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ABSTRACT Staphylococcus aureus wound infections delay healing and result in in-
vasive complications such as osteomyelitis, especially in the setting of diabetic foot
ulcers. In preclinical animal models of S. aureus skin infection, antibody neutraliza-
tion of alpha-toxin (AT), an S. aureus-secreted pore-forming cytolytic toxin, reduces
disease severity by inhibiting skin necrosis and restoring effective host immune re-
sponses. However, whether therapeutic neutralization of alpha-toxin is effective
against S. aureus-infected wounds is unclear. Herein, the efficacy of prophylactic
treatment with a human neutralizing anti-AT monoclonal antibody (MAb) was evalu-
ated in an S. aureus skin wound infection model in nondiabetic and diabetic mice. In
both nondiabetic and diabetic mice, anti-AT MAb treatment decreased wound size
and bacterial burden and enhanced reepithelialization and wound resolution com-
pared to control MAb treatment. Anti-AT MAb had distinctive effects on the host im-
mune response, including decreased neutrophil and increased monocyte and macro-
phage infiltrates in nondiabetic mice and decreased neutrophil extracellular traps
(NETs) in diabetic mice. Similar therapeutic efficacy was achieved with an active vac-
cine targeting AT. Taken together, neutralization of AT had a therapeutic effect
against S. aureus-infected wounds in both nondiabetic and diabetic mice that was
associated with differential effects on the host immune response.
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Skin wounds affect more than 6 million individuals in the United States alone, which
corresponds to an annual national health care burden of $25 billion (1). These

numbers are expected to rise because of the aging population and the growing
numbers of individuals suffering from obesity and diabetes (2, 3). In particular, 15 to
25% of diabetics will develop wounds during their lifetime, especially diabetic foot
ulcers (DFU), which are often associated with peripheral neuropathy and peripheral
vascular disease and complicate their treatment (4, 5). Diabetic foot ulcers precede 85%
of all lower extremity amputations and are associated with a 50% higher mortality in
diabetics (2, 3).

Staphylococcus aureus, an extracellular Gram-positive bacterium, is the most com-
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mon cause of skin and soft tissue infections in humans and is an important cause of
invasive and life-threating infections such as pneumonia, osteomyelitis, and bacteremia
(6, 7). Although acute and chronic wounds are most often polymicrobial and comprised
of many different bacterial species, S. aureus is the most common bacterial pathogen
associated with wound infections, and its presence correlates with significant delays in
wound healing (8). Moreover, the treatment of S. aureus infections has been compli-
cated by the widespread emergence of virulent and multidrug-resistant community-
acquired methicillin-resistant S. aureus (MRSA) strains (6, 7). S. aureus wound infections
have been reported to occur in 28 to 76% of DFU, and of these infections, the
prevalence of MRSA has ranged between 12 and 30.2% (9). Osteomyelitis, a major
complication in 60% of DFU, is caused by S. aureus in 50% of cases (10) and is
exceedingly difficult to treat, as it requires prolonged antibiotic courses and surgical
interventions, including debridement, resection, or amputation (2, 4, 9, 11, 12).

S. aureus possesses many virulence factors that contribute to disease severity and
evasion of host immune defenses (13–15). Specifically, alpha-toxin (AT) (also called
alpha-hemolysin) is a key S. aureus virulence factor that has been strongly associated
with skin and soft tissue infections in humans (16). AT interacts with its host cell
receptors ADAM10 and pleckstrin homology-containing domain 7 (PLEKHA7) to elicit
its pore-forming cytolytic activity (17, 18). In mouse and rabbit S. aureus skin infection
models, in which the bacteria are inoculated by intradermal or subcutaneous injection,
AT cytolytic activity results in epidermal and dermal necrosis (16). In addition, neutral-
ization of AT either with an anti-AT monoclonal antibody (MAb) or by active immuni-
zation strategies has been shown to decrease disease severity and restore effective
innate and adaptive immune responses in these S. aureus skin infection models (19–26).
However, whether neutralizing AT activity has a therapeutic effect against S. aureus-
infected wounds is unknown. Therefore, we chose to investigate the preclinical efficacy
of therapeutic neutralization of AT and potential mechanisms involved against S.
aureus-infected full-thickness wounds in nondiabetic and diabetic mice.

RESULTS
Effect of neutralizing AT on S. aureus-infected wound resolution. To determine

whether neutralization of AT has a therapeutic effect against S. aureus-infected skin
wounds, nondiabetic mice (C57BL/6) or diabetic mice (TallyHo/JngJ mice that develop
a disease resembling type 2 diabetes in humans) were passively immunized with a
human anti-AT IgG1 (MEDI4893*) or an isotype control IgG (c-IgG) 1 day prior to
performing a mouse model of S. aureus wound infection. MEDI4893* is a high-affinity,
AT neutralizing MAb that reduces disease severity in mouse and rabbit S. aureus skin
infection models and provides coverage against many clinical S. aureus isolates (25–28).
The mouse model of S. aureus wound infection employed was previously described (29,
30). Briefly, three parallel 8-mm-long full-thickness scalpel wounds with approximately
1.5-mm distance between the incisions were made on the backs of the mice, and 1 �

108 CFU of a bioluminescent community-acquired MRSA strain (SAP231 [31]) was
pipetted directly into the open wounds. This model was chosen because the S. aureus
infection exacerbates wound healing, resulting in the three wounds coalescing into a
single large ulcerated wound that takes longer to heal than mock-infected wounds
(pipetting phosphate-buffered saline [PBS] into the wounds), which heal as individual
wounds (29, 30).

In nondiabetic mice treated with c-IgG, the individual scalpel incisions coalesced
into a single large wound that peaked in size on day 5 and was not healed by 14 days
(Fig. 1A and B). In contrast, anti-AT MAb treatment resulted in less rapid coalescence of
the incisions, significantly reduced wound sizes (similar to mock-infected wounds), and
complete reepithelialization by 14 days. Diabetic mice treated with c-IgG developed a
single large coalescent wound (which was substantially larger than the wound in
nondiabetic mice) that peaked on day 5 and was not healed by 14 days (Fig. 1C and D).
Anti-AT MAb treatment of diabetic mice also resulted in a lack of coalescence of the
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individual scalpel incisions, significantly decreased wound sizes (similar to mock-
infected wounds), and complete reepithelialization by 14 days.

Impact of neutralizing AT on bacterial burden. To measure bacterial burden, in
vivo bioluminescence imaging (BLI), which noninvasively measures light production of
live and actively metabolizing bioluminescent bacteria in the wound, was performed
longitudinally over the course of the experiment. These data were confirmed with ex
vivo CFU enumeration of homogenized skin wounds obtained at specific time points.
In nondiabetic mice, anti-AT MAb treatment significantly decreased BLI signals on days
1 and 3 and ex vivo CFU on days 7 and 10 after wounding and infection compared with
c-IgG (Fig. 2A to C). In diabetic mice, anti-AT MAb significantly decreased BLI signals on
days 3, 5, and 7 and ex vivo CFU on days 3 and 7 after wounding and infection
compared with c-IgG (Fig. 2D to F). Therefore, in addition to decreasing wound sizes,
anti-AT neutralization decreased bacterial burdens in the wounds in both nondiabetic
and diabetic mice.

Neutralizing AT promoted reepithelization and healing in nondiabetic and
diabetic mice. Histologic sections from nondiabetic and diabetic mice on days 3 and
7 following wounding and infection were evaluated to determine whether AT neutral-
ization promoted wound healing. On day 3, c-IgG-treated nondiabetic mice had
full-thickness necrosis of all skin layers with bacterial clusters within an abscess in the

FIG 1 Neutralizing AT resulted in decreased wound sizes in nondiabetic and diabetic mice. Nondiabetic (A
and B) or diabetic (C and D) mice were injected i.p. with isotype control (c-IgG) or anti-AT MAb (10 mg/kg)
1 day before performing three parallel scalpel wounds on the upper back skin and inoculation of
bioluminescent S. aureus (10 mice in each group). Mock-infected mice were wounded but not infected. (A
and C) Representative photographs of the wounds (top rows) with close-ups (bottom rows). (B and D) total
wound size (in square centimeters). Values are means � standard errors of the means (SEM) (error bars).
Values for mice given anti-AT MAb that are significantly different (P � 0.05) from the values for mice given
the isotype c-IgG by Student’s t test (two-tailed, unpaired) are indicated by an asterisk.
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dermis and subcutis spanning almost the entire width of the section (Fig. 3A). In
contrast, anti-AT MAb-treated nondiabetic mice demonstrated three relatively distinct
sites of abscess formation with bacterial clusters localized to the scalpel wound sites
and maintained an intact epidermis (with mild epidermal hyperplasia) between the
scalpel incisions (Fig. 3B). In the diabetic mouse model, c-IgG-treated skin sections

FIG 2 Neutralizing AT resulted in decreased bacterial burden in nondiabetic and diabetic mice. Nondiabetic (A to C) or
diabetic (D to F) mice were injected i.p. with isotype control (c-IgG) or anti-AT MAb (10 mg/kg) 1 day prior to performing
three parallel scalpel wounds on the upper back skin and inoculation of bioluminescent S. aureus (10 mice in each group).
Mock-infected mice were wounded but not infected. (A and D) Representative in vivo bioluminescence imaging (BLI)
signals on a color scale overlaid on a gray-scale photograph of the mice. (B and E) Mean total flux (in photons per
second) � SEM (logarithmic scale). (C and F) Mean ex vivo CFU � SEM isolated from 10-mm punch biopsy specimens
performed on euthanized mice at the indicated time points (logarithmic scale). Values for mice given anti-AT MAb that are
significantly different (P � 0.05) from the values for mice given the isotype c-IgG by Student’s t test (unpaired, two-tailed
test [B and E] or one-tailed[C and F]) are indicated by an asterisk.
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demonstrated less demarcated abscesses at the sites of the scalpel wound but diffuse
necrosis of all skin layers that spanned almost the entire width of the section with many
bacterial clusters and marked edema of the hypodermis (Fig. 3C). Anti-AT MAb-treated
diabetic mice had histologic findings similar to the anti-AT MAb-treated nondiabetic
mice but with more abundant bacterial clusters (consistent with the higher bacterial
burden in Fig. 2D to F) and smaller abscess formation between intact areas of mildly
thickened skin (Fig. 3D).

FIG 3 Representative hematoxylin and eosin histology on day 3. Nondiabetic (A and B) or diabetic (C and D) mice were injected i.p. with isotype c-IgG or anti-AT
MAb (10 mg/kg) 1 day prior to performing three parallel scalpel wounds on the upper back skin and inoculation of S. aureus (the three mice in each group
gave similar results). Low-magnification views of skin section (2� magnification) with insets indicating the site of the wound (insets 1 with solid outline and
10� magnification) and area between wound sites (insets 2 with dotted outline and 10� magnification). The black bracket in panel A shows a single coalesced
ulcer with necrosis of all skin layers. Black arrows in panels B, C, and D point to wound sites. In panel C2, hypodermis with edema (h) is indicated. The white
asterisks in panels A1, B1, C1, and D1 indicate bacterial clusters.

Neutralizing AT Heals S. aureus-Infected Wounds Antimicrobial Agents and Chemotherapy

March 2018 Volume 62 Issue 3 e02288-17 aac.asm.org 5

http://aac.asm.org


On day 7, c-IgG-treated nondiabetic mice had diffuse loss of the epidermis spanning
almost the entire width of the section with marked inflammatory infiltrates extending
to the base of the ulcer in the dermis and subcutis (Fig. 4A). In contrast, anti-AT
MAb-treated nondiabetic mice had complete reepithelialization and an inflammatory
infiltrate at the incision sites (Fig. 4B). c-IgG-treated diabetic mice had an ulcer spanning

FIG 4 Representative hematoxylin and eosin histology on day 7. Nondiabetic (A and B) or diabetic (C and D) mice were injected i.p. with a matched isotype
c-IgG or anti-AT MAb (10 mg/kg) 1 day prior to performing three parallel scalpel wounds on the upper back skin and inoculation of S. aureus (three mice in
each group gave similar results). Low-magnification views of skin section (2� magnification) with insets indicating the site of the wound (insets 1 with solid
outline and 10� magnification) and area between wound sites (insets 2 with dotted outline and 10� magnification). The black brackets in panels A and C show
a single coalesced ulcer with diffuse dermal infiltrate. Black arrows in panels B and D point to wound sites. Black arrowheads in panel B1 indicate
reepithelialization at the wound site. Open arrowheads in panel C1 indicate bacterial clusters. Serocellular crust (s) in panel C2 and epidermal hyperplasia (eh)
in panel D1 are indicated.
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almost the entire width of the section with a thick serocellular crust overlying full-
thickness necrosis and inflammation of the all skin layers with abundant bacterial
clusters but evidence of reepithelialization on the periphery of the wound (Fig. 4C). The
histologic findings for anti-AT MAb-treated diabetic mice were similar to the findings
for the anti-AT MAb-treated nondiabetic mice with complete reepithelialization and
mild dermal inflammatory infiltrates at the residual incision sites. The skin between
incision sites had minimal dermal infiltrates but otherwise normal adenexal structures
(Fig. 4D). Collectively, in S. aureus-infected wounds of both nondiabetic and diabetic
mice, neutralizing AT preserved the epidermis between the scalpel wounds that
resulted in more rapid reepithelialization and wound healing.

Neutralizing AT decreased neutrophil and increased monocyte and macro-
phage infiltrates in nondiabetic mice but not in diabetic mice. To determine
whether AT neutralization resulted in differences in the cellular composition of the
immune cell infiltrates in the wounds of nondiabetic and diabetic mice, the numbers
and percentages of neutrophils (Ly6Ghigh), monocytes (Ly6Chigh, Ly6Glow) and macro-
phages (F4/80�, Ly6Gneg) were determined by fluorescence-activated cell sorting
(FACS) analysis on skin wound samples obtained on days 3 and 7 (Fig. 5). On day 3, in
comparing anti-AT MAb- and c-IgG-treated nondiabetic mice, there were no differences
in the numbers and percentages of neutrophils, monocytes, or macrophages (Fig. 5A to
H). However, on day 7, anti-AT MAb-treated nondiabetic mice had decreased numbers
and percentages of neutrophils but increased numbers and percentages of monocytes
and an increased percentage of macrophages. In contrast, in comparing anti-AT
MAb- and c-IgG-treated diabetic mice on day 3 or 7, there were no differences in the
numbers or percentages of neutrophils, monocytes, or macrophages (Fig. 5I to P). These
results suggest that the anti-AT MAb impacted neutrophil, monocyte, and macrophage
infiltrates in nondiabetic mice but not in diabetic mice.

Neutralizing AT inhibited formation of NETs in diabetic mice. Neutrophils are
innate immune cells important for the early inflammatory phase of wound healing. As
part of their antibacterial defense mechanism, they can produce neutrophil extracel-
lular traps (NETs), through a process called NETosis, by releasing decondensed chro-
matin and intragranular proteases (32). Previously, NETosis was reported to be preva-
lent in diabetic wounds in both mouse models and in humans and contributed to
aberrant inflammation that delayed wound healing (33, 34). To determine whether AT
neutralization resulted in differences in NETosis, histologic sections from nondiabetic
and diabetic mice on day 7 were labeled with anti-Ly6G (neutrophils) and anti-histone
H3 antibodies (Fig. 6). Anti-AT MAb- or c-IgG-treated nondiabetic mice showed almost
no NET formation (Fig. 6A and B). In contrast, there was marked NETosis in c-IgG-treated
diabetic mice as indicated by diffuse histone H3 labeling (Fig. 6C and D). However, the
anti-AT neutralizing MAb almost entirely inhibited NETosis as evidenced by markedly
less histone H3 labeling.

Neutralization of AT with an active vaccine accelerates S. aureus-infected
wound resolution. Next, we assessed whether active immunization with a nontoxi-
genic AT (AT with an H-to-L change at position 35 [ATH35L]) in alum could exhibit
protection similar to the anti-AT MAb. Active immunization with ATH35L resulted in
decreased wound sizes and bacterial burdens in both nondiabetic and diabetic mice
compared to PBS-immunized animals (Fig. 7A to D). Thus, neutralization of AT with
either an anti-AT MAb or active vaccine targeting AT had a similar therapeutic effect in
promoting wound healing and decreasing bacterial burden in nondiabetic and diabetic
mice.

DISCUSSION

S. aureus is the most common bacterial pathogen that infects acute and chronic
wounds, leading to delayed wound healing and invasive complications such as osteo-
myelitis, particularly in the setting of diabetes (2, 4, 9, 11, 12). In the present study, we
evaluated whether neutralization of AT provided a therapeutic benefit in an S. aureus
wound infection mouse model. We report that passive immunization of both nondia-
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FIG 5 Neutralizing AT resulted in decreased neutrophil and increased monocyte and macrophage infiltrates in nondiabetic mice but
not in diabetic mice. Nondiabetic (A to H) or diabetic (I to P) mice were injected i.p. with isotype c-IgG or anti-AT MAb (10 mg/kg)
1 day prior to performing three parallel scalpel wounds on the upper back skin and inoculation of S. aureus (10 mice in each group).
(A, B, I, and J) Representative flow plots from S. aureus-infected wounds on day 3 and day 7. Total cell numbers and percentage of
CD11b� cells of neutrophils (Ly6Ghigh) (C, D, K, and L), monocytes (Ly6Chigh Ly6Glow) (E, F, M, and N) and macrophages (F4/80�,
Ly6Gneg) (G, H, O, and P). Values that are significantly different (P � 0.05) by Student’s t test (two tailed, unpaired) are indicated by
a bar and asterisk.
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betic and diabetic mice with an AT neutralizing MAb resulted in markedly reduced
wound sizes, shorter duration to complete wound healing, decreased bacterial bur-
dens, and preservation of intact epidermis compared to treatment with an isotype
control MAb (c-IgG). In addition, in nondiabetic mice, neutralizing AT decreased num-
bers of neutrophils but increased monocytes and macrophages. In diabetic mice,
neutralizing AT decreased formation of NETs. Finally, the efficacy of active AT vaccine
was similar to that of the anti-AT MAb but with a more substantial reduction in bacterial
burden in diabetic mice than in nondiabetic mice. However, several observations
suggest that the mechanisms of AT neutralization differed between nondiabetic and
diabetic mice.

First, our wound model proved to be a unique system to assess the impact of AT
neutralization on the keratinocytes, as it allowed examination of the epidermal viability
between the three scalpel wounds. In the presence of AT activity, the S. aureus infection
caused the individual scalpel wounds to coalesce to form a large ulcer in nondiabetic
and diabetic mice, modeling the effect of S. aureus infection in worsening and delaying
wound healing (8). In contrast, neutralizing AT activity preserved viable epithelium
between the scalpel wounds that likely was responsible for more rapid reepithelializa-
tion. The microscopic preservation of the epithelium was also more clearly observed in
the representative photographs of diabetic mice than nondiabetic mice (Fig. 1A and C).

Second, neutrophil recruitment is considered to play an important role in host
defense against S. aureus infections (35). However, uncontrolled neutrophilic inflam-
mation can lead to pathogenic tissue injury (35–37). Neutralizing AT in nondiabetic

FIG 6 Neutralizing AT resulted in decreased neutrophil extracellular traps (NETs) in diabetic mice. Nondiabetic (A
and B) or diabetic (C and D) mice were injected i.p. with isotype c-IgG or anti-AT MAb (10 mg/kg) 1 day prior to
performing three parallel scalpel wounds on the upper back skin and inoculation of S. aureus, and wound biopsy
specimens were taken on day 7 for immunofluorescence microscopy (the three mice in each group gave similar
results). Representative immunofluorescence labeling of anti-histone H3 antibodies (NETs [green fluorescence]),
anti-Ly6G antibodies (neutrophils [red fluorescence]), and DAPI stain (DNA [blue fluorescence]). Bars � 100 �m
(DAPI staining).
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mice resulted in localization of the neutrophilic abscess at the wound sites and fewer
neutrophils on day 7 compared with c-IgG-treated nondiabetic mice. The localization
and decreased numbers of neutrophils likely resulted in less inflammation to facilitate
more rapid wound healing. Although the mechanism by which neutralizing AT led to
less neutrophil recruitment is not entirely clear, it could have been due to decreasing
AT activation of the NLRP3/ASC inflammasome that processes pro-interleukin-1� (pro-
IL-1�) to active IL-1� (38–42), which is essential for mediating neutrophil recruitment to
a site of S. aureus infection in the skin (41).

Third, unlike nondiabetic mice, anti-AT MAb-treated diabetic mice had no differ-
ences in the numbers or percentages of neutrophils. Although the reason for this
difference is unclear, neutrophil function is impaired in the setting of diabetes (43), and
thus, diabetic mice are likely to have a different neutrophilic response than nondiabetic
mice. Indeed, unlike nondiabetic mice, c-IgG-treated diabetic mice had substantial
NETosis in the S. aureus-infected wounds, which is consistent with prior reports (33, 34).
However, neutralizing AT almost completely inhibited NETosis, suggesting that AT
neutralization might represent a new therapeutic intervention to inhibit NETosis in
diabetic wounds and facilitate wound healing. This might have important clinical
relevance in diabetic wounds in humans, because the increased NETosis in diabetic
wounds induces aberrant inflammation that delays wound healing (33).

Fourth, in nondiabetic mice, neutralizing AT resulted in increased numbers and/or

FIG 7 Neutralizing AT activity elicited by active immunization resulted in decreased wound sizes and
bacterial burdens in nondiabetic and diabetic mice. Nondiabetic (A and B) or diabetic (C and D) mice
were administered two doses of an active AT vaccine with alum as an adjuvant or PBS (control group)
prior to performing three parallel scalpel wounds on the upper back skin and inoculation of biolumi-
nescent S. aureus (five mice in each group; data are representative of two independent experiments). (A
and C) Mean total wound size (cm2) � SEM. (B and D) Mean total flux (photons/s) � SEM (logarithmic
scale). Values for the group given AT vaccine plus alum that are significantly different (P � 0.05) from the
value for the PBS control group by Student’s t test (two tailed, unpaired) are indicated by an asterisk.
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percentages of monocytes and macrophages in the infected wounds. Although the func-
tional consequences of this are unclear, perivascular macrophages can mediate the initial
neutrophil extravasation to a site of S. aureus skin infection, and AT has been shown to lyse
these macrophages and prevent this response (44). Thus, neutralizing AT might have
prevented cell death of these macrophages to sustain early neutrophil recruitment to
control the infection. Macrophages also engulf and digest apoptotic neutrophils in a
process called efferocytosis to decrease neutrophilic inflammation and promote wound
healing (45). We previously found that sublytic levels of AT impaired the ability of macro-
phages to take up apoptotic neutrophils, and the presence of AT reduced the uptake of
neutrophils by macrophages in an S. aureus pneumonia model in vivo (46). Thus, the
increased macrophages in anti-AT MAb-treated mice might have led to enhanced effero-
cytosis of neutrophils to resolve the inflammation and promote wound healing.

Our results are consistent with previous studies that investigated neutralization of
AT with an anti-AT MAb, an active vaccine against AT, or an S. aureus AT deletion
mutant (ΔAT) in mouse models in which S. aureus was inoculated intradermally or
subcutaneously into intact mouse skin, as all these studies reported decreased skin
lesion sizes (i.e., dermonecrosis) (19–26) and some also reported decreased bacterial
burdens (20, 23, 25). Also, similar to our results, a previous study using a ΔAT deletion
mutant in an S. aureus-infected excisional punch biopsy wound model in nondiabetic
mice reported enhanced wound healing and decreased bacterial burden (47). However,
in a prior intradermal S. aureus infection, anti-AT MAb treatment increased IL-1� levels
and enhanced neutrophil infiltration at the infection site (25). In contrast, in our
incisional wound model and in the prior excisional wound model, neutralization of AT
decreased IL-1� levels, but there was decreased and increased neutrophil infiltrates
(47), respectively. Although the reasons for these differences are unclear, they were
likely due to differential responses inherent to the various S. aureus skin and wound
infection models, including cytokine responses (especially in the setting of diabetes)
and the S. aureus strains that were used (NRS384 in the present study versus SF8300
[25] and SH1000 [47]).

Finally, the anti-AT MAb (MEDI4893*) used in this study was engineered with
M252Y/S254T/T256E (YTE) mutations in its Fc region for extended serum half-life
(MEDI4893), which was determined to be 80 to 112 days in healthy volunteers (48). Given
our results and this relatively long half-life in humans, it might be most feasible for
MEDI4893 to be used at an early stage of DFU formation such as when there is intact skin
or a superficial ulceration (without evidence of infection) as prophylaxis against an ensuing
S. aureus infection. Although not formally tested in this study, MEDI4893 could potentially
be used as an adjunctive treatment modality along with medical and surgical therapy
during later stages when there is a culture-positive S. aureus infection of more invasive DFU
tracking to tendon, joint, and bone or in the presence of S. aureus osteomyelitis. Additional
preclinical and clinical studies are needed to determine whether MEDI4893 has therapeutic
efficacy in these more complicated and invasive DFU.

There are some limitations. First, the effect of neutralizing AT in the polymicrobial
wound environment of most diabetic foot ulcers is unclear; however, S. aureus is the major
potentiator of these wounds that delays wound healing (8). Second, although almost all S.
aureus skin isolates express AT, neutralization of AT will not be a successful approach for
strains that do not produce AT. Third, Panton-Valentine leukocidin (PVL) is a cytolytic toxin
that has been shown to induce dermonecrosis only in humanized mice upon S. aureus
intradermal challenge (49). Other S. aureus cytolytic toxins and leukocidins also have species
selectivity, and these bacterial factors as well as differences in host responses between
humans and mice should be taken into account when translating our results to humans (50,
51). Last, in comparison to the anti-AT MAb, the efficacy of active AT vaccine was likely due
to a polyclonal antibody response against AT as well as induction of T cell responses, which
will be investigated in future work.

In conclusion, neutralizing AT greatly accelerated wound resolution and had less
effect on decreasing bacterial burden in both nondiabetic and diabetic mice. Our
results suggest that additional preclinical testing and consideration of AT neutralization
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as an adjunctive therapeutic approach for S. aureus-infected wounds in humans are
warranted. Furthermore, the particular efficacy of neutralizing AT in diabetic mice
suggests that this approach might be effective against DFU to promote wound healing
and prevent osteomyelitis and other infectious complications.

MATERIALS AND METHODS
Staphylococcus aureus strain. The bioluminescent S. aureus strain SAP231 was used in all experi-

ments, which was generated as previously described from the wild-type parent NRS384 strain (31), a
USA300 community-acquired methicillin-resistant S. aureus (CA-MRSA) isolate from a major skin and soft
tissue outbreak in the Mississippi prison system. The SAP231 strain possesses a stably integrated
modified luxABCDE operon from the bacterial insect pathogen Photorhabdus luminescens. Live and
metabolically active SAP231 bacteria constitutively emit a blue-green light, which is maintained in all
progeny without selection.

Preparation of bacteria for inoculation. S. aureus strain SAP231 was streaked onto tryptic soy agar
plates and grown overnight. To obtain mid-logarithmic-phase bacteria, single colonies were selected and
grown in tryptic soy broth at 37°C in a shaking incubator overnight and then subcultured for 2 h,
pelleted, washed, and resuspended at an inoculum concentration of 1 � 108 CFU per 10 �l phosphate-
buffered saline (PBS) estimated by absorbance (A600) and verified by overnight culture on plates.

Mice. Seven- to 8-week-old male wild-type (nondiabetic) C57BL/6 mice or 8- to 9-week-old male
TallyHo/JngJ mice (Jackson Laboratories, Bar Harbor, ME) were used in all experiments. TallyHo/JngJ mice
were used as a model of type II diabetes and were confirmed to have hyperglycemia (blood glucose level of
�300 mg/dl) before use in experiments, which occurred when the mice were between 8 and 9 weeks of age.
Mice were bred and maintained under specific-pathogen-free conditions at an American Association for the
Accreditation of Laboratory Animal Care (AAALAC)-accredited animal facility at Johns Hopkins and housed
according to procedures described in the Guide for the Care and Use of Laboratory Animals (52).

Wound infection model. All animal experiments were approved by the Johns Hopkins University
Animal Care and Use Committee. The S. aureus wound infection model was used as previously described
(29, 30). Briefly, mice were anesthetized with 2% isoflurane, the back skin was shaved with clippers, and
three parallel 8-mm full-thickness cuts with �1.5 mm space between each cut on the upper dorsal back
skin were made with a no. 11 blade, and the wounds were collectively inoculated with S. aureus at 1 �
108 CFU per 10 �l PBS using a micropipette. Wound area measurements were obtained from digital
photographs by using the image analysis software ImageJ (https://imagej.nih.gov/ij/; NIH Research
Services Branch) and a millimeter ruler.

Anti-AT prophylactic treatment. Human anti-alpha toxin (anti-AT) monoclonal antibody (MAb)
(MEDI4893*) or isotype control IgG1 (c-IgG) (anti-HIV gp120 [R347]) was generated as previously
described (26). Mice were treated with 10 mg of either MAb per kg of body weight intraperitoneally (i.p.)
1 day prior to wounding and bacterial inoculation. This dose of anti-AT MAb was chosen because in our
pilot dose-finding experiments, 10 mg/kg was more efficacious in the S. aureus wound infection model
than lower doses (2 and 0.5 mg/kg) (data not shown), and it was the same effective dose we used to
inhibit AT in our prior work in an intradermal S. aureus infection model (25).

In vivo bioluminescence imaging. Mice were anesthetized (2% isoflurane), and in vivo biolumines-
cence imaging (BLI) was performed at the indicated time points using the Lumina III IVIS in vivo imaging
system (PerkinElmer). The total flux (in photons per second) was measured within a 1 � 103 pixel circular
region of interest using Living Image software (PerkinElmer) (limit of detection, 2 � 104 photons/s).

Ex vivo CFU enumeration. Mice were euthanized on days 3, 7, and 10 after the mice were wounded
and infected, and 10-mm skin punch biopsy specimens were obtained and homogenized (Pro200 Series
homogenizer; Pro Scientific, Oxford, CT) in PBS on ice. Homogenates were serially diluted and cultured
on tryptic soy agar (TSA) plates overnight, and CFU were enumerated. In our prior work using this same
S. aureus skin wound infection model in nondiabetic mice, the in vivo BLI signals showed a high
correlation with the ex vivo CFU counts (R2 � 0.9996) (30).

Histology. Mice were euthanized on day 3 and day 7 postwounding and infection. Skin specimens
were obtained using surgical scissors, and specimens were fixed in 10% formalin. The samples were
embedded in paraffin, then sectioned at 4-�m thickness, and mounted on glass slides for staining with
hematoxylin and eosin (H&E). Histologic sections were evaluated by light microscopy by a pathologist
who was blind to the experimental groups, and the histologic features that were consistent among the
mice in each group are shown in the representative histologic images shown in the figures.

Flow cytometry. Mice were euthanized on day 3 and day 7 after the mice were wounded and
infected, and a 10-mm punch biopsy specimen of the wounded and infected skin was obtained from
euthanized mice. Skin tissue was minced with surgical scissors and digested in RPMI 1640 medium with
0.25% Liberase TL (Roche) and 0.01% DNase I (MilliporeSigma) for 2 h in an orbital shaking incubator at
70 rpm and 37°C. Samples were passed through sterile 40-�m cell strainers (Corning), and single-cell
suspensions were resuspended in RPMI 1640 medium containing 10% fetal bovine serum (FBS) and
penicillin-streptomycin and then washed twice in fluorescence-activated cell sorting (FACS) buffer (PBS
with 1% bovine serum albumin). Approximately 1 million cells were added to each well of a 96-well plate
and Fc block (BioLegend) was added, and the cells were labeled for 15 min at 4°C with propidium iodide
(Miltenyi Biotec) for viability and MAbs against CD11b (clone M1/70), Ly6C (clone AL-21), Ly6G (clone
1A8) (BD Biosciences), and F4/80 (clone REA126) (Miltenyi Biotec). Cells were washed twice with FACS
buffer and resuspended for data acquisition on a MACSQuant flow cytometer (Miltenyi Biotec). Data were
analyzed with FlowJo software (Treestar).
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Immunofluorescence and confocal laser microscopy. Paraffin-embedded tissue specimens were
rehydrated by incubation in 100% xylene for 20 min followed by 5-min incubations in 100%, 90%, 75%,
and 50% ethanol (EtOH). The slides were then washed in PBS prior to antigen retrieval at 95°C in 10 mM
sodium citrate (20 min). Tissue sections were blocked (1 h) in BlockAid (Thermo Fisher Scientific) and
stained overnight at 4°C with anti-Ly6G (clone 1A8; BD Biosciences) and anti-histone H3 (citrulline R2 plus
R8 plus R17) antibodies (ab5103; Abcam), followed by Alexa Fluor 647- and Alexa Fluor 488-conjugated
secondary antibodies targeting anti-rat IgG and anti-rabbit IgG, respectively (Thermo Fisher Scientific).
The slides were sealed with Vectashield with 4=,6=-diamidino-2-phenylindole (DAPI) (Vector Laboratories)
and imaged with a Leica TCS SP5 X confocal microscope (Leica Microsystems).

Active immunization with nontoxigenic AT mutant. Active vaccination was performed using
recombinant, nontoxigenic AT (ATH35L) as previously described (26) in the mouse model of wound
infection using both C57BL6/J and Tallyho/JngJ mice. Vaccination was performed with intramuscular
(i.m.) injection of a total of 100 �l (50 �l per hind limb) of PBS or ATH35L (5 �g for C57BL6/J mice and 1
�g for Tallyho mice) in combination with alum adjuvant (Alhydrogel). C57BL6/J mice were immunized
with a two-dose vaccine regimen on day 1 and day 14, and on day 28, the wound was infected as
described above. Tallyho/JngJ mice were immunized with a two-dose vaccine regimen on day 1 and day
10, and on day 20, the wound was infected as described above.

Statistics. Data were compared using an unpaired Student’s t test (one or two tailed) as indicated
in the figure legends. All statistical analysis was performed using Prism v5 (GraphPad). Data are presented
as means � standard errors of the means (SEM), and values of P � 0.05 were considered to be statistically
significant.
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