
Article

Exploiting dominant-negative toxins to combat
Staphylococcus aureus pathogenesis
Tamara Reyes-Robles1, Ashira Lubkin1, Francis Alonzo III1,†, D Borden Lacy2 & Victor J Torres1,*

Abstract

Staphylococcus aureus (S. aureus) is a human pathogen that relies
on the subversion of host phagocytes to support its pathogenic
lifestyle. S. aureus strains can produce up to five beta-barrel, bi-
component, pore-forming leukocidins that target and kill host
phagocytes. Thus, preventing immune cell killing by these toxins is
likely to boost host immunity. Here, we describe the identification
of glycine-rich motifs within the membrane-penetrating stem
domains of the leukocidin subunits that are critical for killing
primary human neutrophils. Remarkably, leukocidins lacking these
glycine-rich motifs exhibit dominant-negative inhibitory effects
toward their wild-type toxin counterparts as well as other leuko-
cidins. Biochemical and cellular assays revealed that these
dominant-negative toxins work by forming mixed complexes that
are impaired in pore formation. The dominant-negative leukocidins
inhibited S. aureus cytotoxicity toward primary human neutrophils,
protected mice from lethal challenge by wild-type leukocidin, and
reduced bacterial burden in a murine model of bloodstream infec-
tion. Thus, we describe the first example of staphylococcal bi-
component dominant-negative toxins and their potential as novel
therapeutics to combat S. aureus infection.
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Introduction

Staphylococcus aureus (S. aureus) is a significant human pathogen

that can cause a range of diseases from mild (such as skin and soft

tissue infections) to severe and life-threatening infections including

endocarditis, osteomyelitis, bacteremia, pneumonia, and sepsis [1].

S. aureus produces a large array of virulence factors that thwart the

host immune response to promote bacterial replication [2,3].

Among these factors, S. aureus strains produce a collection of bi-

component pore-forming leukocidins [4]. These toxins are secreted

as two water-soluble monomers (named S (slow)- or F (fast)-

subunit, based on their elution profiles in liquid chromatography)

[4]. The secreted S-subunit monomer binds to proteinaceous cellular

receptors on the plasma membrane of target host cell, causing the

recruitment of the F-subunit [5]. Oligomerization of alternating

S- and F-subunits on the cellular membrane produces an octameric

pre-pore structure, followed by the insertion of the pre-stem

domains that assemble into a membrane-piercing beta-barrel struc-

ture that results in cell death via osmotic lysis [6–8]. S. aureus

strains associated with human infections can produce up to five bi-

component leukocidins: Panton-Valentine leukocidin (PVL or

LukSF-PV), gamma hemolysin (two toxins, HlgAB and HlgCB),

leukocidin AB (LukAB, also known as LukGH), and leukocidin ED

(LukED), with the toxin subunits categorized as S-subunits (LukS-

PV, HlgA, HlgC, LukA, and LukE) and F-subunits (LukF-PV, HlgC,

LukB, and LukD) [4]. These leukocidins target and kill leukocytes

from both innate and adaptive host immune responses [4]. High

amino acid sequence homology is shared among S-subunits and

F-subunits, with the exception of LukAB (> 65% homology versus

~30%) [9]. The shared homology and similar cytotoxic effects on

leukocytes previously suggested that these toxins were redundant.

However, the identification of different proteinaceous cellular recep-

tors targeted by these toxins on the surface of leukocytes challenges

the notion of redundancy and provides an explanation for their cell

and species tropism [10–14].

Development of new antibiotic treatments against S. aureus

infections is hindered by the high rate of acquisition of antibiotic

resistance by this bacterium. Furthermore, there is currently no

effective vaccine against this pathogen [15,16]. Contributing to the

challenge of therapeutic development is the assortment of virulence

factors that S. aureus employs to subvert the host immune response

[2,3,17]. Thus, it is clear that a multivalent approach is needed to

prevent S. aureus disease. Previous and current attempts have

focused on the study of conserved surface antigens that are present

in S. aureus strains, including capsular polysaccharides CP5 and

CP8 [18,19], Protein A (SpA) [20,21], iron-scavenging proteins

(IsdB) [22,23], clumping factors (ClfA and ClfB) [24,25], or secreted

factors such as Hla, HlgC, or LukS-PV [26–30], among others [26–

30]. Studies using surface-bound molecules have either failed to
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translate into successful human clinical trials or are currently under

preclinical or early stages of clinical trials (www.clinicaltrials.gov).

Given the apparent lack of protection conferred by surface-bound

virulence factors already evaluated, emphasis has been shifting

toward therapeutic targeting of alternative staphylococcal virulence

factors, including secreted leukocidins [30–33]. As a result, studies

involving secreted factors are currently being pursued and are still

at early phases of human clinical trials [30,34–36].

Here, we describe the identification of conserved glycine-rich

motifs that upon deletion render all five bi-component leukocidins

inactive against primary human neutrophils (polymorphonuclear

leukocytes, herein referred to as PMNs). Remarkably, we found

that the mutated toxins exert a dominant-negative effect over

their wild-type (WT) counterparts and exhibit cross-protective

effects against other WT bi-component leukocidins in vitro and

in vivo. Mechanistic studies indicate that the inhibition of toxin

activity by these dominant-negative toxins occurs via competition

for the receptor-binding site and effective subunit recruitment,

leading to the generation of defective pores. Taken together, our

findings provide an alternative approach for the development of

much needed anti-S. aureus therapeutics.

Results

Stem domain deletions inactivate LukED

The S. aureus bi-component leukocidins LukED, HlgAB, HlgCB,

PVL, and LukAB target PMNs (Fig 1A). Importantly, these toxins

can interact and form heterologous toxin pairs that also target and

kill PMNs (Fig 1B). Of note, LukAB was not included due to its

low solubility when purified as single subunits [37]. Examination

of the amino acid sequences of LukE and LukD revealed glycine-

rich motifs that localize to the stem domains of the monomers.

Glycine residues lack side chains, and this property has been asso-

ciated with increased torsion angles, particularly in polypeptide

loops, providing increased flexibility. To elucidate the contribution

of these motifs in LukED-mediated killing of PMNs, the glycine-

rich motifs of 5–6 residues in length were deleted in both LukE

and LukD (Fig 1C). The deleted amino acids from the mature toxin

sequences were Δ112–117 (LukEmut1) and Δ126–131 (LukEmut2)

from the S-subunit LukE, and amino acids Δ130–134 (LukDmut)

from the F-subunit LukD. We found that when combined with its

native subunit partner, the LukEmut1, LukEmut2, or LukDmut muta-

tion resulted in an inactive toxin (Fig 1D). These data indicate that

the glycine-rich motifs within the stem domains of LukE and LukD

are required for the formation of an active toxin.

LukED stem domain mutants behave as
dominant-negative toxins

Since the LukED mutants have no cytotoxic effects on PMNs, we

hypothesized that these mutant toxins could exhibit a dominant-

negative effect by inhibiting LukED-mediated lysis of PMNs. We

found that as with the buffer control, incubation of single WT subu-

nits (E or D) in the presence of a lethal dose of WT LukED did not

protect PMNs from intoxication. In contrast, the addition of single

toxin mutants LukEmut1, LukEmut2, and LukDmut protected PMNs

against WT LukED (Fig 1E). Simultaneous addition of LukEmut1

and LukDmut2, or LukEmut2 and LukDmut, slightly potentiated the

protective effect of these mutant toxins, with protection occurring at

a ratio of 1:1 to 1:2 of WT to mutant toxin (75 nM of WT vs.

75–150 nM of mutant toxin when using a LD90 of WT LukED, or

46.9 nM of WT vs. 46.9–93.8 nM of mutant toxin when using a

LD50 of WT LukED) (Figs 1E and EV1). Collectively, these data

indicate that the LukE and LukD stem domain mutants behave as

dominant-negative toxins that neutralize WT LukED.

The glycine-rich motifs within the stem domain are conserved in
other bi-component leukocidins

With the exception of LukAB, the other bi-component pore-forming

leukocidins share over 60% sequence homology in both S- and F-

subunits [4,9]. Given the sequence conservation between the

deleted glycine-rich motifs and the overall amino acid homology

between the leukocidins (Fig 2A and B), we generated the individ-

ual S- and F-subunit deletions in HlgAB, HlgCB, and PVL (LukSF-

PV) that showed greater inhibitory effect against WT LukED (Δ112–

117, S-subunit Mut1 and Δ130–134, F-subunit Mut2) and tested

whether the resulting mutant proteins could protect against their

WT counterparts. As observed with the LukED mutants, deletion of

these stem domain motifs in HlgAB, HlgCB, and PVL rendered the

toxins inactive against PMNs (Fig 2C–F). Thus, the glycine-rich

motifs within the stem domains of the bi-component leukocidins are

required for toxin-mediated death of PMNs.

Dominant-negative toxins exert cross-neutralizing effects

Given that the majority of human-associated S. aureus strains can

produce between 4 and 5 of the bi-component leukocidins, we

tested whether the mutated toxins could inhibit other leukocidins.

For these experiments, the inhibitory effects of the dominant-nega-

tive toxins were evaluated against a lethal dose (LD90) of WT toxins

in PMNs. We observed that the LukED mutants protected against all

the toxins, albeit increased inhibition was observed against WT

LukED and HlgAB (Fig 3A). Conversely, the HlgAB mutants were

equally protective against all the WT toxins (Fig 3B). The HlgCB

mutants protected PMNs against WT PVL and HlgCB and, at higher

doses, against LukED and HlgAB (Fig 3C), while the PVL mutants

only protected against WT PVL and HlgCB (Fig 3D). These results

are in line with the recognition of specific proteinaceous cellular

receptors on PMNs: LukED and HlgAB target CXCR1 and CXCR2

[13,14], whereas HlgCB and PVL target C5aR and C5L2 [11,14].

Together, these data demonstrate that the mutant toxins show

cross-protection against various WT toxins and that this protection

is dictated in part by receptor specificity.

Dominant-negative toxins protect human PMNs from
S. aureus cytotoxicity

Bi-component leukocidins are secreted into the extracellular milieu

where they are part of a large number of proteins that are produced

by S. aureus that interact with and subvert leukocytes. To evaluate

whether the mutated leukocidins were also able to block native

leukocidins in more complex and physiological settings, we first

tested their inhibitory activity toward culture supernatants from the
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current community-acquired methicillin-resistant S. aureus (CA-

MRSA) clone prevalent in the United States, pulsed-field gel

electrophoresis type USA300 represented by strain LAC [38,39]. As

shown previously [40], PMNs were highly susceptible to filtered

culture supernatants from USA300 grown to stationary phase in rich

medium (Fig 3E). To test the effect of the mutant toxins, we utilized

a dose of culture supernatant that killed ~80–90 percent (LD80–90) of

PMNs against a titration of mutant toxins. Remarkably, all the

dominant-negative leukocidins protected against the cytotoxicity

exhibited by USA300 culture filtrates (Fig 3F).

A

C

D E

B

Figure 1. Deletions of the glycine-rich motifs of LukE and LukD inactivate the toxin and make the mutant LukED dominant negative.

A Viability of primary human PMNs following treatment with purified recombinant bi-component leukocidins measured using the viability dye CellTiter. Bars indicate
mean � SEM, with n = 5 donors.

B Half maximal effective concentrations (EC50) of native and heterologous toxin pairings on primary human PMNs measured using the viability dye CellTiter. E = LukE,
D = LukD, A = HlgA, B = HlgB, C = HlgC, S = LukS-PV, F = LukF-PV. Bars indicate mean � SEM, with n = 6 donors.

C Leukocidin octamer highlighting stem domain motifs deleted from LukE and LukD (LukEmut1, LukEmut2, and LukDmut), as shown from the side view (left) and top view
(right) of the pore. The monomeric structures of LukE (3ROH) and LukD (4Q7G) were obtained from the Protein Data Bank, and superimposed and colored on the
structure of the HlgA-HlgB octameric pore (3BO7) using PyMOL. The location of where the deleted residues would be in the pore structure is shown from a side view
on the left, and the location within an oligomeric pre-pore structure is shown from a top view on the right.

D Viability of primary human PMNs following incubation with WT and mutant toxin pairings measured using the viability dye CellTiter. Insert: 2 lg per lane of purified
recombinant toxins visualized by Coomassie Blue staining on a 12% SDS–PAGE gel. E = LukE, D = LukD, Emut1 = LukEmut1, Dmut = LukDmut. Bars indicate
mean � SEM, with n = 4 donors.

E Viability of primary human PMNs following simultaneous incubation with a lethal dose of WT LukED (78.12 nM per subunit) and a titration of WT or dominant-
negative (DN) toxin subunits measured using the viability dye CellTiter. E = LukE, D = LukD, Emut1 = LukEmut1, Emut2 = LukEmut2, Emut1Dmut = LukEmut1LukDmut,
Emut2Dmut = LukEmut2LukDmut. Bars indicate mean � SEM, with n = 6 donors.
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To evaluate whether the mutated leukocidins also protect from

S. aureus infection, we first challenged PMNs with a S. aureus strain

that lacked all the leukocidins [13]. We had to use a leukocidin

minus strain since LukAB is highly potent during ex vivo infection of

PMNs, masking any contribution of the other toxins [41]. The

S. aureus strain lacking all leukocidins (empty vector, p�) was

severely impaired in killing PMNs at all the different multiplicity of

infection (MOI) tested (Fig 3G), consistent with the notion that

leukocidins are responsible for targeting and killing PMNs. In

contrast, expression of lukED, pvl, hlgAB, or hlgCB in the leukocidin

minus strain rescued the cytotoxicity of the strain toward PMNs,

albeit at different levels (Fig 3G). In these experiments, PVL and

HlgCB exhibited the highest activity (Fig 3G) and as such were used

for the dominant-negative experiments. PMNs were then infected

with S. aureus producing HlgCB or PVL at a MOI of 50 in the pres-

ence of increasing concentrations of the dominant-negative toxins

and PMN lysis monitored. We observed that the dominant-negative

leukocidins also protected from ex vivo infection (Fig 3H), with the

HlgCB and PVL dominant-negative proteins exhibiting the greatest

protection.

LukAB dominant-negative mutants protect against
S. aureus infection

LukAB shares minimal homology with the other leukocidins [5].

However, upon examination of the mature protein sequences of

LukA and LukB and the crystal structure of the LukAB octamer

(PDB 4TW1), we identified di-glycine motifs that also mapped to

the subunits’ stem domains (Fig 4A). Since LukAB shows

increased stability when purified as a dimer [37], we generated a

plasmid that expressed lukAB containing both deletions together

(hence producing LukABmut1 and LukABmut2). Unfortunately, we

were unable to generate purified proteins due to poor stability of

the mutated proteins upon purification. However, the mutated

proteins were produced and secreted by S. aureus (Fig 4B). Thus,

we evaluated the ability of the LukAB mutants to block

S. aureus-mediated lysis of PMNs. To this end, we introduced the

expression plasmids carrying the mutated lukAB loci into WT S.

aureus, which resulted in co-production of WT and mutated

LukAB toxins (Fig 4C), and evaluated whether the isogenic

strains exhibit reduced lysis of PMNs. Remarkably, we found that

the LukAB mutants significantly protected PMNs against

S. aureus infection ex vivo (Fig 4D). Taken together, these data

demonstrate that the dominant-negative leukocidins protect

against intoxication and infection of PMNs.

Dominant-negative toxins block the formation of active pores by
WT toxins

To evaluate the mechanism by which dominant-negative toxins

inhibit WT toxins, we first tested whether the mutated toxins bound

to the surface of PMNs. For this, we incubated PMNs in the pres-

ence of green-fluorescent protein (GFP)-fused LukE (78.12 nM)

against a titration of either unlabeled WT or dominant-negative

mutant, and evaluated the loss of fluorescence using flow cytometry

(Fig 5A). Both WT LukE and LukEmut1 equally competed binding of

GFP-LukE in a dose-dependent and comparable level (Fig 5B). Simi-

larly, HlgA and HlgAmut1 competed GFP-LukE from the surface of

A

D E F

B C

Figure 2. The glycine-rich motifs within the stem domain are required for the cytotoxic activity of other leukocidins.

A, B Amino acid sequences of toxin S-subunits depicting (A) Mut1 (Δ112-117) and (B) Mut2 (Δ130-134) domains, based on ClustalW alignment.
C Viability of primary human PMNs following incubation with mutant toxin pairings measured using the viability dye CellTiter. Bars indicate mean � SEM, with

n = 3 donors.
D–F Viability of primary human PMNs following incubation with WT or mutant toxin pairings. Insert: 2 lg per lane of purified recombinant toxins visualized by

Coomassie Blue staining using a 12% SDS–PAGE gel. Amut1 = HlgAmut1, Bmut = HlgBmut, Cmut1 = HlgCmut1, Smut1 = LukS-PVmut1, Fmut = LukF-PVmut. Bars indicate
mean � SEM, with n = 4 donors (D), n = 4 donors (E), and n = 5 donors (F).
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PMNs, albeit to a lesser degree than WT LukE and LukEmut1. In

contrast, HlgC and LukS-PV were incapable of competing with GFP-

LukE for the receptor-binding site on PMNs (Fig 5B), a finding in

line with the receptor targeting specificity of these toxins

[11,13,14,42,43].

Next, we tested whether the mutant LukE could recruit WT

LukD. To this end, PMNs were incubated with multiple doses of

unlabeled LukEmut1 followed by the addition of GFP-LukD

(156.3 nM) and fluorescence levels evaluated by flow cytometry.

LukEmut1 was indeed able to recruit GFP-LukD to the surface of

PMNs, as indicated by the dose-dependent and saturable fluores-

cence (Fig 5D). Similar results were observed when using HlgAmut1

(Fig 5D).

To evaluate whether the dominant-negative mutant toxins can

form oligomers, we incubated purified monomers in the presence of

2-methyl-2,4-pentanediol, which has been shown previously to

A

E

H

F G

B C D

Figure 3. Dominant-negative toxins exhibit cross-neutralizing effects over other WT leukocidins.

A–D Viability of primary human PMNs following incubation with a LD90 of LukED (78.12 nM), HlgAB (78.12 nM), HlgCB (39.1 nM), or LukSF-PV (19.53 nM) and the
indicated dominant-negative toxins measured using the viability dye CellTiter. Open white symbols indicate buffer treatment. Filled black symbols indicate
treatment with dominant-negative toxins. Emut1Dmut = LukEmut1LukDmut, Amut1Bmut = HlgAmut1HlgBmut, Cmut1Bmut = HlgCmut1HlgBmut, Smut1Fmut = LukS-
PVmut1LukF-PVmut. Bars indicate mean � SEM, with n = 5 donors.

E Viability of primary human PMNs following incubation with filtered culture supernatants collected after 8 h from CA-MRSA USA300 strain LAC measured using the
viability dye CellTiter. Bars indicate mean � SEM, with n = 6 donors.

F Viability of primary human PMNs following incubation with 1.25% filtered culture supernatants and a titration of the indicated dominant-negative (DN) toxins
measured using the viability dye CellTiter. Emut1Dmut = LukEmut1LukDmut, Amut1Bmut = HlgAmut1HlgBmut, Cmut1Bmut = HlgCmut1HlgBmut, Smut1Fmut = LukS-
PVmut1LukF-PVmut. Bars indicate mean � SEM, with n = 3 donors.

G Viability of primary human PMNs during a 3-h ex vivo infection with the S. aureus Newman toxinless strain overproducing the indicated toxins using the CytoTox-
One Homogenous Membrane Integrity Assay to measure lactate dehydrogenase (LDH) release. Bars indicate mean � SEM, with n = 3 donors.

H Viability of primary human PMNs during a 4-h ex vivo infection with a MOI of 50 of S. aureus Newman toxinless strain overproducing the indicated toxins in the
presence of a titration of the DN toxins using the CytoTox-One Homogenous Membrane Integrity Assay to measure lactate dehydrogenase (LDH) release.
Emut1Dmut = LukEmut1LukDmut, Amut1Bmut = HlgAmut1HlgBmut, Cmut1Bmut = HlgCmut1HlgBmut, Smut1Fmut = LukS-PVmut1LukF-PVmut. Bars indicate mean � SEM, with
n = 6 donors.
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Figure 4. Deletions of the glycine-rich motifs within the stem domain of LukAB protect against S. aureus infection.

A LukAB octamers (4TW1) highlighting the location of where the deleted residues would be in the pore structure (left: LukABmut1, right: LukABmut2), as shown from the
side view of the pore. The octameric LukAB structure was obtained from the Protein Data Bank and the motifs labeled using PyMOL.

B Exoproteome analysis of LukAB mutants produced by S. aureus strain Newman in a toxinless background. Samples were electrophoresed on a 12% SDS–PAGE gel and
visualized by staining with Coomassie Blue. A representative of two experiments is shown.

C Exoproteome and immunoblot analyses of wild-type S. aureus strain Newman transformed with empty plasmid (p�) or with plasmids containing the mutated lukAB
loci. A representative of two independent experiments is shown.

D Viability of primary human PMNs during a 2-h ex vivo infection with the indicated S. aureus strains using the CytoTox-One Homogenous Membrane Integrity
Assay to measure lactate dehydrogenase (LDH) release. Bars indicate mean � SEM, with n = 3. Statistical significance is indicated as follows: MOI of 100:
**P = 0.0026 for p� vs. LukABmut1 and ***P = 0.0003 for p� vs. LukABmut2; MOI of 50: ****P < 0.0001 for p� vs. LukABmut1 and ****P < 0.0001 for p� vs.
LukABmut2; MOI of 25: ***P = 0.0007 for p� vs. LukABmut1 and ****P < 0.0001 for p� vs. LukABmut2 using two-way ANOVA with Tukey’s post hoc test correction
for multiple comparisons.
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promote oligomer formation in solution [6–8,32,44,45]. We detected

the formation of dimers and oligomers indistinguishable between

WT LukED and the different combinations of WT and mutated LukE

and LukD subunits (Fig 5E).

Altogether, these studies suggest that the mutated toxins exhibit

a dominant-negative effect by blocking binding to the target recep-

tor, as well as by recruiting compatible toxin subunits and assem-

bling into defective pores on the cell membrane.

Dominant-negative toxins protect in vivo

We next tested the therapeutic potential of the dominant-negative

toxins in vivo in an intoxication model. Administration of purified

WT leukocidins intravenously into mice revealed that PVL and

HlgCB had no effect on the health of mice, which is consistent with

the human cell tropism of these two toxins [11,14,42,46]. In

contrast, LukED and HlgAB caused rapid signs of morbidity in mice

(Fig 6A). Next, we evaluated the prophylactic inhibitory activity of

the dominant-negative toxins in vivo. Dominant-negative toxins

were administered intravenously 1 h prior to challenge with WT

LukED or HlgAB, and mice were monitored for signs of morbidity.

We found that the LukEmut1LukDmut, HlgAmut1HlgBmut,

HlgCmut1HlgBmut toxins protected against intoxication with WT

LukED (Fig 6B) or HlgAB (Fig 6C). In contrast, no protection was

observed with the buffer control or the LukSmut1LukFmut toxins.

Moreover, we found that while pre-treatment with LukEmut1LukDmut

for up to 5 h protected mice from LukED intoxication (Fig EV2A

and B), mice pre-treated 24 h prior to challenge were not protected

(Fig EV2C and D).

Next, we evaluated the inhibitory potential of the dominant-

negative LukEmut1LukDmut toxin during in vivo infection. Mice

were infected with 3.7 × 107 CFU of S. aureus strain Newman,

systemically administered LukEmut1LukDmut at 0, 24, and 48 h

post-infection, and monitored for signs of acute infection for 18 days

(Fig EV2E). Three separate cohorts of mice were used to treat with

two different doses of LukEmut1LukDmut (10 or 25 lg per subunit

per mouse) or buffer. We observed no difference between mice

treated with buffer or LukEmut1LukDmut at the two different doses

tested (Fig EV2F). The lack of protection is likely due to the poor

half-lives of the dominant-negative proteins in vivo (Fig EV2C

and D).

Lastly, we tested the therapeutic potential of the dominant-negative

toxins in ameliorating bacterial burden in tissues during infection.

S. aureus strain Newman (~1.5 × 107 CFU) was simultaneously

administered with LukEmut1LukDmut (10 lg per subunit) intra-

venously into mice and bacterial burden in infected livers enumerated

96-h post-infection. We found that LukEmut1LukDmut protected mice

from S. aureus infection resulting in a ~1-log reduction in bacterial

burden compared to the buffer-treated mice (Fig 6D).

Discussion

Staphylococcus aureus continues to be a formidable foe to humans.

Despite this, concerted efforts by numerous groups to identify suit-

able S. aureus virulence factors to be utilized as vaccine compo-

nents have been unsuccessful in clinical trials. Bi-component

leukocidins are a family of highly related toxins that contribute to

the pathobiology of S. aureus. Blocking the leukocidins is likely to

improve host-mediated immunity as the leukocytes in charge of

detecting and killing the pathogen will be protected from the lytic

action of these toxins. While deciphering the molecular means by

which LukED targets and kills host cells, we identified conserved,

short glycine-rich motifs within the stem domains of the S- and F-

subunits that are required for toxin activity. Remarkably, toxins

lacking these motifs behaved as dominant-negative toxins and

neutralized the cytolytic activity of leukocidins in vitro, ex vivo, and

A B

C

E

D

Figure 5. Dominant-negative toxins act by forming defective pores on
the target host cell plasma membrane.

A Schematic depicting competition assay using GFP-LukE and unlabeled WT
or mutant toxins.

B Competition assay using GFP-LukE (312.5 nM) and a titration of unlabeled
WT or dominant-negative (DN) toxin subunits evaluated by flow cytometry
on the surface of primary human PMNs. E = LukE, Emut1 = LukEmut1,
A = HlgA, Amut1 = HlgAmut1, S = LukS-PV, C = HlgC. Data are presented as
total fluorescence emitted from PMNs. A representative of three
independent experiments each done with PMNs isolated from different
donors is shown.

C Schematic depicting recruitment assay using GFP-LukD and unlabeled WT
or dominant-negative toxins.

D Recruitment assay using GFP-LukD (156.3 nM) and a titration of unlabeled
dominant-negative (DN) toxin subunits evaluated by flow cytometry on the
surface of primary human PMNs. Emut1 = LukEmut1, Amut1 = HlgAmut1. Data
are presented as total fluorescence emitted from GFP-positive PMNs. A
representative of three independent experiments each done with PMNs
isolated from different donors is shown.

E Immunoblot using anti-His antisera to detect dimer and oligomer formation
by purified polyhistidine (6xHis)-tagged WT or dominant-negative LukED
toxins in the absence or presence of 2-methyl-2,4-pentanediol (MPD, 40% v/v).
Emut1 = LukEmut1, Dmut = LukDmut. A representative of two independent
experiments is shown.
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in vivo when employed as either a prophylactic or therapeutic treat-

ment against S. aureus systemic infection.

Similar to dominant-negative forms of the B. anthracis protective

antigen (PA) subunit of anthrax toxin [47] and the Helicobacter

pylori vacuolating cytotoxin (VacA) [48], the S. aureus dominant-

negative leukocidins form hetero-oligomers with WT subunits that

assemble into a defective pore in the host cell plasma membrane.

While the stoichiometry of the PA dominant-negative toxin occurs

at a 7:1 ratio (WT to dominant-negative toxin) [47], and dominant-

negative forms of VacA show stoichiometries between 5:1 to 7:1

(WT to dominant-negative toxin) [48], the mutated leukocidins

show an approximate stoichiometry of 1:1 to 1:2 (WT to dominant-

negative toxin). Our findings are consistent with the growing notion

that dominant-negative toxins could be generated by exploiting the

mechanism by which pore-forming toxins assemble into active

pores.

A study by Adhikari et al reported the use of antibodies raised

against a LukS-PV mutant and their protective efficacy against puri-

fied canonical and non-canonical toxin pairs [49]. The toxins used

across their study were generated and purified from E. coli, which

can potentially affect the activity of the toxins and could explain the

differences in activity compared to the S. aureus-purified toxins

used in our study. Moreover, the purified HlgAB in the Adhikari

et al’s study was not acutely lethal, which also disagrees with our

findings (Fig 5A and C). Recently, a study by Rouha et al also used

purified toxins from E. coli, which exhibited in vivo activities

different to the proteins described here [30]. Thus, care should be

taken when expressing and purifying these toxins, and it seems that

for maximal activity and stability, these toxins are best if purified

from S. aureus.

The bi-component pore-forming leukocidins are present in the

large majority of clinical isolates [4], and target phagocytes,

including antigen-presenting cells [4,10,41,50–53]. As the first line

of defense against bacterial infection, and as a critical component

for the initiation of adaptive immunity, it is crucial to prevent

death of these sentinels to enhance host immunity. Our studies

provide insight into an alternative approach to combat S. aureus

using dominant-negative toxins to protect these leukocytes. These

toxins could exert protection by a dual mode that combines direct

blocking of toxins in vivo while also serving as antigens for the

generation of neutralizing antibodies. The potential use of mutant

toxins as inhibitors of WT toxin activity has been demonstrated in

S. aureus with a non-toxigenic form of Hla similar to the known

Hla mutant H35L, H35A [54]. Thus, it is plausible to generate

proteins with small mutations that neutralize WT toxin activity

while maintaining their structural assembly for the benefit of

generating neutralizing antibodies. Further studies are required to

elucidate the immunogenicity of these dominant-negative toxins in

the host and their potential synergism with other therapies

currently being evaluated.

Materials and Methods

Ethics statement

Blood was obtained from healthy, de-identified, consenting

adult donors as buffy coats from the New York Blood Center. All

experiments involving animals were reviewed and approved by the

Institutional Animal Care and Use Committee of New York University

and were performed according to guidelines from the National

Institutes of Health (NIH), the Animal Welfare Act, and US Federal

Law.

Isolation of primary human PMNs

PMNs were separated from erythrocytes by splitting blood into

three equal parts, then mixing 1:1 with sterile, endotoxin-free

0.9% sodium chloride (Baxter) + 3% dextran (Dextran 500;

A B

C D

Figure 6. Dominant-negative toxins are active in vivo.

A Survival of Swiss-Webster mice following intravenous administration of
purified recombinant toxins: LukED (10 lg per subunit), HlgAB (5 lg per
subunit), HlgCB (35 lg per subunit), and LukSF-PV/PVL (35 lg per subunit).
Buffer: n = 2 mice; LukED: n = 3 mice; HlgAB: n = 3 mice; HlgCB: n = 2
mice; PVL: n = 3. A representative of two independent experiments is
shown.

B Survival of Swiss-Webster mice following prophylactic intravenous
administration of dominant-negative mutants, followed by intravenous
challenge with a lethal dose of WT LukED. Emut1Dmut = LukEmut1LukDmut,
Amut1Bmut = HlgAmut1HlgBmut, Cmut1Bmut = HlgCmut1HlgBmut, Smut1Fmut =
LukS-PVmut1LukF-PVmut. n = 6 mice per treatment. ***P = 0.0005 for
buffer vs. Emut1Dmut, buffer vs. Amut1Bmut, and buffer vs. Cmut1Bmut.
P = 0.1050 (not significant, ns) for buffer vs. Smut1Fmut. Statistics
performed using log-rank (Mantel–Cox) test. A representative of two
independent experiments is shown.

C Survival of Swiss-Webster mice following prophylactic intravenous
administration of dominant-negative mutants, followed by intravenous
challenge with a lethal dose of WT HlgAB. Emut1Dmut = LukEmut1LukDmut,
Amut1Bmut = HlgAmut1HlgBmut, Cmut1Bmut = HlgCmut1HlgBmut, Smut1Fmut =
LukS-PVmut1LukF-PVmut. n = 6 mice per treatment. ***P = 0.0004 for
buffer vs. Emut1Dmut and buffer vs. Amut1Bmut. **P = 0.0015 for buffer vs.
Cmut1Bmut. P = 0.7955 (not significant, ns) for buffer vs. Smut1Fmut.
Statistics performed using log-rank (Mantel–Cox) test. A representative
of two independent experiments is shown.

D Bacterial burden 96 h post-infection in the liver of mice infected
systemically with ~1.5 × 107 CFU of S. aureus strain Newman and
intravenously treated with buffer or LukEmut1LukDmut (Emut1Dmut, 10 lg per
subunit) at t = 0, 24, and 48 h.p.i. Bars indicate mean � SEM, with n = 20
mice (buffer) and n = 19 mice (Emut1Dmut2) combined from two
independent experiments. *P = 0.0303 by unpaired, parametric, two-tailed
Student’s t-test.
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Pharmacosmos) at room temperature (RT), mixing gently by

inverting the tubes, and incubating at room temperature for

25 min. The top fraction containing the PMNs and peripheral

blood mononuclear cells (PBMCs) was centrifuged for 10 min at

805 g, RT, and the volume of the resulting pellets brought up to

30 ml with 1× PBS (Cellgro) and centrifuged again as before. The

pellets were resuspended each in 17 ml of Hank’s balanced salt

solution (HBSS; Gibco), and the HBSS/cell mixture was filtered

through a 70-lm nylon cell strainer (Corning) into tubes contain-

ing 12.5 ml Ficoll (Ficoll-Paque PLUS; GE). The samples were

centrifuged for 30 min at 805 g, RT, without brake and the super-

natants removed. Pellets of each donor were combined and trans-

ferred into a new tube, where the volume was brought up to

30 ml with 1× PBS and centrifuged for 10 min at 805 g, RT; 9 ml

of ACK lysing buffer (Gibco) was added to lyze contaminating

erythrocytes, resuspended, and incubated for 2–3 min at RT,

followed by the addition of 1 ml of 10× PBS (Cellgro). The

samples were centrifuged for 8 min at 394 g, RT, to pellet the

PMNs. The cells were gently resuspended in 10 ml media and fil-

tered through a 70-lm nylon cell strainer into a new tube,

followed by the dilution of PMNs in 10–40 ml of media. Purity of

PMNs was evaluated at 90 to 95% by flow cytometry (LSRII with

FACSDiva software; BD).

Generation of dominant-negative mutant toxins

Isogenic dominant-negative mutant strains were generated by over-

lap extension PCR of mutant DNA fragments (see Tables EV1 and

EV2 for primer and bacterial strain information). S. aureus strain

Newman genomic DNA (gDNA) was used as template to generate

the LukED, HlgAB, HlgCB mutants. S. aureus strain LAC gDNA was

used as template to generate the LukSF-PV mutants. All PCR

were performed using Phusion High-Fidelity Polymerase (Thermo

Scientific).

LukED

To generate WT lukE, gDNA was amplified using primers VJT629

and VJT1114. For lukD, gDNA was amplified using primers

VJT1152 and VJT1153. For lukEmut1, gDNA was amplified with

primers VJT629 and VJT686, and VJT685 and VJT1114. For

lukEmut2, gDNA was amplified using primers VJT629 and VJT688,

and VJT687 and VJT1114. For lukDmut, gDNA was amplified with

primers VJT1152 and VJT692, and VJT691 and VJT1153. To

obtain the final PCR product for the lukE mutants, each DNA

fragment per mutant was included in a PCR containing the

flanking primers VJT629 and VJT1114. To obtain the final PCR

product for the lukD mutants, each DNA fragment per mutant

was included in a PCR containing the flanking primers VJT1152

and VJT1153.

HlgAB

To generate hlgA, gDNA was amplified using primers VJT635 and

VJT1209. For hlgB, gDNA was amplified using primers VJT1156 and

VJT1157. For hlgAmut1, gDNA was amplified with primers VJT635

and VJT1241, and VJT1209 and VJT1240. For hlgBmut, gDNA was

amplified using primers VJT1156 and VJT1249, and VJT1248 and

VJT1157. To obtain the final PCR product for hlgAmut1, each DNA

fragment was included in a PCR containing the flanking primers

VJT635 and VJT1209. To obtain the final PCR product for hlgBmut,

each DNA fragment was included in a PCR containing the flanking

primers VJT1156 and VJT1157.

HlgCB

To generate hlgC, gDNA was amplified with primers VJT631 and

VJT1210. For hlgCmut1, gDNA was amplified with primers VJT631

and VJT1245, and VJT1244 and VJT1210. To obtain the final PCR

product for hlgCmut1, each DNA fragment was included in a PCR

containing the flanking primers VJT631 and VJT1210. See above to

generate hlgB and hlgBmut.

LukSF-PV

To generate lukS-PV, gDNA was amplified using primers VJT1208

and VJT1117. For lukF-PV, gDNA was amplified with primers

VJT1154 and VJT1155. For lukSmut1, gDNA was amplified with

primers VJT1208 and VJT1251, and VJT1250 and VJT1117. For

lukFmut, gDNA was amplified using primers VJT1154 and VJT1255,

and VJT1254 and VJT1155. To obtain the final PCR product for

lukSmut1, each DNA fragment was included in a PCR containing the

flanking primers VJT1208 and VJT1117. To obtain the final PCR

product for lukFmut, each DNA fragment was included in a PCR

containing the flanking primers VJT1154 and VJT1155.

LukAB mutants

To generate lukABmut1, gDNA was amplified with primers VJT544

and VJT1257, VJT1256 and VJT1452, and VJT1453 and VJT543, and

the fragments were annealed by sewing overlap extension PCR. To

generate lukABmut2, gDNA was amplified with primers VJT544 and

VJT1257, VJT1256 and VJT1454, and VJT1455 and VJT543, and the

fragments were annealed by sewing overlap extension PCR. To

obtain the final PCR products for the lukABmut1 and lukABmut2

mutants, the DNA fragments were included in a PCR containing the

flanking primers VJT544 and VJT543.

All amplicons were cloned into pOS1-PlukAB-lukA
.s.s.-6xHis as previ-

ously described [12] using BamHI and PstI restriction sites, producing

N-terminal 6xhistidine (His)-tagged toxin mutants that were

transformed into competent E. coli DH5a, selected for and propagated

in Luria–Bertani (LB) media supplemented with ampicillin

(100 lg ml�1). The plasmid was purified and electroporated into

competent S. aureus strain RN4220 and clones selected for in tryptic

soy agar (TSA) media supplemented with chloramphenicol

(10 lg ml�1), followed by electroporation into S. aureus strain

Newman DDDD (DlukED DhlgACB::tet DlukAB::spec Dhla::ermC) [13].

Toxin purification from S. aureus

To purify WT and dominant-negative toxins, S. aureus Newman

DDDD strains harboring plasmids with the mutant sequences were

grown overnight in 5 ml tryptic soy broth (TSB) supplemented with

chloramphenicol (10 lg ml�1) at 37°C with 180 rpm shaking, then

subcultured the following day at a 1:100 dilution in TSB supple-

mented with chloramphenicol (10 lg ml�1), and incubated for 5 h

at 37°C with 180 rpm shaking. The cultures were centrifuged for

10 min at 4,424 g, 4°C, and the supernatants were filter-sterilized

through a 0.22-lm filter (Corning). The filtrates were incubated in

the presence of a final concentration of 10 mM imidazole and

nickel-nitriloacetic acid (Ni-NTA) agarose resin equilibrated with
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10 mM imidazole (Fisher) in 1× Tris-buffered saline (TBS; Cellgro),

and incubated for 30 min at 4°C while nutating. The filtrates were

flowed through a column by gravity flow, the column was washed

with 25 mM imidazole, and the nickel-NTA-bound toxins were

eluted using 500 mM imidazole. When required, the toxins were

concentrated using concentrator columns (Ultra-15 Centrifugal Filter

Units 10,000 NMWL, 15-ml volume capacity; EMD Millipore

Amicon) before measuring protein concentration using absorbance

at 280 nm with a NanoDrop (Thermo Scientific). All holotoxin

concentrations are represented per subunit unless indicated other-

wise.

Cytotoxicity assays

To evaluate the viability of primary human PMNs to the leukocidins

in the presence or absence of dominant-negative toxins in vitro,

PMNs were seeded at 2 × 105 cells per well in Roswell Park Memo-

rial Institute (RPMI without phenol red; Gibco) media supplemented

with 10% heat-inactivated fetal bovine serum (FBS, Gemini Bio-

Products) in the presence of WT, dominant-negative toxins, or both

(as indicated) for 1 h at 37°C + 5% CO2. To measure cell viability,

the metabolic dye CellTiter (Promega) was added at a final concen-

tration of 10% per well and incubated for 2–3 h at 37°C + 5% CO2.

Absorbance at 492 nm was measured using an EnVision 2103 Multi-

label Reader (PerkinElmer).

Collection of S. aureus culture supernatants for human
PMN intoxication

To collect culture supernatants from CA-MRSA USA300, an over-

night culture of LAC was grown in TSB at 37°C with 180 rpm shak-

ing, then subcultured the following day at a 1:100 dilution into TSB,

and grown for 8 h at 37°C with 180 rpm shaking. At this time point,

the contribution of LukAB to USA300 secretome-mediated killing of

PMN is minimal due to the lack of LukAB in the culture filtrates

[43]. The culture was centrifuged for 15 min at 3,220 g, 4°C, and

the culture supernatant was filter-sterilized using a 0.22-lm filter

and stored at �80°C before use.

Evaluation of S. aureus exoprotein profiles

To collect culture filtrates to evaluate the exoprotein profiles from

S. aureus, overnight cultures of each strain were grown in Roswell

Park Memorial Institute (RPMI) media supplemented with 1%

casamino acids (RPMI+CAS) in the presence of 10 lg ml�1 of chlo-

ramphenicol when required. The overnight cultures were grown at

37°C with 180 rpm shaking, then subcultured the following day at

a 1:100 dilution into RPMI + CAS, and grown for 5 h at 37°C with

180 rpm shaking. The cultures were centrifuged at 4°C for 15 min

and 3,220 g, and the supernatants were filter-sterilized with a

0.22-lm filter, followed by incubation on ice for 30 min. To

precipitate proteins in the culture filtrate, 100% trichloroacetic acid

(TCA) was added to a final concentration of 10% v/v and incu-

bated overnight at 4°C. The samples were then centrifuged for

15 min at 3,220 g and 4°C, and the resulting protein pellets were

washed in 100% ethanol for 1 h at 4°C, then centrifuged for

15 min at 3,220 g, 4°C, and dried overnight. The dried pellets were

resuspended in 15 ll of 8 M urea and incubated for 30 min at

room temperature, followed by the addition of 15 ll 2× TCA-SDS

sample buffer and boiled for 10 min. To visualize the secreted

proteins, 15 ll was run on a 12% SDS–PAGE gel and stained with

Coomassie Blue. EZ-Run Prestained Protein Molecular Marker

(Fisher) was used as a molecular weight marker.

Ex vivo human PMN infection

Staphylococcus aureus Newman toxinless strains (DDDD) were used

that overexpress the indicated toxin loci under the control of the

lukAB promoter as previously described [13,37].

Plasmids encoding lukABmut1 or lukABmut2 derived from

S. aureus RN4220 were electroporated into S. aureus strain Newman

and validated by exoprotein profile and immunoblot analyses.

To infect primary human PMNs ex vivo, overnight cultures of each

S. aureus Newman strain were grown in TSB at 37°C with 180 rpm

shaking, then subcultured the following day at a 1:100 dilution into

TSB, and grown for 5 h at 37°C with 180 rpm shaking. The cultures

were centrifuged at 4°C for 5 min and 3,220 g, washed once in 1×

PBS, and centrifuged again at 4°C for 5 min and 3,220 g. The bacte-

rial pellets were resuspended in 1× PBS and normalized

to 1.0 × 109 CFU ml�1 using a Genesys 20 Spectrophotometer

(OD600 nm). PMNs were resuspended in RPMI media supplemented

with 10% heat-inactivated FBS, followed by the addition of the

normalized bacteria at a final MOI per well of 100, 50, and 25 on a

96-well flat bottom plate (Corning). The PMNs were infected for 3 or

4 h (for infections using Newman DDDD strains), or 2 h (for infec-

tions using WT Newman strains containing the plasmids encoding

for the dominant negative LukAB proteins) at 37°C + 5% CO2 in the

presence or absence of dominant-negative proteins as indicated. The

plates were centrifuged for 5 min at 387 g, 4°C; 25 ll of the infection
supernatants was transferred into a plate containing 25 ll of

CytoTox-One Homogenous Membrane Integrity Assay (Promega) in

black 96-well plates to measure lactate dehydrogenase (LDH) release.

LDH release was quantified per manufacturer’s instructions using an

EnVision 2103 Multilabel Reader (PerkinElmer).

Binding and competition assays

For binding/competition assays, primary human PMNs were seeded

at 5 × 104 cells/well and a titration of unlabeled single subunits was

added to the cells, immediately followed by the addition of GFP-

LukE (300 nM) and incubated for 30 min on ice. Cells were centri-

fuged for 5 min at 387 g, 4°C, washed once in FACS buffer (1×

PBS + 2% heat-inactivated FBS + 0.05% sodium azide), centrifuged

again for 5 min at 387 g, 4°C, followed by fixing in 50 ll FACS fixa-

tion buffer (1× PBS + 2% heat-inactivated FBS + 2% paraformalde-

hyde + 0.05% sodium azide). Fluorescence of cell-bound toxins was

analyzed using flow cytometry (LSRII with FACSDiva software; BD),

where data are shown as the percentage of total GFP-positive cells.

Recruitment assays

Primary human PMNs were seeded at 5 × 104 cells/well and a titra-

tion of unlabeled LukEmut1 or HlgAmut1 (or buffer as a negative

control) was added to the cells and incubated for 30 min on ice,

followed by the addition of GFP-LukD (156.3 nM) for 30 min on ice.

Cells were then centrifuged for 5 min at 387 g, 4°C, washed on ice
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in FACS buffer (1× PBS + 2% heat-inactivated FBS + 0.05% sodium

azide), centrifuged again for 5 min at 387 g, 4°C, followed by fixing

in 50 ll FACS fixation buffer (1× PBS + 2% heat-inactivated

FBS + 2% paraformaldehyde + 0.05% sodium azide). Fluorescence

of cell-bound toxins was analyzed using flow cytometry (LSRII with

FACSDiva software; BD), where data are shown as the percentage

of total GFP-positive cells.

Immunoblot assays

To detect toxin oligomers, toxin subunits were normalized to

0.44 mg ml�1, mixed 1:1 with the corresponding toxin subunit,

and the volume brought up to 18 ll with 1× PBS. To favor the

formation of oligomers in solution, 12 ll of 2-methyl-2,4-pentane-

diol (MPD; Sigma) was added to a final concentration of 40%

(v/v) per sample and incubated overnight at 4°C [6–8,32,44,45].

The following day, 4× SDS sample buffer was added to a final

concentration of 1×, without boiling the sample, and 1 lg in a

volume of 20 ll of each sample per well was electrophoresed on

a 4–15% SDS–PAGE gel (Mini Protean TGX gels; Bio-Rad) with-

out boiling. The proteins were transferred to a 0.45-lm nitrocel-

lulose membrane (Bio-Rad) for 1 h at 1 A and the membrane

was blocked in blocking buffer (1× PBS + 0.01% Tween-20 + 5%

powdered milk + 0.05% sodium azide) for 1 h at RT while nutat-

ing, followed by the addition of mouse anti-His primary antibody

(1:3,000; Cell Sciences) to detect 6xHis-tagged proteins and incu-

bated overnight at 4°C while nutating. The membrane was rinsed

thrice in wash buffer (1× PBS + 0.01% Tween-20 + 0.05%

sodium azide) the next day, followed by the addition of goat

anti-mouse HRP-conjugated secondary antibody in 1× PBS +

0.01% Tween-20 + 5% powdered milk + 0.05% sodium azide for

1 h at RT while nutating. The membrane was then washed thrice

as before, followed by the addition of SuperSignal West Femto

Maximum Sensitivity Substrate (Thermo Scientific) for protein

detection.

To detect LukA and LukB in strains used for ex vivo infections, the

same experimental procedure as above was used, but with the follow-

ing modifications: 5 ll of TCA-treated samples was electrophoresed

on a 12% SDS–PAGE gel. Rabbit anti-LukA (1:5,000) and rabbit anti-

LukB (1:1,000) polyclonal antibodies in 1× PBS + 0.01% Tween-

20 + 5% powdered milk + 0.05% sodium azide were used as primary

antibodies. Alexa Fluor 680-conjugated goat anti-rabbit IgG (1:25,000;

Life Technologies) was used as secondary antibody, and the

membranes were visualized using an Odyssey Infrared Imaging

System (LI-COR Biosciences).

Murine in vivo intoxications

Age-matched (4- to 5-week-old) Swiss-Webster female mice

(Taconic; USA) were mixed together, then randomly allocated

across experimental groups. All injections were done in a final

volume of 100 ll. Time to acute intoxication was recorded after

sacrifice of mice displaying signs of morbidity, including ruffled fur,

hunched posture, paralysis, inability to walk, or inability to

consume food or water. Similar results were obtained with Swiss-

Webster mice from Harlan laboratories (USA).

To evaluate the effects of the bi-component leukocidins in vivo,

mice were anesthetized by inhalation of isoflurane gas (2%) and the

toxins administered systemically at the indicated doses via retro-

orbital injection. Mice were monitored for signs of morbidity and

mortality, after which the mice were sacrificed and the time to acute

morbidity was recorded.

To evaluate protection in vivo, mice were anesthetized by inhala-

tion of isoflurane gas (2%) and the dominant-negative toxins

administered systemically at the indicated toxins via retro-orbital

injection, followed by retro-orbital administration of a lethal dose of

WT toxin at the indicated time post-treatment (0, 1, 5, and 24 h).

Mice were monitored as indicated above.

Murine in vivo infections

Age-matched (4- to 5-week-old) Swiss-Webster female mice (Harlan

Laboratories) were mixed together, then randomly allocated across

experimental groups to minimize cage or litter bias. To examine the

survival of mice treated with different doses of LukEmut1LukDmut

during bloodstream infection, mice were anesthetized intraperi-

toneally with 300 ll Avertin (2,2,2-tribromoethanol dissolved in

tert-Amyl alcohol and diluted to a final concentration of 2.5% v/v

in 0.9% sterile saline), followed by systemic (retro-orbital) injection

of 3.7 × 107 colony-forming units (CFU) of S. aureus strain

Newman and LukEmut1LukDmut administered simultaneously

systemically via retro-orbital injection at 0 h, followed by additional

LukEmut1LukDmut administration at 24 and 48 h at the indicated

doses. Mice were monitored for signs of morbidity and mortality,

after which the mice were sacrificed and the time to acute morbidity

was recorded.

To evaluate protection by LukEmut1LukDmut in vivo, age-matched

(4- to 5-week-old) Swiss-Webster female mice (Harlan Laboratories)

were mixed together, then randomly allocated across experimental

groups to minimize cage or litter bias. Mice were anesthetized

intraperitoneally with 300 ll Avertin, followed by systemic (retro-

orbital) injection of ~1.5 × 107 colony-forming units (CFU) of

S. aureus strain Newman and systemic injection of 10 lg per

subunit of LukEmut1LukDmut. The same dose of LukEmut1LukDmut

was also administered 24 and 48 h post-infection, for a total of three

treatments; 96 h post-infection, mice were euthanized and the livers

were harvested and homogenized in 1 ml of 1× PBS, followed by

tenfold serial dilutions in 1× PBS, and the dilutions were plated in

TSA plates. The plates were incubated overnight at 37°C to quantify

bacterial burden.

Graphical and statistical analyses

Analyses of flow cytometric data were performed using FlowJo

(Tree Star Software). Statistical significance was determined using

Prism 6.0 g (GraphPad Software), with two-way ANOVA with

Tukey’s post hoc test for multiple comparisons, log-rank (Mantel–

Cox) test, or Student’s t-test with SEM as indicated.

Expanded View for this article is available online.
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