AAC

Journals.ASM.org
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Alpha-toxin (AT) is a major virulence factor in the disease pathogenesis of Staphylococcus aureus. We previously identified a
monoclonal antibody (MAb) against AT that reduced disease severity in a mouse dermonecrosis model. Here, we evaluate the
activity of an affinity-optimized variant, LC10, in a mouse model of S. aureus pneumonia. Passive immunization with LC10 in-
creased survival and reduced bacterial numbers in the lungs and kidneys of infected mice and showed protection against diverse
S. aureus clinical isolates. The lungs of S. aureus-infected mice exhibited bacterial pneumonia, including widespread inflamma-
tion, whereas the lungs of mice that received LC10 exhibited minimal inflammation and retained healthy architecture. Consis-
tent with reduced immune cell infiltration, LC10-treated animals had significantly lower (P < 0.05) proinflammatory cytokine
and chemokine levels in the bronchoalveolar lavage fluid than did those of the control animals. This reduction in inflammation
and damage to the LC10-treated animals resulted in reduced vascular protein leakage and CO, levels in the blood. LC10 was also
assessed for its therapeutic activity in combination with vancomycin or linezolid. Treatment with a combination of LC10 and
vancomycin or linezolid resulted in a significant increase (P < 0.05) in survival relative to the monotherapies and was deemed
additive to synergistic by isobologram analysis. Consistent with improved survival, the lungs of animals treated with antibiotic
plus LC10 exhibited less inflammatory tissue damage than those that received monotherapy. These data provide insight into the
mechanisms of protection provided by AT inhibition and support AT as a promising target for immunoprophylaxis or adjunc-

tive therapy against S. aureus pneumonia.

taphylococcus aureus is a leading cause of pneumonia in

hospitalized patients and increasingly in healthy individu-
als in the community (1, 2). S. aureus pneumonia is a life-threat-
ening disease, with mortality rates reported to be as high as 60%
(2). Treatment of these infections is complicated by the fact that
~50% of S. aureus isolates from patients with pneumonia are
methicillin-resistant S. aureus (MRSA), thereby reducing safe and
effective treatment options (1). While vancomycin (VAN) is the
primary therapy for MRSA pneumonia, the mortality rate in
pneumonia patients treated with vancomycin remains high, and
the emergence of intermediate resistance to glycopeptides poten-
tially limits the usefulness of this class of antibiotics (3-5). Lin-
ezolid (LZD) is currently the only other drug with anti-MRSA
activity thatis approved for the treatment of nosocomial pneumo-
nia in the United States and Europe (4, 6). A consistent evolution
toward antibiotic resistance, along with the scarcity of new agents,
has led to the exploration of alternate methods of prophylaxis and
therapy against various bacterial pathogens (7—10). One such ap-
proach is the development of monoclonal antibodies (MAbs) tar-
geting S. aureus and its virulence determinants, which may be used
in prophylaxis or perhaps in adjunctive therapy with antibiotics
(11-15).

Mice infected intranasally (i.n.) with S. aureus exhibit an
early increase in proinflammatory mediators (e.g., interleu-
kin-1 beta [IL-1B], keratinocyte chemoattractant [KC], and
macrophage inflammatory protein 2 [MIP-2]), leading to in-
creased lung protein levels, polymorphonuclear leukocyte
(PMN) influx, necrosis, and ultimately a consolidating pneu-
monia similar to that seen in humans (16—18). A key virulence
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determinant involved in the pathogenesis of murine S. aureus
pneumonia is the pore-forming toxin, alpha-toxin (AT). AT is
secreted as a 33-kDa soluble monomer that binds to the recently
identified receptor, ADAM-10, on target cell membranes (19).
After binding, AT undergoes a conformational change resulting in
the formation of a heptameric transmembrane 3-barrel, leading
to cell lysis. At sublytic concentrations, AT has also been demon-
strated to exert significant cytotoxic effects (20). AT binding and
oligomerization on macrophage membranes activate the NLRP3
inflammasome that along with other staphylococcal pathogen-
associated molecular patterns (PAMPs) induces IL-1{ secretion
and promotes cell death (21, 22). AT also activates ADAM-10-
mediated proteolysis of E-cadherin present in cell-cell adhesive
contacts, leading to a disruption in epithelial and endothelial in-
tegrity and contributing to the epithelial damage typically seen in
pneumonia (23-27). Consistent with the inhibition of these activ-
ities, active and passive immunization directed against AT has
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been demonstrated to limit the severity of S. aureus pneumonia in
mice (12, 13, 28).

We previously identified the monoclonal antibody (MADb)
2A3, which neutralizes AT and promotes a robust host immune
response leading to reduced disease severity in a mouse dermone-
crosis model (11, 29). Here, we evaluated the efficacy and the
mechanism of action of LC10, an affinity-optimized 2A3 variant,
in a murine S. aureus pneumonia model. We demonstrate that
LC10 prophylaxis results in improved survival and a reduction in
the hyperinflammatory response and lung damage associated with
S. aureus pneumonia. Additionally, the therapeutic administra-
tion of LC10 in combination with either of two frontline antibi-
otics, vancomycin or linezolid, resulted in reduced lung damage
and improved survival relative to use of the antibiotics alone.
Taken together, these results provide support for the continued
development of an anti-AT approach for the prevention or treat-
ment of S. aureus pneumonia.

MATERIALS AND METHODS

Bacterial strains and chemicals. S. aureus strains NRS382 (pulsed-field
gel electrophoresis [PFGE] type USA100, clonal complex 5 [CC5]) and
NRS261 (CC30) were obtained from the Network on Antimicrobial Re-
sistance in Staphylococcus aureus (NARSA) (Chantilly, VA). S. aureus
strain FPR3757 (ATCC BAA-1556, PFGE type USA300) was obtained
from the American Type Culture Collection, and S. aureus strain SF8300
(PFGE type USA300) was generously provided by Binh An Diep (Univer-
sity of California at San Francisco).

The S. aureus strains were streaked onto Trypticase soy agar (TSA)
plates (BBL, Becton, Dickinson Laboratories, Franklin Lakes, NJ) and
grown overnight at 37°C in Trypticase soy broth (TSB) (BBL). The bac-
teria were diluted 1:100 in TSB and grown to an optical density at 600 nm
(ODgq,) of ~0.8. The culture was centrifuged and the bacterial pellet
resuspended in phosphate-buffered saline (PBS) (pH 7.2) (Invitrogen,
Carlsbad, CA) with 10% glycerol to ~1 X 10'° CFU/ml; the aliquots were
stored at —80°C.

Vancomycin (VAN) (Sigma-Aldrich, St. Louis, MO) was prepared in
5% dextrose, and linezolid (LZD) (Tecoland Corporation, Edison, NJ)
was dissolved in 5% aqueous hydroxypropyl-beta-cyclodextrin (Sigma-
Aldrich, St. Louis, MO). Anti-AT MAb LC10 and isotype control R347
were diluted in sterile PBS (pH 7.2).

In vitro susceptibility testing. MICs were determined by the broth
microdilution method, according to the CLSI guidelines (11). The MIC
was defined as the lowest concentration of antibiotic that prevented visible
growth after an incubation period of 16 to 20 h.

Invivo models. All animal studies were approved by the MedImmune
Institutional Animal Care and Usage Committee and were conducted in
an Association for Accreditation and Assessment of Laboratory Animal
Care (AAALAC)-accredited facility in compliance with U.S. regulations
governing the housing and use of animals.

Murine pneumonia model. Specific-pathogen-free 7- to 9-week-old
female C57BL/6] mice (Jackson Laboratory, Bar Harbor, ME) were anes-
thetized with 3% isoflurane (Butler Schein Animal Health, Dublin, OH)
and maintained with oxygen at 3 liters/min before inoculation with 50 pl
ofan S. aureus suspension (1 X 10% to 2 X 10® CFU) into the left and right
nares. The animals were placed into a cage in a supine position for recov-
ery. The mice were either sacrificed at predetermined time points or as-
sessed for survival for 7 days following bacterial challenge. In prophylaxis,
LC10 and the isotype control R347 were administered intraperitoneally
(i.p.) 24 h prior to the bacterial challenge or 1 h postinfection. For thera-
peutic administration, the mice were dosed subcutaneously 1 h postinfec-
tion. Vancomycin dosing was continued at 12, 24, 36, 48, and 60 h postin-
fection. Linezolid treatment was discontinued after 36 h. LC10 was
administered i.p. as a single therapeutic dose 1 h postinfection. To evalu-
ate the synergy between LC10 and the antibiotics, vancomycin was titrated
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from 200 mg/kg of body weight/day to 25 mg/kg/day, with LC10 at doses
from 45 mg/kg/day to 5 mg/kg/day. Linezolid was dosed at concentrations
from 1.25 mg/kg/day to 20 mg/kg/day, and LC10 was titrated from 5
mg/kg/day to 45 mg/kg/day. The isobole exponents were determined us-
ing the isobologram equation (30).

CFU determination in lungs and kidneys. Lung and kidney samples
were harvested into 1.5-ml Lysing Matrix A tubes (MP Biomedicals, So-
lon, OH) and homogenized for 30 to 60 s using a FastPrep-24 homoge-
nizer (MP Biomedicals). Organ homogenates were then serially diluted in
PBS and plated on TSA plates for CFU enumeration.

Histopathology. The infected mice (# = 5) were euthanized and the
lungs were removed, inflated, and fixed in 10% neutral buffered formalin
(VWR, Radnor, PA). The lungs were processed and embedded in a frontal
plane in molten paraffin wax at approximately 60°C, and the sections were
cut at 4 pwm on a rotary microtome. All sections were allowed to dry and
placed in a 60°C oven for =15 min prior to staining with Gill’s hematox-
ylin (Mercedes Medical, Sarasota, FL) and eosin (Surgipath, Richmond,
IL). All stained sections were analyzed using a Nikon 80i microscope with
10X and 40X objectives and reviewed by a pathologist who was blinded to
the treatment groups.

Bronchoalveolar lavage. Bronchoalveolar lavage (BAL) was per-
formed at indicated time points. Each animal was euthanized with CO,,
the chest was opened, and the trachea was exposed. One milliliter sterile
PBS was flushed into the lungs, and the BAL fluid was harvested using a
1-ml syringe. The samples were centrifuged at 8,000 rpm for 5 min, and
the supernatants were aliquoted for storage at —80°C. BAL fluid was as-
sayed for total protein concentration using a modification of the Bradford
and Lowry assay methods (Bio-Rad Laboratories, Richmond, CA), ac-
cording to the manufacturer’s specifications.

Cytokine analysis. BAL fluid aliquots were thawed on ice and the
cytokine and chemokine levels were analyzed using a Meso Scale proin-
flammatory cytokine kit (Meso Scale Discovery, Gaithersburg, MD) or
MILLIPLEX MAP mouse cytokine/chemokine kit (Millipore), according
to the instructions of each manufacturer. The data were expressed in
pg/ml

Arterial blood gas analyses. Blood was drawn from a tail artery into a
heparinized syringe using a mouse restraint device. Blood gas analysis was
immediately performed using a VetScan i-STAT 1 analyzer (Abaxis,
Union City, CA).

Statistical analyses. The data were analyzed using f tests, Mann-Whit-
ney tests, analysis of variance (ANOVA) followed by Dunnett’s test,
Kruskal-Wallis followed by Dunn’s test, or log-rank test where appropri-
ate. All statistical analyses were performed using GraphPad Prism version
5.0. A P value of <0.05 was considered statistically significant.

RESULTS

Anti-AT significantly increases survival in a murine pneumonia
model. We previously reported the identification of a potent AT-
neutralizing MAb, 2A3, which significantly reduced lesion size
when delivered prophylactically in a murine dermonecrosis
model and its activity correlated directly with affinity (11). 2A3
was affinity optimized by systematic mutation of its complemen-
tarity determining regions (CDRs), followed by competition-
based selections. This led to the generation of the 2A3 derivative,
LC10, which exhibited a ~10-fold-higher affinity for AT (kD, 89
pM). Although its affinity was increased, the potency of LC10
remained similar to that of 2A3 in vitro and in vivo (see Fig. S1 in
the supplemental material). To assess the activity of LC10 in S.
aureus-induced pneumonia, 7-week-old C57BL/6] mice were pas-
sively immunized with LC10 (at 20, 12, 6, 3, 1.5, or 0.5 mg/kg) or
isotype control R347 (15 mg/kg) 24 h prior to intranasal (i.n.)
infection with 3 X 10® CFU S. aureus FPR3757 (USA300), and
survival was monitored for 7 days. LC10 prophylaxis resulted in a
dose-dependent increase in survival relative to an isotype-
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FIG 1 Anti-AT MAbs prevent death in murine pneumonia model. C57BL/6] mice (n = 10) were injected i.p. with anti-AT MAD or R347 as a negative control.
The animals were i.n. challenged 24 h later with 3 X 10® CFU of S. aureus USA300 (A), NRS261 (B), NRS382 (C) or SF8300 (D). Survival was monitored for 6
days postinfection. The asterisks indicate statistical significance versus the R347-treated group using the log-rank test.

matched control MAb, R347 (P = 0.0005 at a dose of 0.5 mg/kg)
(Fig. 1A). To determine if LC10 protected from severe disease
caused by diverse clinical isolates, mice (n = 10) were passively
immunized with LC10 (at 45, 15, or 5 mg/kg) or R347 (45 mg/kg)
24 h prior to intranasal infection with ~2 X 10® CFU of NRS382
(USA100, CC5), NRS261 (CC30), or SF8300 (USA300). In each
case, LC10 prophylaxis resulted in a significant increase in survival
(P < 0.005) over the 7-day experiment (Fig. 1B to D), indicating
that LC10 can provide protection against diverse S. aureus clinical
isolates.

Fc-y receptor binding in vivo does not play a significant role
in LC10 activity. The binding of anthrax toxin-neutralizing IgG to
Fc-y receptors on phagocytic cells has been reported to be impor-
tant for complete anthrax toxin neutralization in vitro and in vivo
(31, 32). It is unknown if this is also an important attribute for
effective AT neutralization in vivo. Therefore, LC10 harboring the
N297Q Fc mutation (LC10y,9;o) Was constructed to determine if
binding to Fc-y receptors was required for AT neutralization in a
murine pneumonia model. N297Q renders IgG heavy chains agly-
cosylated and defective for Fc gamma receptor (Fc-yR) binding
(33-35). LC10y,97 Fc was confirmed to be aglycosylated and to
be defective for binding to a murine Fc-y receptor (see Fig. S2 and
S3 in the supplemental material). Prophylaxis with LC10y,970
resulted in survival rates in S. aureus pneumonia similar to those
of LC10 (Fig. 2), indicating that binding to Fc-vy receptors does not
play a significant role in AT neutralization by LC10 and protection
from death in a murine pneumonia model.
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LC10 reduces bacterial load. To better understand the effect
of LC10 on the pathogenesis of S. aureus pneumonia, the bacte-
rial numbers in the lungs and kidneys of the infected mice were
assessed 48 h postinfection. The animals passively immunized
with LC10 (at a dose of 15 mg/kg) exhibited a significant reduction
(P < 0.011) in bacterial CFU in the lungs of infected mice relative
to the R347 group (Fig. 3A). Although not significant, LC10 pro-
phylaxis also reduced hematogenous bacterial spread to the kid-
neys to a level at which the bacteria were detectable in only 2/10
animals compared with 7/10 in the R347-treated group (Fig. 3B).
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FIG 2 Fc function is not required for LC10 improved survival. C57BL/6 mice
(n = 10) were i.p. injected with LC10, LC10y,9;0, or R347 as a negative con-
trol. The animals were challenged i.n. 24 h later with 3 X 10® CFU of S. aureus
USA300. Survival was monitored for 6 days postinfection.
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FIG 3 Anti-AT MADs reduce bacterial numbers in murine pneumonia model. C57BL/6J (n = 10) mice were injected i.p. with LC10 or negative control, R347 (15
mg/kg). The animals were challenged i.n. 24 h later with 1 X 10® CFU SF8300. The lungs (A) and kidneys (B) were harvested 24 h postinfection and processed for CFU

enumeration.

AT neutralization by LC10 during pneumonia therefore reduces
bacterial load in the lungs and reduces bacterial dissemination.

LC10 prophylaxis reduces inflammation and pulmonary
damage associated with S. aureus pneumonia. S. aureus pneu-
monia is characterized by neutrophilic inflammation leading to
alveolar consolidation and a loss of alveolar structure (16, 17, 36,
37). Therefore, the effect of LC10 prophylaxis on lung pathology
during S. aureus pneumonia was examined 14 h postinfection.
Histologically, there was a clear difference in the lungs of LC10-
treated mice compared to the lungs of the mice that received R347
(Fig. 4A). Consistent with S. aureus pneumonia, lungs from the
mice that were passively immunized with R347 exhibited areas of
severe alveolar inflammation characterized by prominent accu-
mulations of bacteria admixed with abundant neutrophils with
cellular debris, necrosis, edema, and hemorrhage. In contrast, the
lungs of mice that received LC10 exhibited mild to moderate al-
veolar inflammation with alveolar and perivascular neutrophil in-
filtrates. There was no evidence of necrosis or damage to the alveo-
lar architecture in the LC10-treated animals (Fig. 4B). To gain
insight into the effect of AT neutralization on the local inflamma-
tory response, proinflammatory cytokine and chemokine levels in
the BAL fluid of S. aureus-infected mice passively immunized with
LC10 or R347 were quantified. Consistent with the histopathology
results, the animals immunized with LC10 exhibited a significant
decrease (P < 0.05) in the levels of 16 proinflammatory cytokines
and chemokines, such as IL-6, IL-13, and tumor necrosis factor
(TNF), relative to those that received R347 (Fig. 5). These results
indicate that LC10 prophylaxis blunts an AT-mediated hyperin-
flammatory cytokine response typically seen during S. aureus
pneumonia, resulting in reduced immune cell infiltration and
pathophysiology.

LC10 prophylaxis preserves lung integrity and improves
lung function. Two hallmarks of the pulmonary inflammation
and damage seen during bacterial pneumonia are vascular leak-
age, resulting in increased lung protein levels, and reduced lung
function/gas exchange (16, 36, 38—40). To determine if LC10 pro-
phylaxis had an impact on these measures of lung integrity and
pulmonary function, BAL fluid and arterial blood samples were
collected from infected mice passively immunized with LC10 or
R347 to measure protein leakage into the lungs and the carbon
dioxide tension (PaCO,) in the arterial blood, respectively. The
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mice that were passively immunized with LC10 had significantly
reduced total protein levels (P = 0.005) as determined by the
Bradford protein assay (Fig. 6A). Furthermore, mice that received
LC10 had significantly lower arterial PaCO, (P << 0.0001) (Fig. 6B)

ceived 15 mg/kg LC10 or R347 i.p. 24 h prior to infection with SF8300 (1.5 X
10® CFU). The mouse lungs were harvested 14 h after infection, sectioned,
stained, and examined microscopically. (A) In the R347 group, there was
marked to severe alveolar inflammation with neutrophils, areas of necrosis,
edema, and hemorrhage (denoted by asterisks) admixed with bacterial colo-
nies (arrowhead) (10X); inset, bacteria admixed with abundant neutrophils in
alveolar spaces (40X). (B) In the LC10 group, there was mild inflammation of
neutrophils in alveolar spaces and mild perivascular cuffing (arrow) (10X);
inset, few neutrophils in alveolar spaces (40X).
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FIG 5 Proinflammatory cytokine and chemokine response in BAL fluids. The animals (n = 10) were i.n. challenged with SF8300 24 h after i.p. injection
with anti-AT MADb LCI0 or irrelevant human IgG1 R347. Fourteen hours postinfection, BAL fluids were harvested and stored at —80°C. Cytokine/
chemokine levels were measured by Luminex. The data were analyzed by the ¢ test, and the asterisks indicate statistical difference compared with the R347
group (P < 0.05). G-CSF, granulocyte colony-stimulating factor; IP10, inducible protein 10; LIF, leukemia inhibitory factor; LIX, lipopolysaccharide-

induced CXC chemokine.

than the R347-treated mice, which is indicative of improved lung
function and gas exchange following prophylaxis with LC10.
These results provide further evidence for the protective effect of
LC10 on lung integrity and lung function.

LC10 exhibits synergy when administered with vancomycin
or linezolid. The results above indicate that LC10 prophylaxis
reduces S. aureus pneumonia disease severity. S. aureus infections
are difficult to treat even when the infecting strains are suscepti-
ble to antibiotics (41-43). Foletti et al. (13) reported on the benefit
of the therapeutic administration of an anti-AT MAD after S. au-
reus infection in a murine pneumonia model. Additionally, they
demonstrated that treatment with their anti-AT in combination
with the protein synthesis inhibitor linezolid resulted in an im-
proved outcome relative to treatment with either monotherapy.
We took this further and evaluated different therapeutic dose
combinations of LC10 (intraperitoneal) with vancomycin or lin-
ezolid (subcutaneous) and conducted isobologram analyses using
the lethal pneumonia model to quantify the interaction between
LC10 and vancomycin or linezolid. All molecules were delivered 1
h postinfection. An isobologram model adequately described the
effects of vancomycin and LC10 combinations with an isobole
exponent of 0.72, indicating a moderate synergistic effect (Fig. 7A).
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This is illustrated in Fig. 7B, in which the treatment of S. aureus-
infected mice with subtherapeutic concentrations of LC10 (15
mg/kg) plus vancomycin (40 mg/kg/day) resulted in a signifi-
cant increase (P < 0.026) in survival relative to treatment with
either monotherapy. These subtherapeutic concentrations were
determined empirically by dose-ranging experiments. Isobolo-
gram analysis of LC10 in combination with linezolid revealed a
linezolid-dose-dependent isobole exponent. The isobole expo-
nent increased from 0.48 (synergy) at a linezolid dose of 1.25 mg/
kg/day to 1.0 (additive) at doses of 5 to 10 mg/kg/day (Fig. 7C). In
other words, the synergy between LC10 and linezolid decreased as
the linezolid dose increased. This response, shown in Fig. 7D,
likely results from linezolid-mediated inhibition of all bacterial
protein synthesis, including AT. Overall, the results presented
here indicate that S. aureus pneumonia may be easier to treat with
antibiotics when LC10 is present, with the effects of LC10 treat-
ment being additive or synergistic depending on the type and dose
of antibiotic administered.

LC10 in combination with vancomycin or linezolid im-
proves lung pathology and reduces bacterial load. In prophy-
laxis, LC10 improved survival and reduced immune cell infiltra-
tion and damage to infected lungs. To determine if the survival
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FIG 6 Total protein concentration and arterial blood gas. The animals (n =
10) were challenged i.n. with SF8300 24 h after i.p. injection with anti-AT MAb
LC10 or irrelevant human IgG1 R347. (A) Fourteen hours postinfection, BAL
fluids were harvested, and the total protein concentration was analyzed using
Bradford and Lowry assay methods. The data were analyzed by the ¢ test. (B)
Fourteen hours postinfection, blood was drawn from a tail artery into a hep-
arinized syringe. Blood gas analysis was performed using a VetScan i-STAT 1
analyzer. The data were analyzed by the t test.

benefit afforded by the combination of LC10 plus antibiotic ther-
apy resulted in reduced lung damage, lung histopathology was
also examined following treatment with antibiotic monotherapy
or antibiotic plus LC10 combination therapy. To mimic the treat-
ment of an infection with a bacterium with reduced susceptibility
or inadequate exposure, the mice were dosed 1 h postinfection
with concentrations of LC10 (intraperitoneal) and antibiotics
(subcutaneous) that resulted in 30 to 40% survival when admin-
istered alone. These concentrations were determined empirically
by dose-ranging experiments (data not shown). Lung sections
from the mice infected with S. aureus and treated 1 h postinfection
with vancomycin, linezolid, LC10, or LC10 plus antibiotic com-
binations were examined microscopically following hematoxylin
and eosin (H&E) staining (Fig. 8). Twenty-four hours postinfec-
tion, the lungs from the mice that were treated with R347 exhib-
ited severe multifocal alveolar inflammation with necrosis and
abundant bacterial colonies. The lungs of the animals that were
treated with subtherapeutic doses of vancomycin (40 mg/kg/day)
or LC10 (15 mg/kg/day) exhibited areas of marked neutrophilic
inflammation, necrosis, and scattered bacterial colonies, along
with areas of alveolar necrosis, hemorrhage, and loss of alveolar
architecture. In contrast, mice that received the vancomycin plus

February 2014 Volume 58 Number 2

S. aureus Alpha-Toxin MAb To Prevent or Treat Pneumonia

LC10 combination therapy had areas of mild to moderate inflam-
mation, with occasional bacterial colonies in the alveolar spaces
and little or no evidence of necrosis, hemorrhage, or damage to the
alveolar architecture. The lungs of mice treated with a subthera-
peutic linezolid dose (5 mg/kg/day) exhibited scattered bacterial
colonies with areas of edema and necrosis, whereas in the lung
sections of mice treated with a linezolid-plus-LC10 combination,
there was moderate inflammation, and scattered bacterial colo-
nies were apparent with no evidence of edema or necrosis. Con-
sistent with the histopathology results, the bacterial numbers were
also found to be reduced in the lungs of mice that received the
combination therapies compared with those that received one of
the monotherapies (Table 1). These results support the survival
data presented above and provide further support for the hypoth-
esis that S. aureus pneumonia is easier to treat with antibiotics
when LC10 is present.

DISCUSSION

Alpha-toxin (AT) is a pore-forming toxin produced by a majority
of S. aureus clinical isolates, and it has been demonstrated to be a
key virulence determinant in numerous S. aureus infection mod-
els (e.g., dermonecrosis, pneumonia, sepsis, endocarditis, and
keratitis) using S. aureus mutants defective for AT expression or
methods of passive and active immunization (11-13, 28, 44-50).
As a consequence, AT is actively under investigation as a target for
immunoprophylactic methods against S. aureus disease.

We previously identified a high-affinity AT-neutralizing MAb,
2A3, and reported on its efficacy in a murine dermonecrosis
model (11). Here, we report on LC10, an affinity-optimized ver-
sion of 2A3, and characterize its mechanism of action when ad-
ministered both in prophylactic and in adjunctive therapy with
antibiotics in an acute S. aureus pneumonia model. LC10 prophy-
laxis protected mice from lethal intranasal challenges with diverse
clinical isolates (FPR3757 [USA300], NRS261 [CC30], NRS382
[USA100], and SF8300 [USA300]) and exhibited a 90% effective
dose (EDy,) and 50% effective dose (ED5,) of 14.3 mg/kg and 4.3
mg/kg, respectively, against S. aureus FPR3757 (USA300). Pro-
phylaxis with LC10 also resulted in a significant decrease in bac-
terial burden in the lungs and reduced bacterial spread to the
kidneys in the infected mice. These results are consistent with
published results, demonstrating that prophylaxis with an an-
ti-AT MAD prior to intranasal challenge with S. aureus reduces
disease severity and promotes survival (12).

An intense inflammatory response leading to damaging im-
mune cell infiltration is thought to play a major role in the patho-
genesis of bacterial pneumonia and acute lung injury in humans
(51, 52). S. aureus pneumonia is similarly characterized by a ro-
bust inflammatory response and immune cell infiltration leading
to localized alveolar consolidation, necrosis, and the destruction
of the lung alveolar architecture (16, 17). AT is a key virulence
determinant in S. aureus pneumonia and plays a role in both the
hyperinflammatory response and lung damage (20-23, 53). AT
has been reported to activate the NLRP3 inflammasome in vitro
and in vivo, resulting in IL-1@ production and increased disease
severity in a mouse pneumonia model (21, 22). IL-1B has been
reported to induce the production of a variety of chemokines,
such as MIP-2, MIP-1a, monocyte chemotactic protein 1 (MCP-
1), and IL-8 (KC), which are involved in cellular recruitment (52).
Supporting a role for AT in IL-1B expression and the inflamma-
tory response, Bartlett et al. (18) showed that mice challenged
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FIG 7 The addition of LC10 to vancomycin or linezolid treatment enhances survival. (A) Groups of mice were infected and treated 1 h postinfection with VAN
at concentrations ranging from 5 mg/kg/day to 200 mg/kg/day and with LC10 at 5 mg/kg to 100 mg/kg. (B) LZD doses ranged from 1.25 mg/kg/day to 10
mg/kg/day. The LC10 concentration was fixed at 15 mg/kg. Survival was monitored for 7 days. The closed and open circles represent the observed % survival. The
solid lines represent the predicted % survival. (C) Groups of mice were infected and treated as described above with VAN (40 mg/kg/day, filled green squares),
VAN plus LC10 (40 mg/kg/day plus 15 mg/kg, open green squares), LC10 (15 mg/kg/day, filled purple diamonds), or R347 (15 mg/kg/day, filled black circles).
The addition of LC10 to vancomycin was synergistic and significantly improved survival compared to vancomycin monotherapy (P < 0.026, log-rank test). (D)
Filled blue circles, LZD (5 mg/kg/day); open blue circles, LZD plus LC10 (5 mg/kg/day plus 15 mg/kg); filled teal triangles, LZD (2.5 mg/kg/day); open teal
triangles, LZD plus LC10 (2.5 mg/kg/day plus 15 mg/kg); filled purple diamonds, LC10 (15 mg/kg/day); filled black circles, R347 (15 mg/kg/day). A dose of LZD
at 5 mg/kg/day was additive when added to LC10 (P < 0.027, log-rank test). LZD at 2.5 mg/kg/day was synergistic with linezolid and enhanced survival relative

to linezolid monotherapy (P < 0.0001, log-rank test).

intranasally with an AT knockout mutant exhibited a significant
reduction in IL-1B, KC, and MIP-2, which correlated with a re-
duction in neutrophil influx into the lungs. Similarly, active im-
munization targeting AT has been shown to reduce IL-1(3 levels in
mice with S. aureus pneumonia (28). To further characterize the
effect of AT neutralization on the damaging inflammatory re-
sponse associated with S. aureus pneumonia, a panel of cytokines
and chemokines was measured in bronchoalveolar lavage (BAL)
fluid samples of mice passively immunized with either the isotype
control IgG R347 or LC10. Not only did AT neutralization with
LC10 reduce KC, MIP-2, and IL-1f3 levels in the lungs of mice 24
h postinfection, it significantly reduced the levels of 13 other cy-
tokines and chemokines (e.g., granulocyte-macrophage colony-
stimulating factor [GM-CSF], MIP-1q, and IL-17) involved in the
inflammatory response and cellular recruitment (Fig. 5). These
results are supported by a reduction in the cellular infiltration and
lung damage seen upon histologic analysis of the infected lungs
(Fig. 4A). AT neutralization with LC10 therefore acts to dampen
the damaging inflammatory response that is characteristic of
pneumonia, supporting a role for AT in the overall dysregulation
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of the immune response and providing a rationale for targeting
AT in prophylactic methods and therapy against S. aureus pneu-
monia.

In addition to its role in inciting a damaging immune re-
sponse during S. aureus pneumonia, AT has also been shown to
promote lung damage resulting in pulmonary edema and de-
creased lung function (22, 23). AT does this by directly lysing lung
epithelial cells and at sublytic concentrations by activating the
metalloprotease activity of its receptor, ADAM-10. This results in
the cleavage of E-cadherin in tight cell junctions and leads to fluid
influx and pulmonary edema (23). Consistent with these reports,
the neutralization of AT in animals passively immunized with
LC10 prior to i.n. infection with S. aureus exhibited limited to no
damage to the alveolar architecture and reduced levels of pulmo-
nary edema as measured by protein levels in the bronchoalveolar
lavage fluid. The LC10-treated mice also exhibited reduced CO,
levels in the blood, consistent with improved lung function rela-
tive to the mice that received R347. These results indicate that
prophylaxis with a high-affinity AT-neutralizing MAD prior to
infection reduces much of the damage associated with S. aureus
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FIG 8 Antibody plus antibiotic combination therapy reduces pulmonary
damage. The histopathology of mouse lungs was evaluated 24 h postinfec-
tion with BAA-1556 and treatment 1 h postinfection as described above
with the following: (A) R347, marked to severe inflammation with edema
and necrosis and bacterial colonies (arrowhead); (B) LC10, severe inflam-
mation with prominent bacterial colonies, necrosis, edema, hemorrhage
(denoted by asterisk), and multifocal loss of alveolar architecture; (C) van-
comycin, scattered bacterial colonies with areas of edema and necrosis
(inset showing edema, proteinaceous material in alveolar space 40X); (D)
vancomycin plus LC10, moderate inflammation with some bacterial colo-
nies (arrowhead); (E) linezolid, mild to moderate neutrophilic inflamma-
tion with areas of necrosis (denoted by asterisk) and scattered bacterial
colonies (arrowhead); (F) linezolid plus LC10, mild inflammation with
isolated bacteria (inset showing bacterial colonies 40X). All photomicro-
graphs are at X 10 magnification.

pneumonia; this results in improved lung integrity and pulmo-
nary function, which ultimately promotes bacterial clearance and
survival. Taken together, the data presented here suggest that a
positive disease outcome is dependent on both a reduction in
bacterial CFU and a reduction in the inflammation and damage
associated with S. aureus pneumonia.

Although antibacterial MAbs have been primarily explored
for their value in the prevention of disease, prior to the antibi-
otic era, antibodies, and in particular antitoxins, in the form of
immune serum from an exposed individual or animal, were
used to treat bacterial infections with some success (54). Given
their complementary mechanisms of action, lack of drug-drug
interactions, and extended half-lives, antibacterial antibodies
may provide a benefit when used in combination with antibi-
otics to treat bacterial infections. In fact, recent reports dem-
onstrate the benefit of treating Pseudomonas aeruginosa and S.
aureus infections with a MAb-antibiotic combination over treat-
ing with antibiotics alone (13, 55). For example, DiGiandomenico
et al. (56) demonstrated that the combination of a novel anti-P.
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aeruginosa bispecific antibody with either ciprofloxacin, mero-
penem, or tobramycin resulted in synergy over treatment with
either antibody or with antibiotic alone. Similarly, Foletti et al.
(13) reported that the coadministration of an anti-AT MAb with
linezolid provided benefit over treatment with either the MAD or
linezolid; however, synergy was not examined in that study. We
took this observation further and titrated LC10 in combination
with either linezolid or vancomycin over a range of concentrations
and conducted an isobologram analysis. Our results indicate that
a combination of LC10 with vancomycin was mildly synergistic
over a range of concentrations, whereas a combination of LC10
with linezolid was synergistic at subtherapeutic doses but additive
as the concentration of linezolid increased (Fig. 7). This difference
between vancomycin and linezolid may be explained based on
their mechanisms of action. Linezolid is a protein synthesis inhib-
itor, and part of its utility in treating S. aureus infections likely
results from its inhibition of toxin expression (57). Therefore, in
the presence of linezolid, LC10 neutralizes the small amount of AT
present, resulting in an additive effect over using linezolid alone.
However, as linezolid concentrations decrease as dictated by its
pharmacokinetics (PK), or if the infecting organism exhibits an
elevated MIC to linezolid, more AT is made, which is neutralized
by LC10, resulting in a synergistic interaction between LC10 and
linezolid. On the other hand, vancomycin, which interferes with
cell wall biosynthesis, does not reduce AT levels and may even
increase AT levels by releasing cytosolic AT upon bacterial cell
lysis. As vancomycin kills the bacteria, LC10 neutralizes the AT
that is already present or released by the lysed bacteria, thereby
reducing tissue damage and dampening the inflammatory re-
sponse, resulting in synergy with vancomycin. These results indi-
cate that treatment with LC10 in combination with antibiotics
provides benefit over antibiotic therapy alone and may be a useful
addition to the current antibacterial armamentarium to treat S.
aureus pneumonia.

The results presented here support previous reports by dem-
onstrating that immunoprophylaxis against AT reduces disease
severity in an S. aureus pneumonia model. In addition, our results
provide insight into the mechanism by which AT neutralization
improves disease outcome by suppressing the damaging hyperin-
flammatory response, preserving lung integrity, and improving
lung function, leading to bacterial clearance and improved sur-
vival. Similarly, the therapeutic administration of LC10 in combi-
nation with vancomycin or linezolid results in improved survival
relative to the monotherapies by reducing inflammation and lung
damage. Taken together, these results indicate that an anti-AT
MADb, such as LC10, may be a valuable addition to the methods
that are currently available for the prevention and treatment of
serious S. aureus disease.

TABLE 1 CFU recovered from lung homogenates of C57BL/6] mice
infected with MRSA and treated with various therapies

Treatment Logl10 CFU/ml SEM
VAN 8.88 0.22
VAN + LC10 6.79 1.64
LZD 7.50 0.64
LZD + LC10 6.28 1.23
LCI10 9.12 1.09
R347 8.62 0.28
“ Significantly different from VAN monotherapy (P < 0.0.03, ¢ test).
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