
inflammatory mediators (reviewed in Ref. 10) and
d. J. Mol. Biol. (2013) 425, 1641–1654
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promotes breachof the epithelial barrier, at least in part
by binding and activating the zinc-dependent metallo-
protease ADAM10, resulting in E-cadherin cleavage
and disruption of intercellular adherens junctions.11–13

At high concentrations, α-hemolysin forms a complex
that creates a pore on susceptible host cell plasma
membranes leading to a disruption of ion gradients,
loss ofmembrane integrity, and direct lysis. The crystal
structure of the fully assembled α-hemolysin pore
complex14 revealed that seven α-hemolysin mono-
mers assemble on themembrane to form the lytic pore
with each monomer donating two β-strands that make
up the membrane-spanning β-barrel.
The critical role of α-hemolysin as a virulence

factor has been demonstrated in multiple animal
models of staphylococcal diseases including
pneumonia,15,16 dermonecrotic skin infection,17

corneal infection,18 and intraperitoneal infection.19

Active (with toxoids or non-hemolytic variants) and
passive immunization studies (with antibodies de-
rived from mice and rabbits) in a number of animal
models have shown protective efficacy, highlighting
the importance of this toxin and its potential as a
target for immunotherapy.17,20–24

To further explore the potential functional signifi-
cance of preexisting antibodies in the serum of
(a)

(c)

Fig. 1. Titer and blocking activity of antibodies against α-he
activity of LTM14. (a) The ELISA titer of antibodies against α-he
ability to block the lytic activity of the toxin in the RE lysis assay
0.0039). LTM14 dose-dependently blocks (b) the lytic activ
α-hemolysin on A549 cells, and (d) the cytotoxic activity of α-h
human individuals, and to identify potentially thera-
peutic α-hemolysin antibodies against S. aureus
infection, we isolated an α-hemolysin antibody from
human donors and characterized its properties.
Results

Human serum contains antibodies with functional
blocking activity against α-hemolysin

To determine if there is a correlation between the
titer and functional activity of preexisting antibodies
against α-hemolysin, we analyzed the serum of 90
healthy human donors. We observed a large
interindividual variability both in the titer of
α-hemolysin-specific antibodies and in the ability to
block α-hemolysin lysis (Fig. 1a). Although there is a
statistically significant correlation between the ELISA
titer and the functional blocking activity of α-hemoly-
sin antibodies (i.e., higher titer providing better
blocking activity), it is clear that individuals with
similar titers can have blocking activity that varies
over 2 orders of magnitude. This suggests that not
only do different individuals have different levels of
(b)

(d)

molysin in human serum samples and in vitro neutralizing
molysin for 90 human serum samples correlates with their
(REL EC50; Pearson's correlation coefficient r=0.306, p=
ity of α-hemolysin on REs, (c) the cytotoxic activity of
emolysin on Jurkat T cells.
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preexisting antibodies against α-hemolysin, but more
importantly that the neutralizing capacity of these
preexisting antibodies varies considerably.

Isolation of a high-affinity α-hemolysin blocking
antibody from a human-derived phage display
library

We isolated antibodies against α-hemolysin from
a single-chain variable fragment (scFv) phage
library built from human donors.25 Sequence
analysis of clones with good binding and functional
blocking in the rabbit erythrocyte (RE) lysis assay
revealed the presence of one dominant heavy-
chain variable domain sequence (VH) family paired
up with a number of different and apparently
unrelated light-chain variable domain sequences
(VL) (data not shown).
One representative clone in this family, LTM14,

was converted to a full IgG and further characterized.
The in vitro affinity of LTM14 for α-hemolysin was
determined via the kinetic exclusion assay (KinExA),
a method that allows quantification of high-affinity
antigen/antibody interactions in solution.26 The
equilibrium dissociation constant (Kd value) was
determined to be 1.7 pM, a remarkably high affinity
for an antibody derived from a phage display library.
LTM14 can dose-dependently block the lytic activity
of α-hemolysin in the RE assay (Fig. 1b) as well as
the α-hemolysin-induced cytotoxicity on the lung
epithelial cell line A549 cells and on Jurkat T cells
(Fig. 1c and d, respectively).

Structure of α-hemolysin monomer in complex
with LTM14

To characterize the neutralizing mechanism of
LTM14, we determined the co-crystal structure of the
LTM14 Fab in complex with recombinant S. aureus
α-hemolysin H35L (a previously described nontoxic
mutant27). The structure revealed that LTM14 binds
to a nonlinear, three-dimensional epitope between
the cap and rim domains of α-hemolysin (Fig. 2a).
The asymmetric unit contains a single monomer of
α-hemolysin bound to the LTM14 antibody. The
structure of α-hemolysin in its heptameric form14

and structures of S. aureus leukocidins and γ-
hemolysin in monomeric,28–30 heterodimeric,31 and
octameric32 forms were published previously. To
our knowledge, the structure presented here is the
first structure of S. aureus α-hemolysin in its
monomeric form. Superposition of the α-hemolysin
monomer determined in this study with a monomer
taken out of the heptameric structure is shown in
Fig. 2b. Apart from the large differences in the stem
and latch regions of α-hemolysin, which are
expected due to their involvement in the heptamer
formation, the structure of the α-hemolysin mono-
mer is nearly identical with the monomer from the
heptameric structure and superposes with an
RMSD of 0.6 Å for 213 Cα atoms.

Comparison of α-hemolysin and LukFmonomers

A superposition of the α-hemolysin monomer with
the LukF monomer [Protein Data Bank (PDB) ID:
1PVL]29 is shown in Fig. 2c. Despite the low
sequence identity at the amino acid level (31.7%)
between LukF and α-hemolysin, the structures of the
monomers are remarkably similar with an RMSD of
1.0 Å for 203 Cα atoms. Due to the moderate
resolution of the α-hemolysin:LTM14 complex
(3.35 Å), it is difficult to analyze the structures in
atomic detail; however, the overall conformations of
the triangle, stem, and latch regions can still be
analyzed. Both the triangle and stem regions of the
α-hemolysin monomer (triangle residues 102–111
and 148–152, stem residues 112–127) adopt a
conformation very similar to the monomeric form of
LukF. Stem residues 128–131 and 141–145 deviate
from LukF, while residues 133–140 are disordered as
was observed in the LukF structure. The latch in the
monomer of α-hemolysin also adopts a conformation
similar to that of LukF and is folded into an N-terminal
β-strand. Residues 1–9 appear more disordered than
in the LukF structure and could not be unambiguously
built into the electron density. This could be partly due
to the longer C-terminus of LukF, which extends
β-strand 16 and can potentially stabilize more
residues in the monomeric conformation of the latch.

LTM14 Fab:α-hemolysin interaction

The crystal structure shows that the interaction
between LTM14 and α-hemolysin is mediated
mainly by the heavy chain (Fig. 2d), a finding
consistent with the panning results where one
dominant VH family was observed paired with
several unrelated VLs. The surface area of
α-hemolysin buried by LTM14 Fab is approximately
965 Å2, while the surface area of LTM14 buried by
α-hemolysin is approximately 881 Å2. The heavy
chain contributes 90.1% (794 Å2) of buried surface
area while the light chain contributes only 9.9%
(87 Å2). α-Hemolysin binds mainly to a cleft that is
created by the heavy-chain CDR1 (complementarity-
determining region 1) and CDR2 loops on one side
and CDR3 on the opposite side (Fig. 2e).
Interestingly, the epitope of LTM14 is centered on

α-hemolysin residue R66, which has been implicat-
ed in binding to the eukaryotic membrane.33

Residues that were found in this study to be
important for α-hemolysin membrane interaction33

are shown on the α-hemolysin structure in Fig. 3a
(R66, E70, R200, D255, and D276). With the
exception of R200, LTM14 binds directly to or right
next to these residues, which should prevent
α-hemolysin binding to the membrane (Fig. 3a).
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Fig. 2. Crystal structure of the α-hemolysin:LTM14 complex. (a) Ribbon diagram of the α-hemolysin:LTM14 complex.
LTM14 Fab is shown in gray; α-hemolysin is shown in red with the latch in magenta and the stem in cyan. (b) Superposition
of the α-hemolysin monomer from the α-hemolysin:LTM14 structure (red) with an α-hemolysin monomer, derived from the
heptameric structure14 (blue). (c) Superposition of the α-hemolysin monomer from the α-hemolysin:LTM14 structure (red)
with the LukF monomer (cyan). (d) Contribution of the heavy and light chains to α-hemolysin binding. LTM14 Fab is shown
in surface representation with the heavy chain shown in blue and the light chain in magenta; α-hemolysin is shown as gray
ribbon representation. (e) LTM14 binds α-hemolysin mainly between the cleft created by CDR1 (yellow)/CDR2 (orange)
and CDR3 (red) of the heavy chain and is centered on the α-hemolysin R66 residue. The heavy chain of LTM14 is shown in
blue apart from the CDRs, the light chain is shown in pink, and α-hemolysin is shown in gray ribbons.

1644 In Vivo Efficacy of an α-Hemolysin Antibody
In order to test this hypothesis, we performed
α-hemolysin membrane binding experiments in the
presence of LTM14. α-Hemolysin, with or without prior
incubation with LTM14, was incubated with RE and
the association of the toxin with the RE membranes
was detected byWestern blot. The data show that pre-
incubating α-hemolysin with LTM14 completely abol-
ishes binding of the toxin to the RE (Fig. 3b and c). We
next tested if LTM14 blocks the interaction of
α-hemolysin with its specific membrane receptor
ADAM10.13,34 Cell-associated metalloprotease activ-
ity was measured with a fluorogenic peptide substrate
assay in A549 human alveolar epithelial cells stimu-
lated with α-hemolysin. Pre-incubation of α-hemolysin
with increasing concentrations of LTM14 blocked the
toxin-induced increase in ADAM10 activity (Fig. 3d).
These data strongly suggest that the mechanism
through which LTM14 inhibits α-hemolysin function is
by preventing the toxin from binding to the membrane
directly or through ADAM10.
Based on the previously published structure of the

α-hemolysin heptamer, the LTM14 epitope does not
get occluded upon α-hemolysin heptamer formation
and could bepotentially available for LTM14binding. It
might be possible for seven LTM14 Fabs to bind to the
α-hemolysin heptamer in solution (Fig. 3e); however,
since the heptamer is naturally formed on the
membrane, the Fabs would have to partially insert
into the membrane to achieve such binding (Fig. 3f).
Because this process would be highly energetically
unfavorable and because full-length IgGs are even
larger than the shown Fabs, we presume that LTM14
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is unlikely to be able to bind to the fully assembled
membrane-bound heptameric pore complex.

In vivo efficacy in a pneumonia model

Methicillin-resistant S. aureus (MRSA) accounts
for 10–40% of health-care-associated, hospital-
1 2(a)

(e)

(d)

(f)

(b)

Fig. 3. Mechanism of LTM14 antibody blocking activity. (a)
residues previously found to contribute to membrane binding s
shown in blue. Pre-incubation of α-hemolysin with LTM14 abolis
results; α-hemolysin without prior incubation with LTM14 is d
incubationwith the antibody abolishes binding (lane2). (c) Bar gra
independent experiments (average and SEM). (d) Pre-incubat
activation of ADAM10 on A549 cells (one of three independe
α-hemolysin heptamer showing that the Fab fragment could po
shown for clarity. (f) Side view of a model showing how the Fab
acquired, and ventilator-associated pneumonia
cases with mortality rates as high as 50%.35,36

Therefore, we tested the efficacy of LTM14 in an
intranasal murine model of S. aureus pneumonia
(Fig. 4). In a prophylactic protocol (antibody dosed
24 h prior to the bacterial challenge with USA300
LAC), LTM14 afforded near-complete protection with
kDa

44
37

(c)

Hla

Surface representation of the α-hemolysin monomer, with
hown in red. The epitope outline of the LTM14 antibody is
hes binding of the toxin to REs. (b) Example of Western blot
etected on the erythrocyte membrane (lane 1), while pre-
ph representation of theα-hemolysin band intensity for three
ion of α-hemolysin with LTM14 blocks the toxin-dependent
nt experiments). (e) Model of the Fab interaction with the
tentially bind the heptamer in solution. Only three Fabs are
fragment would be positioned relative to the membrane.
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Fig. 4. In vivo efficacy of LTM14 in a mouse model of S. aureus pneumonia, prophylactic antibody administration. (a)
Survival curves for groups of mice dosed with LTM14 (30 mg/kg ip) or vehicle before intranasal challenge with 3.2×108

CFU of S. aureus USA300 LAC (n=10 mice per group, ⁎pb0.001 compared to vehicle, log-rank test). (b) Dosing of LTM14
(30 mg/kg) increases the LD50 of the bacterial challenge (n=10 mice per group, intranasal challenges of 3×107, 1×108,
3×108, and 1×109 CFU of S. aureus USA300 LAC). (c) Survival curves for mice dosed with decreasing amounts of
LTM14 or vehicle and challenged with 3×108 CFU of S. aureus USA300 LAC (n=10 mice per group, ⁎pb0.05 compared
to vehicle, log-rank test). (d) Survival curves for groups of mice dosed with LTM14 (30 mg/kg ip) or vehicle before
intranasal challenge with 8×108 CFU of S. aureus PFESA0140 (n=10 mice per group, ⁎pb0.001 compared to vehicle,
log-rank test). All animals were dosed 24 h prior to infection.
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90% survival rates at 72 h while the survival rate in
the vehicle group was reduced to 10% by 24 h (Fig.
4a). LTM14 also increased survival rates at lower
[1×108 colony-forming units (CFU)] and higher
(1×109 CFU) inoculi, effectively shifting the LD50
of the bacterial challenge by over fourfold (Fig. 4b).
In a dose–response study, LTM14 provided full
protection at 3 mg/kg and approximately 50%
protection at 0.3 mg/kg (Fig. 4c). LTM14 was also
tested in the intranasal infection model with a
methicillin-sensitive clinical isolate S. aureus strain
(Pfizer PFSA0140) and proved to be equally
efficacious (Fig. 4d).
Next, we tested the efficacy of LTM14 in a

therapeutic dosing protocol to assess the ability of
the antibody to increase survival rates when
administered after the bacterial challenge (Fig. 5a).
In the pneumonia model, mice typically show
prominent signs of disease by 12 to 18 h, attesting
to the quick advancement of the infection. Full
survival was observed with both LTM14 and linezolid
antibiotic treatments administered up to 12 h after
inoculation. Even when dosed 18 h after challenge,
both treatments afforded 40–50% survival.
To determine if there is an increased benefit of

combination treatment, we co-administered LTM14
and linezolid prior to a USA300 LAC challenge (Fig.
5b). We utilized a bacterial inoculum that would
result in approximately 50% survival with either
treatment alone and observed a statistically signif-
icant increase in the survival rate to 90% with the
combination of LTM14 and linezolid. Together, these
data demonstrate that LTM14 not only was capable
of protecting mice from a lethal pulmonary challenge
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Fig. 5. In vivo efficacy of LTM14 in a mouse model of S. aureus pneumonia, therapeutic antibody administration and
combination with linezolid. (a) Survival curves for groups of mice dosed with either 30 mg/kg LTM14 or 12 mg/kg linezolid
12 and 18 h after intranasal challenge with 5×108 CFU of S. aureus USA300 LAC (n=10 mice per group, ⁎pb0.0001
compared to vehicle, log-rank test). (b) Survival curves for groups ofmice dosedwith 30 mg/kg LTM14 or 12 mg/kg linezolid
individually or in combination 24 h before intranasal challenge with 1×109 CFU of S. aureusUSA300 LAC (n=10 mice per
group; ⁎pb0.0001 compared to vehicle, ⁎⁎pb0.05 for the combination compared to the individual treatments, log-rank test).
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of S. aureus in a prophylactic setting but also could
provide improved survival outcome when dosed
therapeutically up to 18 h following inoculation of the
bacteria. Moreover, the α-hemolysin neutralizing
activity of LTM14 and its efficacy in this model
were shown to be additive to the activity of the
antibiotic linezolid.

In vivo efficacy in a skin abscess and
dermonecrosis model

In the past 10–15 years, MRSA USA300 strains
have emerged as a predominant cause of SSTIs in
the United States.37,38 Since a role of α-hemolysin
has been previously demonstrated in both mouse
and rabbit models of S. aureus SSTIs, we compared
LTM14 to linezolid in a mouse model of skin abscess
and dermonecrosis.17,39 Upon intradermal chal-
lenge with S. aureus USA300 LAC, prophylactic
administration of LTM14 effectively reduced the size
of the abscess at all time points in the study and
nearly abolished the occurrence of dermonecrosis
compared to vehicle (Fig. 6a). LTM14 also signifi-
cantly reduced bacterial burden, albeit not as much
as the double dose of linezolid (Fig. 6b). These data
build upon the previously published results with
polyclonal antibodies17 and demonstrates the po-
tential use of α-hemolysin neutralizing monoclonal
antibodies (mAbs) in SSTIs.

In vivo efficacy in a bacteremia model

α-Hemolysin has previously been shown to be
important in staphylococcal bloodstream and sepsis
models.12 Since bacteremia and sepsis are respon-
sible for approximately 80% of all invasive forms of
MRSA disease,2 we tested LTM14 activity in a
mouse model of S. aureus bacteremia. When the
animals received a challenge of S. aureus USA300
LAC, a single prophylactic dose of LTM14 more than
doubled the survival rate (Fig. 6c). Additionally,
LMT14 was equally efficacious in increasing survival
rates with a methicillin-sensitive clinical isolate S.
aureus strain (Pfizer PFSA0158, data not shown).
We next compared the efficacy of LTM14 and
linezolid individually or in combination (Fig. 6d).
Upon challenge with S. aureus USA300 LAC, the
combination treatment was more efficacious than
either treatment alone. To our knowledge, the data
shown here represent the first demonstration of
efficacy of an α-hemolysin neutralizing mAb in an
intravenous S. aureus infection model.
Discussion

S. aureus is a major human pathogen that can
cause life-threatening invasive infections such as
bacteremia, pneumonia, and endocarditis.1 S. aure-
us infections can be difficult to treat because of rising
antibiotic resistance, and while once mainly associ-
ated with nosocomial settings, S. aureus infections
have more recently spread into the community. At
the same time, S. aureus is a common human
commensal organism that persistently or intermit-
tently colonizes the nares and skin of 30–50% of
healthy adults.6 Antibodies against staphylococcal
proteins have been detected in human serum of
healthy individuals, carriers, and infected patients,
but their possible protective role against infection
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Fig. 6. In vivo efficacy of LTM14 in mouse models of skin abscess/dermonecrosis and bacteremia. (a) Groups of mice
received a single dose of 50 mg/kg LTM14 24 h before challenge or two doses of 50 mg/kg linezolid, immediately following
challenge and again at 24 h after challenge. All groups were delivered an intradermal injection of 1×107 CFU of S. aureus
USA300 LAC. The abscess area was measured daily. Results are the mean value±standard error of the mean for all
groups (n=11 mice per group, ⁎pb0.0001 compared to vehicle, two-way ANOVA and Bonferroni's post test). (b) Bacterial
burden in the infected area excised at day 4 (n=8 mice per group, ⁎pb0.05 compared to vehicle, ANOVA and Dunnett's
post test). (c) Survival curves for groups of mice dosed with LTM14 (30 mg/kg ip) or vehicle 24 h before intravenous
challenge with 1×107 CFU of S. aureusUSA300 LAC (n=10 mice per group, ⁎pb0.05 compared to vehicle, log-rank test).
(d) Survival curves for groups of mice dosed with 30 mg/kg LTM14 or 6.25 mg/kg linezolid individually or in combination
24 h before intravenous challenge with 2×107 CFU of S. aureus USA300 LAC (n=10 mice per group, ⁎pb0.05 for the
combination of LTM14+linezolid compared to vehicle).
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continues to remain a matter of debate.7,40–43 For
example, a recent publication has shown that higher
levels of preexisting antibodies against S. aureus
toxins (including α-hemolysin) are associated with a
lower risk of sepsis in patients with S. aureus
bacteremia,44 while another group has shown that
naturally occurring antibodies against clumping
factor A, another established staphylococcal viru-
lence factor, are not functional and unable to prevent
binding to the cognate host target fibrinogen.45

To further explore the role of preexisting antibodies
against S. aureus molecules, we isolated and
characterized LTM14, an antibody against α-hemo-
lysin from a human donor library. LTM14 binds
α-hemolysin with very high affinity (1.7 pM), which is
unusual for an antibody derived from a phage display
library. The high binding affinity, the presence of a
dominant family of related VH clones in the library
panning output, and the fact that there are a number
of framework mutations that deviate from the germ-
line sequence strongly suggest that the heavy chain
of LTM14 represents the heavy chain of an
α-hemolysin-specific antibody present in one of the
library donors and that this antibody had undergone
significant in vivo affinity maturation in that individual.
LTM14 showed potent α-hemolysin neutralizing

activity in vitro. To better understand its mechanism
of action, we solved the crystal structure of the
antibody Fab in complex with recombinant
α-hemolysin. The antibody binding site is primarily
contributed by the heavy chain (90.1% of the buried
surface area) and the epitope is located between the
cap and rim domains of α-hemolysin with the heavy-
chain CDR1 and CDR2 loops on one side and the
CDR3 loop on the opposite side forming a snug
binding pocket for the side chain of residue R66 of
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α-hemolysin. This provides a mechanistic explana-
tion for the neutralizing activity of LTM14 as the
epitope comprises residues previously shown to be
important for binding to target membranes.33

Interestingly, the proposed mechanism of action
of LTM14 (inhibition of α-hemolysin binding to the
membrane and blocking its interaction with
ADAM10) differs significantly from the inhibition of
heptamer formation reported for previously de-
scribed mouse antibodies.22,24 It will be interesting
to characterize other human antibodies against
α-hemolysin and determine their epitopes to ascer-
tain if there are differences in protective capacity
based on the location of the epitope and the
mechanism of action.
LTM14 showed strong in vivo efficacy when dosed

prophylactically in mousemodels of pneumonia, skin
abscess and dermonecrosis, and bacteremia. In the
lung model, the antibody was able to provide 90–
100% protection compared to near-complete mortal-
ity in the control group. In the skin and dermonecrosis
model, our α-hemolysin neutralizing antibody effec-
tively reduced the size of the abscess, nearly
abolished the occurrence of dermonecrosis, and
significantly reduced bacterial burden compared to
control. In the bacteremia model, LTM14 more than
doubled the survival rate compared to the control
group. While mouse antibodies and rabbit antisera
directed against α-hemolysin have previously been
shown to be efficacious in animal models of
staphylococcal infection,17,21–24 to our knowledge,
this is the first report of a human-derived mAb with
efficacy across a panel ofS. aureusmousemodels of
disease. LTM14 appears to be more efficacious than
the previously described mouse mAbs against
α-hemolysin. These mAbs were able to provide a
significant survival benefit from 24-hmortality, but the
effect was not durable and late mortality (72 h) was
similar to that observed in the control.22 The superior
efficacy of LTM14 may be due to slight differences in
the animalmodel, or some combination of its stronger
affinity for α-hemolysin, its binding epitope on the
toxin, and its mechanism of neutralization.
Our results demonstrating efficacy when LTM14

was administered therapeutically in the mouse lung
infection model have the potential for far-reaching
clinical impact considering the high morbidity and
mortality associated with S. aureus nosocomial
pneumonia, for example, in intensive care unit
patients that are on a ventilator.35,46 Additionally,
LTM14 showed increased efficacy in combination
with the antibiotic linezolid. This is significant
because in a therapeutic setting in humans, passive
immune therapy is most likely going to be adminis-
tered in combination with the most appropriate
antibiotic.
Taken together, these results indicate that LTM14

shows promising therapeutic potential and it remains
to be seen whether the efficacy of LTM14 will
translate to a clinical setting. Our data show that
potent neutralizing antibodies against α-hemolysin,
and possibly against other staphylococcal virulence
factors, can be found in humans and support their
development as therapeutics for this dangerous
human pathogen.
Materials and Methods

Ethics statement

Human serum samples were received from Bioreclama-
tion (Westbury, NY). All serum samples were from a Food
and Drug Administration-licensed and -inspected donor
center in the United States. Blood samples were collected
from paid and consented donors with institutional review
board approval.
All animal studies were conducted at internationally

accredited facilities of the Association for Assessment and
Accreditation of Laboratory Animal Care International.
Studies at TransPharm Preclinical Solutions (Jackson, MI)
were carried out in compliance with all the laws,
regulations, and guidelines of the National Institutes of
Health and with the approval of the TransPharm Preclinical
Solutions Institution Animal Care and Use Committee. For
studies carried out at Rinat Laboratories, the study
protocols were reviewed and approved by the Institution
Animal Care and Use Committee in adherence to the U.S.
animal welfare act.

Library panning

A human scFv phage library25 was used to select
antibodies that specifically bind α-hemolysin from
S. aureus according to previously published methods.47

Briefly, 500 nMbiotinylated α-hemolysin (Calbiochem)was
serially incubated with the phage library at room temper-
ature (RT) for 1 h and streptavidin magnetic beads
(Dynabeads M-280 from Invitrogen) for 30 min. After
washing, the bound phage antibodies were eluted with
trypsin (50 mg/ml) for 5 min at 37 °C. The eluted phages
were amplified in TG1 cells and used for the next rounds of
selection with 250 nM biotinylated α-hemolysin. A total of
three rounds of panning were performed. scFvs were
initially screened for their ability to bind α-hemolysin by
ELISA and block the lytic activity of the toxin on RE using
cell lysates. Purified scFvs from positive clones were
retested, ranked by ELISA and RE lysis assay and
sequenced leading to the selection of a clone that was
converted to a full IgG format; this mAbwas named LTM14.

Protein purification

Recombinant LTM14 Fab was produced by transiently
transfecting HEK293 cells using Lipofectamine™ (Invitro-
gen) following the manufacturer's instructions. LTM14 Fab
was purified from conditioned media using a Ni column
(Qiagen) using standard techniques. His-tagged α-hemo-
lysin H35L mutant was expressed in Escherichia coli and
purified using Ni column (Qiagen) using standard tech-
niques. The polyhistidine tag was cleaved with human
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alpha-thrombin (Haematologic Technologies Inc.), and
α-hemolysin was further purified by SourceS ion-exchange
chromatography. LTM14 Fab was mixed with α-hemolysin
in 1.2:1 ratio and purified by size-exclusion chromatogra-
phy on Sephacryl S300 column (GE Healthcare Life
Sciences). The complex in 50 mM 2-(N-morpholino)etha-
nesulfonic acid, pH 6.0, and 100 mM NaCl was concen-
trated to 5 mg/ml for crystallization.
Enzyme-linked immunosorbent assay

α-Hemolysin (Calbiochem) was coated on ELISA plates
(NUNC Maxisorp) at 5 μg/ml in phosphate-buffered saline
(PBS) at 4 °C overnight. The following day, plates were
blocked in PBS, 1% w/v bovine serum albumin, and 0.01%
v/v Tween-20 and then incubated with human serum
samples at the indicated dilution. A goat anti-human
horseradish-peroxidase-conjugated secondary antibody
(Jackson Immunoresearch) in combination with the TMB
2-component peroxidase substrate (KPL) was used to
develop the reaction.
A549andJurkatT-cell cytotoxicityassay,ADAM10assay

The lung epithelial cell line A549 (CCL-185) and the
Jurkat T-cell line clone E6-1 (TIB-152) from the American
Type Culture Collection were cultured in a 37 °C, 5% CO2
incubator in F12-K or RPMI-1640 medium supplemented
with 10% fetal bovine serum and 2 mM L-glutamine,
respectively. A549 cells were seeded at 2×104 cells/well
in 96-well plates. The following day, serial dilutions of
LTM14 were pre-incubated with 20 nM α-hemolysin in
tissue culture medium for 15 min at RT before being added
to the A549 cells for incubation for an additional 18 h.
Cytotoxicty was measured with the CellTiter96 Aqueous
One Solution Cell Proliferation Assay (Promega) accord-
ing to the manufacturer's recommendations. Serial di-
lutions of LTM14 were pre-incubated with 15 nM
α-hemolysin in tissue culture medium for 15 min at RT
and then added to Jurkat T cells at a density of 150,000
cells per well and incubated overnight. The following day,
cytotoxicity was measured by FACS on a BD-LSRII
instrument using propidium iodide (Calbiochem) according
to the manufacturer's recommendations. For the ADAM10
metalloprotease assay, A549 cells were plated at a density
of 1.5×104 cells/well in 96-well plates. The following day,
300 nM α-hemolysin, with or without prior incubation with
serial dilutions of LTM14, was added to the cells and
incubated for 60 min. Cells were washed once in 25 mM
Tris (pH 8.0) buffer and incubated for 30 min at 37 °C with
10 μM fluorogenic peptide substrate (Mca-PLAVQ-Dpa-
RSSSR-NH2, R&D Systems). Fluorescence intensity was
read on a FlexStation instrument (Molecular Devices) and
expressed as relative fluorescence units.
Rabbit erythrocyte lysis assay

Antibody serial dilutions or serum samples were
incubated with 0.5 nM (EC50) α-hemolysin at RT for
30 min in a 0.1-ml volume before being added to 0.1 ml
of a suspension of 1% RE and incubated at 37 °C for 1 h in
a 96-well plate. The plate was subsequently spun at
2400 rpm for 5 min to pellet intact and lysed RE. The
absorbance of the supernatant was read at 405 nm to
quantify the amount of released hemoglobin as a measure
of lysis.
Binding of α-hemolysin to REs

α-Hemolysin can readily and irreversibly bind to RE at
4 °C, but lysis at 4 °C requires significantly higher
concentrations of the toxin compared to when the
incubation is carried out at RT or 37 °C.48 α-Hemolysin
(0.5 μM) was incubated with 2.5 μM LTM14 for 30 min at
RT and added to the pellet obtained from 250 μl of 10%
RE; the cells were resuspended and incubated for 15 min
at 4 °C. REs were washed with 4 °C PBS, resuspended in
0.5 ml of PBS and 0.1% bovine serum albumin, and
incubated at RT for 1 h. The samples were spun down and
the supernatants were removed. To lyse the intact RE and
prepare membranes, we subjected samples to three
cycles of resuspension in 1 ml of ddH20, incubation for
10 min at RT, and centrifugation at 13,000 rpm. The
membranes were solubilized in 10 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1% Triton X-100, and 1% sodium deox-
ycholate. The solubilized samples were reduced, boiled,
and separated on a 4–12% SDS-PAGE gel and trans-
ferred to nitrocellulose, and the α-hemolysin monomer was
detected with a polyclonal antibody (Sigma). Detection and
quantitation were performed with a Li-Cor-Odyssey infra-
red imager.
Affinity measurement by KinExA

A constant concentration of α-hemolysin was titrated
with a dilution series of the antibody, the samples were
equilibrated, and free α-hemolysin was measured with a
KinExA 3000 instrument (Sapidyne Inc., Boise, ID) to
determine the binding affinity of LTM14 for α-hemolysin. All
samples were analyzed in duplicate, and all steps were
performed at RT (20–25 °C). Themeasured values were fit
to a standard bimolecular binding equation to obtain the Kd
value of the interaction.
Crystallization, data collection, and refinement

α-Hemolysin:LTM14 complex crystals were grown by
the hanging drop method at 25 °C using a precipitant
solution containing 1.7 M AmSO4, 4.25% v/v isopropanol,
and 15% v/v glycerol. Oval-shaped crystals appeared in a
week and were directly flash frozen in liquid nitrogen.
Diffraction data were collected at Advanced Light Source
beamline 5.0.2. The crystals belong to the space group
P6322 with unit cell dimensions a=b=130.2 Å, c=
308.3 Å, and γ=120° and diffracted to 3.35 Å resolution
(Table 1). All diffraction data were processed with DENZO
and SCALEPACK.49 The structure of the α-hemolysin:
LTM14 complex was solved by molecular replacement
using a monomer from the α-hemolysin heptamer structure
with stem and latch regions removed (PDB ID: 7AHL) and
a model of LTM14 Fab using PHASER.50 Alternate cycles
of model building using the program Coot;51 positional,
TLS, and individual restrained thermal factor refinement in
REFMAC;52 and addition of water molecules reduced the



Table 1. Refinement and model statistics

Space group P6322
Cell dimensions
a, b, c (Å) 130.2, 130.1, 308.3
γ (°) 120
Resolution (Å) 30.0–3.35
Measured reflections 137,395
Unique reflections 22,137
Rmerge 15.2 (55.4)
Completeness (%) 96.3 (91.3)
I/σ(I) 9.8 (1.8)
Number of protein atoms 5525
Rcryst 24.9
Rfree 29.6
RMSD
Bonds (Å) 0.008
Angles (°) 1.1
Ramachandran statistics
Most favored regions (%) 79.2
Additional allowed regions (%) 18.9
Generously allowed regions (%) 1.9
Disallowed regions (%) 0.0
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R andRfree values to 25.0% and 31.0%, respectively, for all
of the reflections.

Epitope identification and buried area calculations

The epitope residues for LTM14 on the α-hemolysin
protein were identified by calculating the difference in
accessible surface area between the α-hemolysin:LTM14
crystal structure and the α-hemolysin structure alone.
α-Hemolysin residues that show buried surface area upon
complex formation with LTM14 were defined as being part
of the epitope. The solvent-accessible surface of a protein
was calculated with the program AREAIMOL.53

Bacterial strains and preparation

S. aureus strains USA300 LAC and PFESA0140 were
swabbed onto trypticase soy agar plates supplemented
with 5% sheep blood cells (BBL, Becton Dickinson
Laboratories, Franklin Lakes, NJ) and grown overnight at
37 °C. Bacteria were cultured in trypticase soy broth (TSB)
at 37 °C until the culture arrived at anOD600 (optical density
at 600 nm) of 0.6, providing a bacterial concentration of
approximately 1×108CFU/ml. The culture was centrifuged
and the pellet was resuspended in 4 ml of TSB to bring the
bacterial concentration to approximately 2.0×1010CFU/
ml. This concentrated culture was diluted in TSB to prepare
the challenge with the desired CFU per animal.

Lung infection model

Female, 7- to 8-week-old Balb/c mice weighing 19–21 g
were obtained from Charles River. S. aureusUSA300 LAC
and PFESA0140 were prepared as described above. Mice
were anesthetized with isoflurane and administered an
intranasal challenge (0.05 ml) of the bacterial culture.
LTM14 (formulated in PBS) or vehicle was administered in
a single intraperitoneal dose at the concentration and time
indicated using a 0.5-ml dosing volume. The antibiotic
linezolid was formulated at a dosing concentration of
12 mg/kg in an aqueous solution of 5% polyethylene glycol
200 and 0.5%methylcellulose. Linezolid was administered
by oral gavage at the time indicated in a single dose using
a 0.5-ml dosing volume. Mortality was recorded over a
period of 3–5 days following bacterial challenge.

Skin abscess/dermonecrosis model

Female, 7- to 8-week-old Balb/c mice weighing 19–21 g
were obtained from Harlan. One day prior to bacterial
challenge, mice were anesthetized with isoflurane and hair
was removed from the dorsal side (2×2 cm) using the
depilatory agent Nair®. LTM14 (50 mg/kg) and vehicle
treatment were administered in an intraperitoneal dose
1 day prior to the bacterial challenge. S. aureus USA300
LAC were prepared as described above and mice were
infected by intradermal injection of bacteria (~107 CFU in
0.05 ml). Linezolid (50 mg/kg) was administered immedi-
ately following the bacterial challenge and again at 24 h post
challenge. Mice were monitored daily and progression of
abscess formation was tracked bymeasuring the length and
width of the abscess. For days after infection, mice were
humanely euthanized byCO2 asphyxiation and the skin was
homogenized and plated for bacterial enumeration.

Bacteremia model

Female, 7- to 8-week-old Balb/c mice weighing 19–21 g
were obtained from Charles River. S. aureus USA300 LAC
were prepared as described above and diluted to
~2×107 CFU in 0.1 ml. Ten animals per group were
anesthetized with isoflurane and administered 0.1 ml of
bacterial challenge via lateral tail vain injection. The antibody
or vehicle treatments were administered in a single intraper-
itoneal dose 24 h prior to the bacterial challenge using a
0.5-ml dosing volume. The antibiotic linezolid (6.25 mg/kg)
was administered at the time of challenge by oral gavage
using a 0.5-ml dosing volume. Mortality was recorded
over a period of 14 days following bacterial challenge.
Graphic interpretation of the results, nonlinear regres-

sion curve fits, EC50 calculations, and statistical analysis
were performed using GraphPad Prism v.5.0.

Accession number

The coordinates for the structure have been deposited in
the PDB (PDB ID: 4IDJ).
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