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Methicillin-resistant Staphylococcus aureus (MRSA) causes large-scale epidemics of acute bacterial skin and skin structure infec-
tions (ABSSSI) within communities across the United States. Animal models that reproduce ABSSSI as they occur in humans are
urgently needed to test new therapeutic strategies. Alpha-toxin plays a critical role in a variety of staphylococcal infection models
in mice, but its role in the pathogenesis of ABSSSI remains to be elucidated in rabbits, which are similar to humans in their sus-

ceptibility to S. aureus superantigens and certain bicomponent pore-forming leukocidins. We report here a new rabbit model of

ABSSSI and show that those infected with a mutant deficient in expression of alpha-toxin (Ahla) developed a small dermone-
crotic lesion, whereas those infected with isogenic USA300 MRSA wild-type or complemented Ahla strains developed ABSSSI
that mimic the severe infections that occur in humans, including the large central dermonecrotic core surrounded by erythema,
induration, and marked subcutaneous hemorrhage. More importantly, immunoprophylaxis with MEDI4893*, an anti-alpha-
toxin human monoclonal antibody, significantly reduced the severity of disease caused by a USA300 wild-type strain to that
caused by the Ahla mutant, indicating that this toxin could be completely neutralized during infection. Thus, this study illus-
trates a potential high standard for the development of new immunotherapeutic agents in which a toxin-neutralizing antibody
provides protection to the same degree achieved with a toxin gene knockout. When MEDI4893* was administered as adjunctive
therapy with a subtherapeutic dose of linezolid, the combination was significantly more efficacious than either agent alone in

reducing the severity of ABSSSI.

Community—associated methicillin-resistant ~ Staphylococcus
aureus (MRSA), especially the USA300 clone, is causing dis-
ease epidemics within communities and hospitals across the
United States. Skin and soft tissue infections account for >70% of
the cases of disease (1-3). Due to the alarming spread of these
difficult-to-treat infections and the emergence of antimicrobial
resistance, the U.S. Food and Drug Administration issued a draft
guidance in 2010 to facilitate the development of new drugs to
treat acute bacterial skin and skin structure infections (ABSSSI)
and provided specific reccommendations for defining a sufficiently
large lesion size that differentiates between major cutaneous ab-
scesses and minor cutaneous abscesses (4). This distinction is im-
portant, because it is not possible to estimate reliably the quanti-
tative effect of treatment with a new systemic drug for patients
who have minor cutaneous abscesses, for which there is a 90%
cure rate with surgical incision and drainage alone and no antibi-
otic treatment (5).

For preclinical drug development, there is an urgent need to
develop animal models that reproduce the severe ABSSSI caused
by USA300, so that new therapeutic strategies can be tested to
predict their clinical efficacy in humans. Rabbit models have been
used since the late 1800s for the study of staphylococcal infection
because the course of disease in rabbits closely mimics that in
humans (6). Rabbits exhibit susceptibilities to staphylococcal tox-
ins and superantigens remarkably similar to those of humans,
whereas mice, rats, and even nonhuman primates are resistant to
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many of these toxins (7-11). The pathogenic roles of many staph-
ylococcal toxins, including alpha-toxin, have been validated in
different rabbit infection models (6). However, previously de-
scribed rabbit models of S. aureus skin infection recapitulated a
less serious form of the disease (uncomplicated cutaneous ab-
scess) that spontaneously resolved without treatment (12, 13).

In the study described here, we developed and validated a new
rabbit model of ABSSSI that mimics severe USA300 infection in
humans, including a large dermonecrotic ulceration accompanied
by redness, edema, and induration. The hallmark dermonecrosis
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and ulceration from USA300 skin infections, which can often lead
to a misdiagnosis of the skin lesion as a spider bite (1, 14), are
recapitulated in our rabbit model. Using an animal species that is
susceptible to many staphylococcal toxins, we validated the criti-
cal role of alpha-toxin in the pathogenesis of ABSSSI. We further
demonstrated that MEDI4893%, a human anti-alpha-toxin mono-
clonal antibody (MADb), reduced the severity of USA300 ABSSSI to
the same degree achieved by knocking out the alpha-toxin gene.

MATERIALS AND METHODS

Bacterial strains. Community-associated MRSA clinical isolate SF8300
(pulsed-field type USA300-0114, multilocus sequence type 8) was isolated
from a patient treated at San Francisco General Hospital (15). In-frame
deletion of the alpha-toxin gene (Ahla) and its complementation
(compAhla) in the SF8300 wild-type (WT) strain were performed as de-
scribed previously (16) using the pKOR1 allelic replacement mutagenesis
system and the primers shown in Table S1 in the supplemental material.
The linezolid MICs for the SF8300 wild-type, Ahla, and compAhla strains
were 0.5 pg/ml.

Growth curves of the bacterial strains were determined by diluting 1
ml of an overnight culture into 99 ml fresh tryptic soy broth (TSB) in a
1-liter flask and measuring the optical density at 600 nm (ODy,,) with
shaking at 37°C.

Bacterial inoculum preparation. Bacterial strains were cultured in
TSB at 37°C with shaking for 6 h to exponential phase of growth (OD,, =
1.2 to 1.5; see Fig. S1 in the supplemental material), harvested by centrif-
ugation, washed twice with phosphate-buffered saline (PBS), resus-
pended in PBS containing 10% glycerol to a concentration of 3 X 10'* to
4 X 10" CFU/ml, aliquoted into individual cryovials, and immediately
stored at —80°C. Frozen aliquots were thawed to room temperature im-
mediately before each use and diluted with saline to 2.5 X 10'° to 3.0 X
10'° CFU/ml, and titers were determined by serial dilution and plating
onto 5% sheep blood agar plates to determine the actual number of bac-
teria used for infection of rabbits.

Rabbit model of ABSSSI. All rabbit studies were approved by the
University of California San Francisco Institutional Animal Care and Use
Committee (JACUC). New Zealand White rabbits (weight, 2.2 to 2.6 kg)
were shaved on the right flank, disinfected with 70% ethanol, restrained in
a cat sack restraint device (California Veterinary Supply), and infected by
intradermal injection of 120 pl of the SF8300 wild-type or mutant strain
into the right dorsal lumbar skin using a 1-ml insulin syringe (29 gauge by
1/2 in.). The dermonecrotic lesion was photographed with a standard
ruler once daily for 7 days to document the progression of dermonecrotic
ulceration. Because of their irregular shapes, the surface area for each
dermonecrotic ulceration was quantified using the standard ruler in the
photograph as a scale bar and converting the actual number of pixels
within each lesion to millimeters squared using the widely used Image]
software application (Image Processing and Analysis in Java, version
1.48v; National Institutes of Health) (17). Animals were euthanized on
day 7 postinfection, and the dermonecrotic region was excised to obtain
quantitative bacterial counts and to perform histopathological analysis.

For pathogenesis studies, 21 rabbits were randomized into 3 experi-
mental groups that were challenged by intradermal injection with (i) the
SF8300 WT, (ii) SF8300 Ahla, or (iii) SF8300 compAhla.

For prophylaxis studies, 15 rabbits were randomized into 2 experi-
mental groups that were passively immunized intravenously with either
(i) 30 mg/kg of body weight MEDI4893*, a human anti-alpha-toxin MAb,
or (ii) control IgG (c-1gG), a human IgG1 isotype-matched control (anti-
HIV gp120) antibody (18-21). The rabbits were challenged 24 h later by
intradermal injection with the SF8300 WT strain.

For the treatment studies, 47 rabbits were infected by intradermal
injection of the SF8300 WT strain. Animals were randomized into 1 of 4
experimental groups: (i) 11 animals were treated intravenously with 30
mg/kg c-IgG at 2 h postinfection, (ii) 12 animals were treated intrave-
nously with 30 mg/kg MEDI4893% at 2 h postinfection, (iii) 12 animals
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were treated subcutaneously with 25 mg/kg of linezolid at 2 h postinfec-
tion (redosed every 8 h, 4 doses total), and (iv) 12 animals were treated
with a combination with 30 mg/kg MEDI4893* intravenously at 2 h
postinfection and 25 mg/kg linezolid at 2 h postinfection (redosed every 8
h, 4 doses total).

Histopathology. Lesions, including the skin and subcutaneous tissue
at the site of inoculation, were harvested at day 7 postinfection and fixed in
10% neutral buffered formalin (VWR, Radnor, PA) for a minimum of 48
h. Fixed tissues were then processed according to standard methods as
described previously (19) and stained with Gill’s hematoxylin (Mercedes
Medical, Sarasota, FL) and eosin (Surgipath, Richmond, IL) for histologic
evaluation by a pathologist blind to the experimental conditions.

Serum concentrations of MEDI4893%. Three rabbits were adminis-
tered 30 mg/kg MEDI4893* intravenously. Blood for serum preparation
was drawn at 1, 3, 8, 24, 48, 72, 96, 144, 192, 240, 288, and 312 h. The
concentration of MEDI4893* was determined by an enzyme-linked im-
munosorbent assay. In brief, MaxiSorp plates (VWR International) were
coated overnight at 4°C with 50 pl of 0.5 pg/ml sheep anti-human IgG
(The Binding Site) in 0.2 M carbonate-bicarbonate buffer. Following
three washes with PBS-0.1% Tween, the plates were blocked with
PBS-5% bovine serum albumin for 1 h at room temperature. After three
washes, the plates were incubated for 90 min at room temperature with
serial dilutions of each serum sample (1:500 to 1:16,000 in 50 pl PBS).
Anti-alpha-toxin MAb MEDI4893*was used as the standard (dilution
range, 1,000 ng/ml to 0.98 ng/ml). The plates were then washed 3 times
and incubated with horseradish peroxidase-conjugated goat anti-human
IgG (Bethyl Laboratories, Montgomery, TX) ata 1:15,000 dilution in PBS.
After 1 h of incubation at room temperature, the plates were washed and
100 pl of 3,3',5,5'-tetramethylbenzidine (TMB) substrate (KPL, Gaith-
ersburg, MD) was added. The reaction was stopped by addition of 100 .l
0f 0.2 M H,SO,, and the OD 5, of the plate was read on a spectrophotom-
eter (Molecular Devices, Sunnyvale, CA). Data were analyzed with Soft
Max Pro software (Molecular Devices), and the serum MEDI4893* con-
centration at each time point was calculated as the mean for three serum
dilutions in the linear range of the standard.

Alpha-toxin neutralization assay. Rabbit serum collected at 24 h after
intravenous dosing with 30 mg/kg MEDI4893* or 30 mg/kg c-IgG was
tested for the titers for neutralization of alpha-toxin using rabbit red
blood cells as previously described (20).

Serum concentrations of linezolid. Three rabbits were subcutane-
ously administered 25 mg/kg linezolid (LGM Pharma, Boca Raton, FL),
which was dissolved to 12 mg/ml in a solution of 5% (2-hydroxypropyl)-
B-cyclodextrin (Sigma-Aldrich, St. Louis, MO). Blood for serum prepa-
ration was drawn at0, 0.5, 1, 2, 3, 4, 6, and 8 h postdosing. Linezolid serum
concentrations were determined as previously described using liquid
chromatography-tandem mass spectrometry (LC-MS/MS) (21).

Statistical analysis. GraphPad Prism (version 6.0) software was used
for data analysis. For dermonecrosis data, in the event that statistical as-
sumptions (independence, normality, homogeneity of variance) were
met, one-way analysis of variance followed by Tukey’s multiple-compar-
ison test was applied to either raw or log,,-transformed data. In the event
that statistical assumptions were not met, a nonparametric Kruskal-Wal-
lis test followed by Dunn’s multiple-comparison test was applied to the
raw dermonecrosis data. For data on the log,, number of CFU, the same
statistical methodology described above was applied to account for mul-
tiple comparisons. Where appropriate, an unpaired ¢ test with Welch’s
correction was used, after assessment of the group variance. Reported P
values are for two-tailed tests. A P value of <0.05 was considered statisti-
cally significant.

RESULTS

Critical role of alpha-toxin in a rabbit model of ABSSSI. To de-
velop a new rabbit model of ABSSSI, we used SF8300, a minimally
passaged USA300-0114 clinical strain isolated from a patient with
a severe abscess lesion (15). We compared the subcutaneous and
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FIG 1 Essential role of alpha-toxin in the rabbit model of skin and skin structure infection. (A) Representative gross pathology at 7 days postinfection of skin
specimens excised from rabbits infected with the SF8300 WT, Ahla, and compAhla strains. The gross sections show evidence of marked subcutaneous hemor-
rhage in rabbits infected with the SF8300 and compAhla strains but not those infected with the Ahla mutant strain. (B to D2) Hematoxylin- and eosin-stained
sections of skins excised from rabbits infected with the SF8300 WT (B, B1, B2), Ahla (C, C1, C2),and compAhla (D, D1, D2) strains. (B, C, and D) Partial sections
of skin lesions showing evidence of abscess formation and dermonecrotic ulceration (white dashed outlines; magnification, X4). The squares labeled 1 and 2 are
magnified in the corresponding panels on the right. Infection with the SE8300 WT (B1) and compAhla (D1) strains resulted in ulceration with diffuse epidermal
necrosis and a complete loss of adnexal structures (open arrowheads) with bacterial colonization and neutrophilic debris, whereas infection with SF8300 Ahla
(C1) showed mild to moderate infiltration of viable hair follicles only by PMNs (asterisks; magnification, X 10). Myonecrosis with swelling and fragmentation of
myocytes (arrows) was seen in rabbits infected with the SF8300 WT (B2) and SF8300 compAhla (D2), as was myocyte mineralization (D2) (solid arrowhead;

magnification, X20). Inflammation extended to the muscle layer but did not cause myonecrosis with SF8300 Ahla infection (C2; magnification, X20).

intradermal injection of increasing amounts of SF8300 into the
dorsal lumbar skin of rabbits to produce severe dermonecrotic
ulcerations that mimic USA300 ABSSSI as they occur in humans.
Severe dermonecrosis was defined as having a minimum surface
area of 300 mm?, which allowed a sufficient dynamic range to
detect a significant reduction in pathology as a result of attenua-
tion of the virulence in a mutant strain or an efficacious treatment
modality. Severe dermonecrosis was reproducibly produced only
by intradermal injection of 1 X 10° to 3 X 10° CFU of the SF8300
WT strain. Subcutaneous injection did not result in dermonecro-
sis but did result in the formation of a minor abscess that resolved
spontaneously without treatment. The SF8300 WT strain injected
intradermally did not appear to spread from the local dermone-
crotic lesion to cause systemic infection, as evidenced by a lack of
fever (defined as a daily rectal temperature not exceeding 103.5°F)
and a lack of bacterial counts in the kidneys, the organ targeted by
S. aureus during bloodstream infection (22).

We compared the virulence of the SF8300 WT, Ahla mutant,
and compAhla strains in a rabbit model of ABSSSI established by
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intradermal injection. We verified beforehand that the three iso-
genic strains did not exhibit any differences in in vitro growth rates
(see Fig. S1 in the supplemental material). Rabbits infected with
the Ahla mutant developed a circumscribed, small dermonecrotic
lesion surrounded by healthy skin with minimal subcutaneous
hemorrhage, whereas those infected with the SF8300 WT or
compAhla strain developed markedly larger areas of dermonecro-
sis with surrounding erythema and induration and evidence of
marked subcutaneous hemorrhage (Fig. 1A; see also Fig. S2 and S3
in the supplemental material).

Consistent with the ABSSSI described in humans during the
USA300 epidemic (1, 14), histopathological analysis performed
on the skin excised from rabbits infected with the SF8300 WT or
compAhla strain demonstrated a disease severity significantly
greater than that seen on skin excised from rabbits infected with
the Ahla mutant, with consistent ulceration and necrosis of the
epidermis and complete loss of all adnexal structures (Fig. 1, pan-
els B to D2). Residual hair follicles bordering the ulcer were often
necrotic and expanded by marked infiltrates of polymorphonu-
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FIG 2 Dermonecrosis area and bacterial burden in rabbits infected with the SF8300 wild-type, Ahla, and compAhla strains. Rabbits were challenged with 2.4 X
10° CFU of the SF8300 wild type, 2.4 X 10° CFU of the SF8300 Ahla strain, and 2.5 X 10° CFU of the SF8300 compAhla strain. (A) Dermonecrosis area
determined using Image]J software on each day postinfection, with 7 rabbits per experimental group being tested. Error bars indicate SEMs. Pairwise comparisons
of dermonecrosis area for the WT versus Ahla strains and for the compAhla versus Ahla strain yielded multiplicity-adjusted P values of <0.01, whereas pairwise
comparisons for the WT versus the compAhla strain yielded multiplicity-adjusted P values of >0.05 (see Table S3 in the supplemental material). (B) Bacterial
burden of dermonecrotic ulceration harvested from rabbits euthanized on day 7 postinfection. The log,, numbers of CFU per gram were not significantly
different between the three experimental groups (all pairwise comparisons yielded multiplicity-adjusted P values of >0.05).

clear leukocyte (PMNs) (necrotizing folliculitis). Within the ul-
cerated lesion, there was a central necrotic core bordered by
poorly to moderately organized layers of marked hemorrhage,
heavy bands of degenerate PMNs admixed with necrotic cellular
material, and clusters of bacterial colonies. The dermal collagen
was diffusely necrotic and expanded by degenerate cellular debris,
proteinaceous material (edema), and viable inflammatory infil-
trates which extended into the adipose and subcutis muscle layer.
Multifocal areas of myonecrosis and mineralization of necrotic
myocytes were also frequently observed (Fig. 1B2 and D2).

In contrast, gross lesion size and the histological depth of the
affected skin were markedly reduced in the skin excised from rab-
bits infected with the Ahla mutant (Fig. 1C). Frequently, there was
ulceration centrally with adjacent hyperplasia of the dermis and
thickening of the epidermis. Hair follicles and associated adnexal
structures exhibited mild to moderate PMN infiltration in the
deeper layers overlying areas of abscessation or dermal inflamma-
tion. The underlying subcutis muscular layer remained intact with
minimal necrosis or inflammation.

Quantitatively, rabbits infected with the SF8300 wild-type or
compAhla strain exhibited significantly (P < 0.01) larger areas of
dermonecrosis (385 + 63 and 385 * 69 mm?, respectively) than
rabbits infected with the Ahla mutant strain (63 + 9 mm?) on day
7 postinfection (Fig. 2A; the results of statistical analyses are
shown in Table S3 in the supplemental material). The bacterial
counts in the dermonecrosis lesion were not statistically signifi-
cantly different in animals infected with the SF8300 wild-type,
Ahla, or compAhla strain (Fig. 2B), suggesting that alpha-toxin
production does not enhance bacterial survival. It further suggests
that the dermonecrotic pathology was due to the direct toxic ef-
fects of alpha-toxin on skin pathology and was not due to the
indirect effects of alpha-toxin promoting the survival of the bac-
teria, which then produced other skin-damaging virulence deter-
minants.

Prophylaxis with a human anti-alpha-toxin MAb protected
against ABSSSI. To determine whether immunoprophylaxis with
an anti-alpha-toxin antibody offers protection in the rabbit model
of ABSSSI, animals were randomized for intravenous administra-
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tion of MEDI4893*, an anti-alpha-toxin human monoclonal
IgG1, or a human isotype control IgG (c-IgG) 24 h before intrad-
ermal challenge with the SF8300 WT strain. Intravenous adminis-
tration of 30 mg/kg MEDI4893* yielded an area under the concen-
tration-time curve (AUC) from time zero to infinity of 3,305 = 674
g - day/ml (Fig. 3A and B), with the serum MEDI4893* concen-
trations being maintained above 100 wg/ml over 7 days and with
high neutralization titers being produced in an alpha-toxin neu-
tralization assay with rabbit red blood cells (Fig. 3C). Animals
pretreated with MEDI4893* exhibited a significant reduction in
dermonecrosis compared to those pretreated with c-1gG (31 = 4
and 299 *+ 69 mm?, respectively [P < 0.01] on day 7 postinfection;
Fig. 4A and C; see also Table S4 in the supplemental material).
Bacterial counts in the lesions of animals pretreated with
MEDI4893* were also significantly reduced compared to those
pretreated with c-1gG (P < 0.001) (Fig. 4B), although MEDI4893*
did not affect the growth of the SF8300 WT strain in vitro (see Fig.
S1 in the supplemental material).

Histopathological analysis of skin lesions from animals pre-
treated with c-IgG showed a single large abscess surrounded by
accumulations of viable and degenerate inflammatory infiltrates,
sheets of bacterial colonies, and necrosis of the subjacent muscle
layer (Fig. 4D). In contrast, skin lesions from animals pretreated
with MEDI4893* were similar to those from animals infected with
the Ahla mutant, showing multiple small to coalescing abscesses,
dermal infiltration by inflammatory cells and fibroblasts, and
minimal to no inflammation of the underlying subcutis muscle
layer. Immunoprophylaxis with MEDI4893* greatly limited both
the acute and progressive damage caused by inflammation in the
skin, and animals demonstrated evidence of granulation tissue
formation (healing) at day 7 postinfection.

MEDI4893* adjunctive therapy with linezolid significantly
reduced disease severity. Postinfection treatment of ABSSSI with
antibiotics does not impact the presence or activity of preformed
toxins, such as alpha-toxin. As such, we evaluated the efficacy of
treatment with MEDI4893* alone or in combination with lin-
ezolid, an antibiotic approved for use for the treatment of ABSSSI
(23). It is thought that the use of a protein synthesis inhibitor like
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at 24 h after dosing with 30 mg/kg MEDI4893* (4 rabbit serum samples) or 30 mg/kg c-IgG (2 rabbit serum samples). Error bars indicate SEMs. IV, intravenous.

linezolid may improve disease outcomes by inhibiting bacterial
toxin synthesis (24-26). Previous experimental studies in rabbits
have used linezolid at doses up to 75 mg/kg (27). Herein, we ad-
ministered 25 mg/kg linezolid subcutaneously at 2, 10, 18, and 26
h postinfection, totaling just 4 doses over the 7-day study period.
The rationale for this dosing regimen was based on pharmacoki-
netic parameters (see Table S2 in the supplemental material),
which were designed to achieve subtherapeutic exposure com-
pared to that achieved with the 600-mg human dose. Although the
25-mg/kg dose yielded a concentration in serum (16.0 pg/ml)
higher than that observed with the human dose (12.9 pg/ml), a
3-fold reduction in the AUC and shortened half-life (rabbit, 0.64
h; human, 4.4 h) resulted in an AUC/MIC ratio of 13.15, well
below the pharmacokinetic goal of a 24-h AUC/MIC of 80 to 120
(28). This subtherapeutic dosing regimen was not designed to
achieve microbiological clearance but instead was designed to
evaluate the potential adjunctive effect of MEDI4893* with lin-
ezolid.

When administered at 2 h postinfection, MEDI4893%, lin-
ezolid, or a combination of both significantly reduced the dermo-
necrosis area compared to that achieved after administration of
c-IgG (Fig. 5A and C; see also Table S5 in the supplemental mate-
rial). However, the combination of MEDI4893* and linezolid re-
sulted in a significant reduction in the dermonecrosis area com-
pared to that achieved with linezolid alone (133 % 24 versus 321 =
68 mm?* [P = 0.036] on day 7 postinfection) (Fig. 5A; see also
Table S5 in the supplemental material). Given the mechanism of
action of linezolid (bacteriostatic) and MEDI4893* (alpha-toxin
neutralization), there were only minimal between-group differ-
ences in bacterial burden in the skin (Fig. 5B).

DISCUSSION

S. aureus is the predominant cause of ABSSSI in the United States,
due in large part to the epidemic spread of community-associated
MRSA clone USA300 (1). High rates of antimicrobial resistance
are making it increasingly difficult to treat this and other life-
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threatening staphylococcal infections (29). Monoclonal antibody
technology has enabled pathogen-specific targeting, which is less
likely to elicit the development of bacterial resistance and which
could be used to augment current antibiotic therapy to improve
disease outcomes (30). Toward this end, relevant preclinical ani-
mal models of diseases mimicking S. aureus diseases in humans
are urgently needed not only for evaluation of the therapeutic
efficacy of MADs in prophylaxis and therapy but also for the im-
portant first step of target identification and validation. In the
study described here, we developed a rabbit model of ABSSSI that
mimics some features of severe skin infections in humans, includ-
ing histologic evidence of wound infection, ulceration, inflamma-
tion with necrosis of the epidermal and dermal layers, and absces-
sation comparable to that in human infections. In this model, the
Ahla mutant was grossly attenuated in its capacity to cause der-
monecrosis compared to the capacity of the SF8300 WT or
compAhla strain, indicating that alpha-toxin plays a key role in
the pathogenesis of serious ABSSSI in the rabbit, a species similar
to humans in its susceptibility not only to alpha-toxin but also to
many other exotoxins. These data validate alpha-toxin as a viable
immunotherapeutic target for this serious disease (Fig. 1 and 2).
We reasoned that if an MAD could fully neutralize the alpha-toxin
produced at the site of infection, then the resulting attenuated
dermonecrotic ulceration should be similar to that produced by
the Ahla mutant. Indeed, MEDI4893* treatment resulted in min-
imal dermonecrotic ulcerations and pathology that were remark-
ably similar to those caused by the Ahla mutant (compare Fig. 4C
and 1A), indicating that the activity of this MAb was relatively
complete in its neutralization of alpha-toxin. We further showed
that when MEDI4893* was administered as adjunctive therapy
with a subtherapeutic dose of linezolid, the combination was sig-
nificantly more efficacious than linezolid alone in reducing the
severity of dermonecrosis (Fig. 5).

While developing the rabbit model of ABSSSI, we found that
the intradermal injection of SF8300 caused a severe acute inflam-
matory response with large central dermonecrotic ulcerations and
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FIG 4 Passive immune prophylaxis with MEDI4893, an anti-alpha-toxin monoclonal antibody, protected against challenge with the SF8300 WT. Rabbits were
administered 30 mg/kg MEDI4893* (7 rabbits) or 30 mg/kg c-IgG (8 rabbits) intravenously and then challenged 24 h later with 1.2 X 10° CFU of the SF8300
wild-type strain. (A) Dermonecrosis area on each day postinfection. Error bars indicate SEMs. Pairwise comparison of dermonecrosis area for animals pretreated
with MEDI4893* versus those pretreated with c-IgG yielded P values of <0.01 (see Table $4 in the supplemental material). (B) Bacterial burden of dermonecrotic
ulceration harvested from rabbits euthanized on day 7 postinfection. The log,, numbers of CFU per gram in the lesions of animals pretreated with MEDI4893*
were significantly reduced compared to those in the lesions of animals pretreated with c-IgG (P < 0.001 by unpaired ¢ test with Welch’s correction). (C)
Representative gross images of dermonecrotic ulceration from MEDI4893*- and c-IgG-pretreated animals taken on day 7 postinfection. (D) Histologically,
animals treated with c-IgG (top left; magnification, 1X) had a significantly larger ulcerative lesion than animals treated with MEDI4893%, with a heavy
accumulation of cellular debris, bacterial colonies, and necrosis of the muscle layer (top right, which is an image of the inset in the top left; magnification, 20X).
In contrast, animals treated with MEDI4893* (bottom left; magnification, X 1) had a smaller epidermal ulcer than animals treated with c-IgG, with abscess
formation, granulation tissue, and minimal inflammation of the subcutis muscle layer (bottom right, which is an image of the inset in the bottom left;
magnification, X20).

subcutaneous hemorrhage, whereas subcutaneous injection
caused only a minor skin abscess. The latter finding is similar to
that obtained in the model of Kobayashi et al. (12), in that subcu-
taneous injection also resulted in an uncomplicated skin abscess
with no dermonecrotic ulceration that spontaneously resolved
without antibiotic treatment. The thickness of rabbit skin, which
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is similar to that of human skin (1.7 mm versus 1.5 mm) (31, 32),
may explain why staphylococci are not able to break through the
skin when injected subcutaneously and cause dermonecrosis. In
contrast, subcutaneous injection of SF8300 and LAC/USA300 re-
sulted in dermonecrotic ulceration in mice (21, 33, 34), but this
may have been due to the thinner skin of this species (0.7 mm)
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FIG 5 Protective efficacy of postexposure treatment with MEDI4893* and/or linezolid (LZD). After intradermal infection with 2.7 X 10° CFU of the SF8300
wild-type strain, rabbits were randomized into one of the following four treatment groups: (i) a single dose of 30 mg/kg c-IgG intravenously at 2 h postinfection
(11 rabbits), (ii) a single dose of 30 mg/kg MEDI4893* intravenously at 2 h postinfection (12 rabbits), (iii) four doses of 25 mg/kg linezolid (LZD) subcutaneously
at 2, 10, 18, and 26 h postinfection (12 rabbits), and (iv) a single dose of 30 mg/kg MEDI4893* intravenously at 2 h postinfection and four doses of 25 mg/kg
linezolid subcutaneously at 2, 10, 18, and 25 h postinfection (12 rabbits). (A) Dermonecrosis area on each day postinfection. Error bars indicate SEMs. Pairwise
comparisons of the daily dermonecrosis area for rabbits treated with c-IgG versus linezolid (except on days 1 and 2), c-IgG versus MEDI4893%, c-IgG versus
linezolid-MEDI4893*, and linezolid versus linezolid-MEDI4893* yielded multiplicity-adjusted P values of <0.05, whereas pairwise comparisons of the daily
dermonecrosis area for rabbits treated with linezolid versus MEDI4893* and MEDI4893* versus linezolid-MEDI4893* yielded P values of >0.05 (see Table S5 in
the supplemental material). (B) Bacterial burden of dermonecrotic ulceration harvested from rabbits euthanized on day 7 postinfection. Pairwise comparisons
of the log,, number of CFU per gram for rabbits treated with c-IgG versus LZD, c-IgG versus MEDI4893*, c-IgG versus linezolid-MEDI4893%, and linezolid
versus linezolid-MEDI4893% yielded P values of >0.05, whereas pairwise comparisons of the log;, number of CFU per gram for rabbits treated with linezolid
versus MEDI4893* and MEDI4893* versus linezolid-MEDI4893* yielded P values of 0.028 and 0.043, respectively. (C) Representative gross images of dermo-

necrotic ulceration taken on day 7 postinfection.

(32). It should be noted that Li et al. also used the intradermal
route with injection of 100 ul containing 5 X 10® CFU of the
SF8300 WT strain, but severe dermonecrotic ulceration was not
observed in their rabbit model (13). In our dose escalation study,
we also found that intradermal injection of 5 X 10® CFU of the
SF8300 WT strain was insufficient and that a higher dose of 2 X
10” to 3 X 10° CFU was required to produce severe dermonecrosis
in rabbits.

Inasmuch as alpha-toxin has been shown to be an essential
virulence determinant of ABSSSI, an anti-alpha-toxin MAb could
be a good candidate for the prevention and treatment of this seri-
ous disease. Anti-alpha-toxin human MAb MEDI4893* has dem-
onstrated protective efficacy for the prevention and treatment of
dermonecrosis and pneumonia in mice (18-21). MEDI4893* rec-
ognizes a novel epitope in the rim domain of alpha-toxin and
neutralizes it through a dual mechanism which sterically blocks
binding of alpha-toxin to its cell receptor and prevents it from
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adopting a lytic heptameric transmembrane pore (35). In the rab-
bit model of ABSSSI, rabbits that received prophylaxis with
MEDI4893* 24 h before infection exhibited a significant reduc-
tion in dermonecrotic ulceration compared to rabbits immunized
with ¢-IgG, a human IgG1 isotype-matched control (P < 0.01).
These results indicate that MEDI4893* can prevent disease not
only in mice (18-21) but also in rabbits, a species that is suscepti-
ble to a greater array of S. aureus toxins (7-10, 36).

Linezolid, the first approved agent in the oxazolidinone class of
antibiotics, is recommended as a second-line antibiotic for the
treatment of complicated MRSA skin infections (37). Although
linezolid and other protein synthesis inhibitors present the advan-
tage of inhibiting the production of bacterial toxins, they do not
affect preformed toxins. Similar to the results of previous studies
in mice (21), adjunctive therapy with MEDI4893* and linezolid
was superior to that with linezolid alone when they were admin-
istered at 2 h postinfection (P < 0.01; Fig. 5). Taken together, these
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results indicate that adjunctive therapy with an anti-alpha-toxin
MAD and linezolid may be a rational therapeutic strategy to com-
bat serious S. aureus skin infections.

A potential limitation of our study is that the therapeutic effi-
cacy of MEDI4893%, with or without linezolid, was demonstrated
when the therapeutic regimens were administered at 2 h postin-
fection, a relatively short treatment window. For the rabbit model
of ABSSSI, we used a relatively high number of bacteria to achieve
a reproducibly large dermonecrotic ulceration, which also re-
sulted in a rapidly progressive infection with a treatment window
shorter than that typically encountered in clinical situations. As
such, these rabbit data cannot be used to extrapolate to a treat-
ment window for anti-alpha-toxin MAb in humans. It is also of
note that a single representative strain of the USA300 lineage was
used in these studies, and it remains to be determined whether
MEDI4893* protects against other strains in the rabbit model of
ABSSSI.

In summary, using a USA300 clinical strain and its isogenic
Ahla mutant, we have developed a rabbit model of ABSSSI mim-
icking these severe infections in humans and validated the essen-
tial role of alpha-toxin in the disease process. Prophylaxis with a
human anti-alpha-toxin MAb, MEDI4893%, completely neutral-
ized alpha-toxin-mediated pathogenesis, such that the resulting
skin pathology was indistinguishable from that caused by the Ahla
mutant strain. Treatment with MEDI4893* alone or as adjunctive
therapy with linezolid also demonstrated significant protection.
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