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Staphylococcus aureus infections lead to an array of illnesses ranging from mild skin infections to serious diseases, such endocar-
ditis, osteomyelitis, and pneumonia. Alpha-toxin (Hla) is a pore-forming toxin, encoded by the hla gene, that is thought to play a
key role in S. aureus pathogenesis. A monoclonal antibody targeting Hla, MEDI4893, is in clinical development for the preven-
tion of S. aureus ventilator-associated pneumonia (VAP). The presence of the hla gene and Hla protein in 994 respiratory iso-
lates collected from patients in 34 countries in Asia, Europe, the United States, Latin America, the Middle East, Africa, and Aus-
tralia was determined. Hla levels were correlated with the geographic location, age of the subject, and length of stay in the
hospital. hla gene sequence analysis was performed, and mutations were mapped to the Hla crystal structure. S. aureus superna-
tants containing Hla variants were tested for susceptibility or resistance to MEDI4893. The hla gene was present and Hla was
expressed in 99.0% and 83.2% of the isolates, respectively, regardless of geographic region, hospital locale, or age of the subject.
More methicillin-susceptible than methicillin-resistant isolates expressed Hla (86.9% versus 78.8%; P � 0.0007), and S. aureus
isolates from pediatric patients expressed the largest amounts of Hla. Fifty-seven different Hla subtypes were identified, and 91%
of the isolates encoded an Hla subtype that was neutralized by MED4893. This study demonstrates that Hla is conserved in di-
verse S. aureus isolates from around the world and is an attractive target for prophylactic monoclonal antibody (MAb) or vac-
cine development.

Staphylococcus aureus causes serious infections that increase
morbidity and mortality. Especially life-threatening condi-

tions are hospital-associated pneumonia (HAP) and ventilator-
associated pneumonia (VAP), caused by S. aureus (1–4). Globally,
approximately 10 million patients are admitted annually to inten-
sive care units (ICUs) in major health care centers, and according
to the Centers for Disease Control and Prevention, S. aureus ac-
counts for more than 40% of VAP cases in the United States (5).
ICU length of stay is extended an average of 17 days after the onset
of S. aureus pneumonia, and attributable mortality can reach 30%
despite the use of antibiotics (6).

S. aureus secretes a number of virulence factors to evade the
host immune response and contribute to pathogenesis. They in-
clude superantigens, leukocidins, complement evasion proteins,
and the cytolytic toxin Hla (7–9). Hla is a 33-kDa pore-forming
toxin encoded by the hla gene (10) that forms heptameric pores in
host cell membranes, leading to lysis of the cell (11). Even at sub-
lytic levels, Hla has been shown to affect innate immune effector
cells, stimulate a hyperinflammatory response characteristic of
bacterial pneumonia, and disrupt epithelial and endothelial bar-
riers (12, 13). Hla expression is controlled by a complex regulatory
network (14–16), and its expression has been reported to be up-
regulated during infection (17). Studies using isogenic hla knock-
out mutants have shown Hla to be a key virulence factor in animal
models of sepsis, skin and soft tissue infections, and pneumonia
(11, 13, 18). Furthermore, active and passive immunization ap-
proaches have been effective in preventing skin and soft tissue

infections, pneumonia, and death in animal models of S. aureus
disease (19–21), and epidemiological studies have reported that
high levels of anti-Hla serum antibodies correlate with protection
from infection or severe disease (22–24). Consequently, Hla is
being evaluated as a target for vaccination and passive immuno-
therapies against diseases caused by S. aureus (19, 25, 26).

MEDI4893 is a human monoclonal antibody (MAb) with Hla-
neutralizing activity currently in clinical development for the pre-
vention of VAP (27). Hla neutralization by MEDI4893 has been
reported to protect the lung epithelium and innate immune cells
(e.g., alveolar macrophages) from Hla-mediated damage, thereby
promoting bacterial clearance and dampening the hyperinflam-
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matory response characteristic of bacterial pneumonia, leading to
improved outcomes in preclinical acute-pneumonia models (25,
28, 29). To better understand the prevalence of Hla, we character-
ized the presence of the hla gene, Hla mutations, expression levels,
and the relative susceptibility to MEDI4893 in methicillin-sensi-
tive S. aureus (MSSA) and methicillin-resistant S. aureus (MRSA)
isolates collected as part of an international surveillance program.
The study was designed to analyze 500 MSSA and 500 MRSA
respiratory isolates collected from hospitals in Asia, Europe,
the United States, Latin America, the Middle East, Africa, and
Australia.

MATERIALS AND METHODS
S. aureus isolates. Isolates of S. aureus were analyzed as part of a collection
from an international antibiotic resistance surveillance program. The S.
aureus isolates were stored at �80°C until use. Basic demographic data
(age, sex, hospital location, sample type, and length of stay) were provided
for each isolate using a unique study number that was delinked from any
patient identification.

hla PCR, Sanger sequencing, whole-genome sequencing, and phylo-
genetic analysis. S. aureus hla PCR and Sanger sequencing were per-
formed as previously described (30). The forward and reverse PCR prim-
ers were F1, 5=-TGTCTCAACTGCATTATTCTAAATTG-3=, and R1,
5=-CATCATTTCTGATGTTATCGGCTA-3=. PCR amplicons were se-
quenced with the BigDye Terminator cycle-sequencing kit v3.1 (Applied
Biosystems) using the F1, R1, F2 (5=-TGCAAATGTTTCAATTGGTCAT
AC-3=), F3 (5=-CAGATTCTGATATTAATATTAAAAC-3=), and R2
(5=-TCCCCAATTTTGATTCACCA-3=) primers (31). Libraries were gen-
erated using the Nextera XT DNA Library Preparation kit, and sequencing
was performed on a MiSeq instrument (Illumina). Consensus sequences
were generated by reference mapping, and de novo assembly was per-
formed using CLC Genomics Workbench (CLC bio). The hla gene se-
quences obtained from 984 isolates were aligned using MUSCLE, and the
phylogenetic tree was generated using the neighbor-joining method in
MEGA5 (32, 33). Consensus DNA sequences were translated into protein
sequences, and amino acid substitutions were identified by using USA 300
CP000255_SAUSA300_1058 as a reference sequence (34).

Multilocus sequence typing. Multilocus sequence types (MLSTs)
were determined using CLCBio Genomic Workbench 8.0.1 and the MLST
schema for S. aureus (http://www.pubmlst.org). Concatenated MLST al-
leles were used to construct phylogenetic trees using the neighbor-joining
method in MEGA5 (32, 33).

Hla quantification by enzyme-linked immunosorbent assay
(ELISA). Hla quantification was performed for S. aureus culture superna-
tants as previously described (30). Briefly, a single colony from a fresh
tryptic soy agar (TSA) plate was inoculated into 3 ml of tryptic soy broth
(TSB) (Becton Dickinson) and incubated overnight with shaking (220
rpm) at 37°C. An aliquot of the overnight culture was diluted in 10 ml of
TSB (optical density at 600 nm [OD600], �0.1) in a 150-ml flask and
incubated at 37°C at 220 rpm for 16 h. The bacteria were then pelleted by
centrifugation, and the supernatant was removed, filter sterilized, and
stored at �80°C. Ninety-six-well high-bind plates (VWR International)
were coated overnight at 4°C with MEDI4893 (0.1 �g/ml) in 0.2 M car-
bonate-bicarbonate buffer. Following washing with phosphate-buffered
saline (PBS)-0.1% Tween 20 (PBST), the plates were blocked with PBST
plus 5% bovine serum albumin (BSA) for 1 h at room temperature (RT).
Overnight S. aureus culture supernatants (1:1,000 dilution) and a purified
Hla reference standard were added and incubated at RT for 1 h. The plates
were washed 4 times with PBST and incubated for 1 h with an anti-Hla
rabbit IgG (1 �g/ml), and the rabbit IgG was detected with a horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:10,000; Jackson
ImmunoResearch). Following a 1-h incubation at RT, the plates were
washed 4 times with PBST, and antibody binding was detected with 100 �l
of SureBlue TMB substrate (KPL), followed by neutralization with 100 �l

of TMB Stop Solution (KPL). The OD450 was measured on a Sunrise plate
reader (Tecan).

Rabbit RBC Hla hemolytic assay and neutralization assay. Hla he-
molytic activity was measured using a rabbit red blood cell (RBC) lysis
assay, as previously described (28). Supernatants obtained as detailed
above were serially 2-fold diluted from 1:5 to 1:12,800 in 50 �l PBS in a
U-bottom 96-well plate, followed by addition of 50 �l of 5% PBS-washed
RBCs (PelFreeze). After a 90-min incubation at 37°C, the plate was cen-
trifuged at 1,500 rpm for 2 min, 50 �l of supernatant was transferred to a
96-well flat-bottom plate, and the OD450 was determined. The Hla level
(in hemolytic units [HU] per milliliter) was defined as the inverse of the
dilution causing 50% hemolysis. Sterile distilled water served as the 100%
hemolysis control (positive control), and 1� PBS was a negative control.
Supernatants from isolates with hemolytic activity titers greater than that
of the hla knockout strain were tested for neutralization by MEDI4893. A
2-fold serial dilution, starting at 1:5, of S. aureus supernatants was incu-
bated with 25 �l of MEDI4893 (200 �g/ml) and added to the RBCs.
Supernatants from selected isolates that were not completely neutralized
by MEDI4893 were also incubated with anti-chicken ovalbumin (OVA)-
purified rabbit IgG, anti-�-hemolysin B (HlgB)-purified rabbit IgG, or
anti-Hla-purified rabbit IgG at 200 �g/ml or in combination. After a
90-min incubation at 37°C, the plates were spun, the supernatants were
collected, and the OD450 was determined. Complete neutralization was
determined if hemolytic activity in the presence of MEDI4893 was below
either the assay lower limit of detection or the hemolytic activity back-
ground as determined using an hla knockout strain.

Protein structure visualization. Amino acid substitutions were
mapped to both the monomer and heptamer Hla structures using PyMOL
v1.6 (http://www.pymol.org/). The frequencies of amino acid substitu-
tions in relation to the USA300 reference strain were shown using the
following color scale: cyan, 1 to 7; green, 13 to 17; ruby, 30 to 36; brown,
62; magenta, 133 to 140; and red, �450. The MEDI4893 binding region is
shown in white.

Statistical methods. Stratified random sampling was performed to
select the original 500 MSSA and 500 MRSA isolates, with 125 isolates
each of MSSA and MRSA from each of four regions (Asia, Europe, the
United States, and the rest of the world [ROW]). Random sampling was
controlled over the variables of country, sample type, and hospital loca-
tion. Fisher’s exact test was used for comparison of the proportions of
categorical variables, a Wilcoxon rank sum test was used for comparison
of patient age and Hla secretion levels between different groups, and a
two-sample Poisson rate test was used to compare the occurrence of
MSSA versus MRSA and subtypes of MSSA versus MRSA. Pearson’s chi-
squared test was used to test whether MSSA and MRSA isolates were more
likely to come from male than from female patients. Sampling and statis-
tical analyses were performed using SAS 9.3 (SAS) and R (http://www
.r-project.org). The figures were generated using GraphPad Prism 6
(GraphPad).

RESULTS
Patient demographics and S. aureus characterization. To better
understand the global prevalence of the hla gene and Hla expres-
sion in S. aureus respiratory isolates, we randomly selected 500
MSSA and 500 MRSA isolates from a total of 2,068 MSSA and
3,434 MRSA isolates collected during 2012 and 2013 as part of a
prospective 5-year global antibacterial resistance surveillance pro-
gram. One hundred and twenty-five identified MSSA and MRSA
respiratory isolates from each of four geographic regions (Asia,
Europe, the United States, and the rest of the world) representing
34 countries (Fig. 1) were selected for culture and characteriza-
tion. Of the 1,000 isolates selected, 2 isolates originally classified as
MSSA by culture were determined to be Staphylococcus epidermi-
dis and 4 isolates did not grow, leaving 994 for analysis (Table 1).
All the isolates were derived from endotracheal aspirates, bron-
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choalveolar brush samples, lavage samples, or sputum and came
from nine different departments in the participating hospitals.
Isolates were also categorized as coming from patients who had
been in the hospital for less than or more than 48 h and male or
female and by the age of the patient. The majority of the isolates
came from either general medicine, ICU, general surgery, or sur-
gical ICU, and less than 1% came from outpatient departments.
Interestingly, the isolates from the pediatric departments were
more likely to be MSSA than MRSA (46 versus 23; P � 0.0040)
(Table 1).

There were regional differences in the types of samples col-
lected. Most notable was the fact that approximately 90% of the
Asian isolates came from sputum samples. There were no obvious
differences in the sample types with respect to frequencies of
MSSA versus MRSA isolates, except that 14.1% of bronchoalveo-
lar lavage (BAL) samples were MSSA versus 8.8% MRSA (P �
0.010). The majority of both the MSSA (64.8% versus 31.8%; P 	
0.0001) and MRSA (57.0% versus 41.0%; P � 0.0002) isolates
were from males versus females. More MRSA than MSSA isolates
were from patients who were in the hospital for more than 48 h
(58.4% versus 49.6%; P � 0.006). The age of the patients ranged
from 	12 months to 98 years, with the median age of MRSA
patients being considerably higher than that of MSSA patients (63
years versus 55 years; P 	 0.0001).

The alpha-toxin gene hla and protein expression are con-
served in diverse S. aureus isolates. The hla gene was present in
the majority of the MSSA (99.6%) and MRSA (97.6%) isolates
(Table 1), demonstrating that the presence of the gene is highly
conserved. Ten isolates were determined to be hla gene negative by
both hla-specific PCR and whole-genome sequencing. Interest-

ingly, 7 of the 10 hla-negative isolates were from a single hospital
in Thailand. The majority of the isolates also expressed measur-
able Hla in vitro, but the level was higher for MSSA than for MRSA
isolates (86.9% versus 78.8%; P � 0.0007). Furthermore, the
MSSA strains produced higher levels of Hla than the MRSA strains
(4.20 �g/ml versus 2.26 �g/ml; P 	 0.0001), and a higher propor-
tion of MSSA strains than of MRSA strains (19.3% versus 7.0%;
P 	 0.0001) expressed the largest amounts of Hla (�10 �g/ml)
(Table 1).

Comparing Hla expression levels by geographic region re-
vealed that a higher proportion of Asian, European, and ROW
MSSA isolates than MRSA isolates from the same regions ex-
pressed detectable Hla, while U.S. isolates were more comparable
in terms of relative Hla expression levels (Fig. 2). These data sug-
gest that there are regional differences in Hla expression in MSSA
and MRSA isolates from around the world. Because MSSA pa-
tients were on average younger than MRSA patients and MSSA
isolates expressed larger amounts of Hla, the correlation between
Hla expression levels and patient age was evaluated (Fig. 3). MSSA
isolated from infants, adolescents, and young adults aged 0 to 20
years expressed the highest levels of Hla, suggesting these isolates
were qualitatively different from the others. The relationship be-
tween Hla expression levels and length of stay in the hospital as-
sociated with MSSA and MRSA isolates was also determined (Fig.
4). For MRSA, isolates from patients with longer hospital stays
were more likely to be Hla negative, and conversely, shorter stays
were associated with isolates being Hla positive (P � 0.0030).
These data suggest that there is a complex interplay between the
infecting strain, antibiotic resistance, alpha-toxin, and the host
immune response.

FIG 1 Hospital locations in the S. aureus global surveillance study. The map shows the hospital locations in 34 countries that provided S. aureus respiratory
isolates for characterization.
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Alpha-toxin subtypes. Sequence analysis revealed 82 different
amino acid substitutions compared to the USA300 reference
strain, which corresponded to 57 distinct Hla subtypes (Table 2)
that grouped into three distinct clades (Fig. 5). Forty-seven MSSA
and 27 MRSA subtypes were identified (P 	 0.0133), with 17
subtypes in common between MSSA and MRSA strains (Table 2).
In addition to amino acid changes, 50 isolates had a stop codon
and 13 had a frameshift mutation in the hla gene. The majority (42
of 47) of the isolates with the previously described Q113 stop

codon (34, 35) were MSSA strains (Table 2). The 6 most abundant
MRSA subtypes comprised 90% of the MRSA isolates, and the 6
most abundant MSSA subtypes comprised 79% of the MSSA iso-
lates. For MRSA, 18 of 29 (62%) subtypes had less than 3 mem-
bers, and for MSSA, 33 of 47 (70%) subtypes had less than 3
members. These data show that not only the presence of Hla, but
also the protein sequence is highly conserved.

Alpha-toxin monomer and heptamer. The structures of the Hla
monomer (35), the Hla heptamer (36), and the MEDI4893 binding

TABLE 1 Patient demographics and summary of hla presence and alpha-toxin expression levels

Variable

No. (%) of samples

P value (MRSA
vs MSSA)

MRSA MSSA

Asia
(n � 125)

Europe
(n � 125)

United States
(n � 125)

Row
(n � 125)

All
(n � 500)

Asia
(n � 123)

Europe
(n � 125)

United States
(n � 125)

Row
(n � 125)

All
(n � 498)

Yr collected
2012 118 (94.4) 80 (64.0) 77 (61.6) 82 (65.6) 357 (71.4) 119 (96.7) 68 (54.4) 74 (59.2) 75 (60.0) 336 (67.5) 0.1918
2013 7 (5.6) 45 (36.0) 48 (38.4) 43 (34.4) 143 (28.6) 4 (3.3) 57 (45.6) 51 (40.8) 50 (40.0) 162 (32.5)

Facility name
Emergency room 8 (6.4) 5 (4.0) 2 (1.6) 13 (10.4) 28 (5.6) 7 (5.7) 3 (2.4) 2 (1.6) 11 (8.8) 23 (4.6) 0.5657
General unspecified ICU 2 (1.6) 14 (11.2) 6 (4.8) 8 (6.4) 30 (6.0) 6 (4.9) 12 (9.6) 6 (4.8) 7 (5.6) 31 (6.2) 0.8957
Medicine, general 67 (53.6) 56 (44.8) 47 (37.6) 48 (38.4) 218 (43.6) 66 (53.7) 45 (36.0) 44 (35.2) 39 (31.2) 194 (39.0) 0.1397
Medicine, ICU 25 (20.0) 25 (20.0) 38 (30.4) 33 (26.4) 121 (24.2) 20 (16.3) 21 (16.8) 37 (29.6) 35 (28.0) 113 (22.7) 0.6012
Outpatient 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.8) 0 (0.0) 1 (0.2) 0.4990
Pediatric, general 0 (0.0) 6 (4.8) 4 (3.2) 3 (2.4) 13 (2.6) 3 (2.4) 15 (12.0) 2 (1.6) 4 (3.2) 24 (4.8) 0.0673
Pediatric, ICU 3 (2.4) 2 (1.6) 2 (1.6) 3 (2.4) 10 (2.0) 3 (2.4) 6 (4.8) 6 (4.8) 7 (5.6) 22 (4.4) 0.0320
Surgery, general 12 (9.6) 8 (6.4) 6 (4.8) 6 (4.8) 32 (6.4) 12 (9.8) 8 (6.4) 8 (6.4) 6 (4.8) 34 (6.8) 0.8003
Surgery, ICU 8 (6.4) 9 (7.2) 20 (16.0) 11 (8.8) 48 (9.6) 6 (4.9) 15 (12.0) 19 (15.2) 16 (12.8) 56 (11.2) 0.4089

Body location
Bronchial brushing 1 (0.8) 9 (7.2) 4 (3.2) 12 (9.6) 26 (5.2) 1 (0.8) 13 (10.4) 4 (3.2) 6 (4.8) 24 (4.8) 0.8848
Bronchoalveolar lavage 1 (0.8) 15 (12.0) 21 (16.8) 7 (5.6) 44 (8.8) 6 (4.9) 16 (12.8) 33 (26.4) 15 (12.0) 70 (14.1) 0.0096
Endotracheal aspirate 6 (4.8) 41 (32.8) 32 (25.6) 61 (48.8) 140 (28.0) 7 (5.7) 40 (32.0) 24 (19.2) 61 (48.8) 132 (26.5) 0.6191
Lungs 0 (0.0) 0 (0.0) 1 (0.8) 0 (0.0) 1 (0.2) 0 (0.0) 1 (0.8) 0 (0.0) 2 (1.6) 3 (0.6) 0.3732
Sputum 117 (93.6) 60 (48.0) 67 (53.6) 45 (36.0) 289 (57.8) 109 (88.6) 55 (44.0) 64 (51.2) 41 (32.8) 269 (54.0) 0.2511

Gender
Female 33 (26.4) 34 (27.2) 45 (36.0) 47 (37.6) 159 (31.8) 50 (40.7) 60 (48.0) 46 (36.8) 48 (38.4) 204 (41.0) 0.0030
Male 82 (65.6) 90 (72.0) 76 (60.8) 76 (60.8) 324 (64.8) 67 (54.5) 65 (52.0) 76 (60.8) 76 (60.8) 284 (57.0) 0.0137
Not specified 10 (8.0) 1 (0.8) 4 (3.2) 2 (1.6) 17 (3.4) 6 (4.9) 0 (0.0) 3 (2.4) 1 (0.8) 10 (2.0) 0.2413

Hospital stay
�48 h 96 (76.8) 66 (52.8) 74 (59.2) 56 (44.8) 292 (58.4) 82 (66.7) 68 (54.4) 55 (44.0) 42 (33.6) 247 (49.6) 0.0063
	48 h 22 (17.6) 31 (24.8) 26 (20.8) 33 (26.4) 112 (22.4) 37 (30.1) 31 (24.8) 35 (28.0) 45 (36.0) 148 (29.7) 0.0094
Not specified 7 (5.6) 28 (22.4) 25 (20.0) 36 (28.8) 96 (19.2) 4 (3.3) 26 (20.8) 35 (28.0) 38 (30.4) 103 (20.7) 0.5797

Age (yr)
Median (min, max) 72 (0, 98) 64 (0, 93) 61 (0, 94) 57 (0, 96) 63 (0, 98) 63 (0, 90) 50 (0, 94) 58 (0, 90) 49 (0, 89) 55 (0, 94) 	0.0001
0–20 4 (3.2) 11 (8.8) 11 (8.8) 17 (13.6) 43 (8.6) 12 (9.8) 26 (20.8) 12 (9.6) 25 (20.0) 75 (15.1) 0.0017
21–40 7 (5.6) 14 (11.2) 12 (9.6) 18 (14.4) 51 (10.2) 15 (12.2) 27 (21.6) 16 (12.8) 27 (21.6) 85 (17.1) 0.0017
41–60 26 (20.8) 31 (24.8) 39 (31.2) 33 (26.4) 129 (25.8) 30 (24.4) 24 (19.2) 42 (33.6) 32 (25.6) 128 (25.7) �0.9999
61–80 60 (48.0) 50 (40.0) 46 (36.8) 36 (28.8) 192 (38.4) 41 (33.3) 42 (33.6) 38 (30.4) 31 (24.8) 152 (30.5) 0.0094
81–100 28 (22.4) 19 (15.2) 17 (13.6) 21 (16.8) 85 (17.0) 25 (20.3) 6 (4.8) 17 (13.6) 10 (8.0) 58 (11.6) 0.0186

hla gene
Negative 6 (4.8) 2 (1.6) 1 (0.8) 0 (0.0) 9 (1.8) 1 (0.8) 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.2) 0.0209
Positive 119 (95.2) 122 (97.6) 123 (98.4) 124 (99.2) 488 (97.6) 122 (99.2) 125 (100.0) 125 (100.0) 124 (99.2) 496 (99.6) 0.0123
Did not grow 0 (0.0) 1 (0.8) 1 (0.8) 1 (0.8) 3 (0.6) 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.8) 1 (0.2) 0.6242

Hla ELISA level
Negative 44 (35.2) 26 (20.8) 13 (10.4) 20 (16.0) 103 (20.6) 21 (17.1) 13 (10.4) 14 (11.2) 16 (12.8) 64 (12.9) 0.0012
Positive 81 (64.8) 98 (78.4) 111 (88.8) 104 (83.2) 394 (78.8) 102 (82.9) 112 (89.6) 111 (88.8) 108 (86.4) 433 (86.9) 0.0007
Positive, 	1 �g/ml 44 (35.2) 46 (36.8) 38 (30.4) 39 (31.2) 167 (33.4) 31 (25.2) 29 (23.2) 33 (26.4) 24 (19.2) 117 (23.5) 0.0006
Positive, 1–10 �g/ml 36 (28.8) 42 (33.6) 64 (51.2) 50 (40.0) 192 (38.4) 50 (40.7) 63 (50.4) 61 (48.8) 46 (36.8) 220 (44.2) 0.0718
Positive, �10 �g/ml 1 (0.8) 10 (8.0) 9 (7.2) 15 (12.0) 35 (7.0) 21 (17.1) 20 (16.0) 17 (13.6) 38 (30.4) 96 (19.3) 	0.0001
Did not grow 0 (0.0) 1 (0.8) 1 (0.8) 1 (0.8) 3 (0.6) 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.8) 1 (0.2) 0.6242

Staphylococcus aureus Alpha-Toxin Is Conserved

September 2016 Volume 60 Number 9 aac.asm.org 5315Antimicrobial Agents and Chemotherapy

http://aac.asm.org


region (35) have been previously described. The MEDI4893 binding
region encompasses amino acid residues 203 to 226 and 287 to 297
(35) and neutralizes Hla by preventing Hla binding to cells (35).
The 82 amino acid substitutions were color coded based on fre-
quency and mapped to both the monomer and the heptamer
structures (Fig. 6A to E) in relation to the MEDI4893 epitope
(shown in white). This analysis showed that 6 out of the 82 amino
acid mutations identified were within the MEDI4893 binding re-
gion, representing 19 different isolates. However, four out of these
six amino acids do not directly participate in the interaction with
the antibody (amino acids [aa] 203, 218, 223, and 295, represent-
ing 4 different isolates), and these mutations are not expected to be
of consequence. The other two amino acid mutations either make

very little contribution to the interaction or the amino acid sub-
stitution is conservative. The change of an N to a T at position 214
results in the loss of a weak hydrogen bond and represents 1 iso-
late. The V-to-I change at position 216, representing 14 isolates, is
conservative and is also unlikely to affect MEDI4893 binding to
Hla. In summary, the MEDI4893 binding region is highly con-
served.

Neutralization of Hla subtypes by MEDI4893. Lastly, to de-
termine whether the different Hla subtypes were susceptible or re-
sistant to MEDI4893 neutralization, we tested whether MEDI4893
could neutralize culture supernatants from a panel of the 35 sub-
types that had hemolytic activity (Table 2). These 35 hemolytic
subtypes represent 908 of the 994 (91.4%) isolates. MEDI4893

FIG 2 Alpha-toxin expression levels in MSSA and MRSA isolates by geographic region. Mean Hla ELISA levels of duplicate samples are shown for MSSA
and MRSA isolates from the four geographic regions. The mean and 95% confidence interval (CI) are shown for each group. The percentages above the
upper limit of quantitation (ULOQ) (10 �g/ml) represent the percentages of isolates within a group with a value of �10 �g/ml. The assay lower limit of
quantitation (LLOQ) and limit of detection (LOD) are indicated by horizontal dotted lines. Statistically significant differences are indicated by asterisks:
***, P 	 0.001; **, P 	 0.01.

FIG 3 Alpha-toxin expression levels in MSSA and MRSA isolates by patient age. Mean Hla ELISA levels of duplicate samples are shown for MSSA and MRSA
isolates from subjects of different ages. The mean and 95% CI are shown for each age group. The percentages above the upper limit of quantitation (10 �g/ml)
represent the percentages of isolates within a group with a value of �10 �g/ml. The assay lower limit of quantitation and limit of detection are indicated by
horizontal dotted lines. Statistically significant differences are marked by an asterisk: *, P 	 0.05.
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neutralized the hemolytic activity in the culture supernatants of 30
of the 35 subtypes. The remaining 5 isolates, which showed lytic
activity but were not neutralized by MEDI4893, belonged to sub-
types 10, 17, 38, 47, and 48. In addition to Hla, rabbit RBCs are
sensitive to lysis by �-hemolysin (8). Using an anti-�-hemolysin

subunit B (HlgB)-purified rabbit IgG, hemolysis of 4 of these
5 isolates was shown to be due to �-hemolysin (see Fig. S1a in
the supplemental material). The observation that RBC lysis by
subtype 38 supernatant was not inhibited by anti-HlgB IgG,
anti-Hla IgG, MEDI4893, or a combination of the antibodies

FIG 4 Alpha-toxin expression levels in MSSA and MRSA isolates by length of hospital stay. Mean Hla ELISA levels of duplicate samples are shown for MSSA and
MRSA isolates from subjects with hospital lengths of stay less than or greater than 24 h. The mean and 95% CI are shown for each group. The percentages above
the upper limit of quantitation (10 �g/ml) represent the percentages of isolates within a group with a value of �10 �g/ml. The assay lower limit of quantitation
and limit of detection are indicated by horizontal dotted lines. Statistically significant differences are marked by asterisks: ***, P 	0.001; **, P 	 0.01.

TABLE 2 Alpha-toxin hla gene subtypes, amino acid variants, lytic activity, and MEDI4893 susceptibility
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indicates that hemolysis by this isolate is not Hla or HlgB de-
pendent but is likely due to another toxin(s), such as phenol-
soluble modulins (PSMs) or 
-toxin (37, 38). Moreover, the
hemolytic activities of 3 subtypes (39, 52, and 54) were partially
neutralized by MEDI4893, but hemolysis was neutralized by
more than 75% by a combination of MEDI4893 and anti-�-
hemolysin IgG, suggesting that both Hla and �-hemolysin con-
tribute to the hemolytic activity of these 3 clusters (see Fig. S1b
in the supplemental material).

These data suggest that the MEDI4893 epitope is highly con-

served and that MEDI4893 neutralizes the majority of Hla sub-
types.

DISCUSSION

This study analyzed 994 hospital S. aureus respiratory isolates
from 34 countries collected from 2012 to 2013. Whereas others
have characterized the presence of hla and Hla in S. aureus isolates
(30, 39, 40), to our knowledge, this is the first prospective, global
study to characterize Hla in relation to patient demographics and
susceptibility to an Hla-neutralizing MAb. This work has some

FIG 5 Phylogenetic tree of alpha-toxin subtypes. The evolutionary distances of the different hla types were computed using the maximum composite
likelihood method and are shown as the number of base substitutions per site. The analysis was performed on 984 full-length nucleotide sequences, as
sequences that contained gaps or missing sequence were not included. There were a total of 941 positions in the final data set. Evolutionary analyses were
conducted in MEGA5. The 3 major clades (C1, C2, and C3) are indicated at their respective branch points. Multilocus sequence typing analysis was
performed using whole-genome sequence data from 10 hla gene-negative isolates, MLST assignment and allele usage are listed in the table, and the seven
genes in the MLST schema are shown in the table headers. Concatenated MLST alleles from the 10 hla gene-negative isolates were used to construct a
phylogenetic tree using the neighbor-joining method in MEGA5, and branch length values are indicated. SA ST, S. aureus sequence type.

FIG 6 Alpha-toxin monomer and heptamer structures. (A) Hla heptamer, top view. (B) Hla heptamer, bottom view. (C) Hla monomer, 0°. (D) Hla monomer,
135°. (E) Hla monomer, 270°. The frequencies of amino acid substitutions in relation to the USA300 reference strain are shown using a color scale. The
MEDI4893 binding region is shown in white.
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limitations. First, the type and duration of antibiotic treatment
associated with these specimens are unknown, and second, patient
outcomes were not collected and we therefore could not correlate
clinical outcomes with a given Hla subtype or Hla level. Another
practical limitation is that Hla expression was assessed in vitro
using an ELISA that was optimized to ensure specificity at the
expense of sensitivity and that might miss some low-expressing
isolates. Additionally, these in vitro values may not represent the
levels expressed during infection. Despite these limitations, this
study provides valuable insights into the conservation of hla pres-
ence and Hla amino acid sequence and function in both MSSA
and MRSA isolates from diverse geographic regions.

Independent of geography, patient age, or length of hospital
stay, more MSSA isolates than MRSA isolates expressed Hla, as
well as higher levels of Hla. This suggests that the genetic back-
ground of MSSA allows higher Hla expression and is consistent
with a prior study in which Stulik et al. reported that MSSA respi-
ratory isolates produced more Hla than MRSA isolates (41). The
Hla subtype or specific amino acid substitutions did not correlate
with Hla expression levels, as there were isolates with the same
amino acid sequence that expressed low or high levels or no toxin.
This observation is consistent with other reports showing that Hla
production is controlled at the transcriptional level by a complex
regulatory network (42, 43). Interestingly, the strains expressing
the highest Hla levels were predominantly MSSA and came from
the pediatric wards (Fig. 3). This finding is consistent with an
increased incidence of MSSA in the pediatric population, suggest-
ing that they may have been infected with community-acquired S.
aureus as opposed to a hospital-acquired MRSA strain.

Phylogenetic analysis revealed that the 57 identified subtypes
grouped into 3 major clades (Fig. 5). The two most populous
clades are consistent with those described by Tavares et al. (40).
Such similarity was anticipated given the overlap of sampling time
frames and geographic locations. Our observation of a third, mi-
nor clade was likely due to the increased depth of sampling in our
study. More Hla variation was discovered in MSSA than in MRSA
isolates (43 versus 24 subtypes; P � 0.0136), which was presum-
ably due to the relatively recent evolutionary emergence of meth-
icillin resistance compared to the evolution of alpha-toxin. In ad-
dition to amino acid substitutions, 50 isolates had a stop codon.
The Q113 stop codon has been described previously (40, 44) and
has been associated with attenuated virulence in animal models
and niche adaptation in humans (45). There were only 10 hla
gene-negative isolates identified in this study. Interestingly, 7 of
these 10 isolates were isolated from a single hospital in Thailand in
2012, whereas the other 3 were collected in 2013 from Spain, Italy,
and the United States. Multilocus sequence typing analysis re-
vealed that the seven isolates from Thailand (sequence type 228
[ST228]), the one from Italy (ST228), and the one from the United
States (ST5) belonged to similar MLSTs and could be related (Fig.
5). These observations highlight the importance of continued sur-
veillance during antibody or vaccine development.

The MEDI4893 binding region is comprised of amino acids
203 to 226 and 287 to 297, including the leader sequence, and
the specific Hla contact residues are amino acids 209, 212, 213,
214, 215, 217, 226, 289, and 292 (32). The data presented here
suggest the region is important for Hla activity, as only 19
isolates encoding full-length Hla with mutations in this region
were identified (Table 2 and Fig. 6A to E). Only the single
subtype 10 isolate that had lytic activity and was not neutral-

ized by MEDI4893 had a mutation in the binding region
(G218V). However, the supernatant from this isolate was also
not neutralized by a polyclonal anti-Hla IgG, suggesting that
the lytic activity was due to a hemolysin other than Hla. Previ-
ous work has shown that the MEDI4893 epitope is important
for binding to cells (35), and the data presented here demon-
strate that it is highly conserved.

In summary, we have shown that the presence of the Hla gene
(hla) and the MEDI4893 epitope are highly conserved in respira-
tory isolates of S. aureus collected from hospitals as part of a global
surveillance study. MSSA isolates were more likely to be Hla pos-
itive and to secrete larger amounts of Hla than MRSA isolates, and
MEDI4893 neutralized the vast majority of Hla. In total, these data
suggest that MEDI4893 should have broad activity against Hla
from MSSA and MRSA respiratory strains from diverse locations
around the world.

ACKNOWLEDGMENTS

AstraZeneca and MedImmune (a member of the AstraZeneca Group)
provided financial support for this investigation.

We thank Alexey Ruzin for his critical review of the manuscript. We
gratefully acknowledge the contributions of the International Health
Management Associates, Inc., laboratory personnel to maintenance of the
S. aureus repository and all members of the global surveillance program
who contributed isolates and information for this study.

We all provided analysis input and read and approved the final man-
uscript.

D.E.T., L.Y., H.M., C.T., B.R.S., Y.W., V.O., T.S., H.J., M.M., P.B., and
M.T.E. are employees and stock holders of AstraZeneca Pharmaceuticals.
We are all employed by MedImmune or AstraZeneca.

FUNDING INFORMATION
This work was funded by Medimmune, a member of the AstraZeneca
Group, and by AstraZeneca.

REFERENCES
1. Pujol M, Pena C, Pallares R, Ariza J, Ayats J, Dominguez MA, Gudiol

F. 1996. Nosocomial Staphylococcus aureus bacteremia among nasal car-
riers of methicillin-resistant and methicillin-susceptible strains. Am J Med
100:509 –516. http://dx.doi.org/10.1016/S0002-9343(96)00014-9.

2. Mest DR, Wong DH, Shimoda KJ, Mulligan ME, Wilson SE. 1994.
Nasal colonization with methicillin-resistant Staphylococcus aureus on
admission to the surgical intensive care unit increases the risk of infection.
Anesth Analg 78:644 – 650.

3. Perl TM, Golub JE. 1998. New approaches to reduce Staphylococcus aureus
nosocomial infection rates: treating S. aureus nasal carriage. Ann Pharmaco-
ther 32:S7–S16. http://dx.doi.org/10.1177/106002809803200104.

4. von Eiff C, Becker K, Machka K, Stammer H, Peters G. 2001. Nasal
carriage as a source of Staphylococcus aureus bacteremia. N Engl J Med
344:11–16. http://dx.doi.org/10.1056/NEJM200101043440102.

5. Sievert DM, Ricks P, Edwards JR, Schneider A, Patel J, Srinivasan A,
Kallen A, Limbago B, Fridkin S, National Healthcare Safety Network
(NHSN) Team, Participating NHSN Facilities. 2013. Antimicrobial-
resistant pathogens associated with healthcare-associated infections: sum-
mary of data reported to the National Healthcare Safety Network at the
Centers for Disease Control and Prevention, 2009-2010. Infect Control
Hosp Epidemiol 34:1–14. http://dx.doi.org/10.1086/668770.

6. Grgurich PE, Hudcova J, Lei Y, Sarwar A, Craven DE. 2012. Manage-
ment and prevention of ventilator-associated pneumonia caused by mul-
tidrug-resistant pathogens. Expert Rev Respir Med 6:533–555. http://dx
.doi.org/10.1586/ers.12.45.

7. Otto M. 2014. Staphylococcus aureus toxins. Curr Opin Microbiol 17:32–
37. http://dx.doi.org/10.1016/j.mib.2013.11.004.

8. Alonzo F III, Torres VJ. 2014. The bicomponent pore-forming leucoci-
dins of Staphylococcus aureus. Microbiol Mol Biol Rev 78:199 –230. http:
//dx.doi.org/10.1128/MMBR.00055-13.

9. Rooijakkers SH, Ruyken M, van Roon J, van Kessel KP, van Strijp JA,

Staphylococcus aureus Alpha-Toxin Is Conserved

September 2016 Volume 60 Number 9 aac.asm.org 5319Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1016/S0002-9343(96)00014-9
http://dx.doi.org/10.1177/106002809803200104
http://dx.doi.org/10.1056/NEJM200101043440102
http://dx.doi.org/10.1086/668770
http://dx.doi.org/10.1586/ers.12.45
http://dx.doi.org/10.1586/ers.12.45
http://dx.doi.org/10.1016/j.mib.2013.11.004
http://dx.doi.org/10.1128/MMBR.00055-13
http://dx.doi.org/10.1128/MMBR.00055-13
http://aac.asm.org


van Wamel WJ. 2006. Early expression of SCIN and CHIPS drives instant
immune evasion by Staphylococcus aureus. Cell Microbiol 8:1282–1293.
http://dx.doi.org/10.1111/j.1462-5822.2006.00709.x.

10. Berube BJ, Bubeck Wardenburg J. 2013. Staphylococcus aureus alpha-
toxin: nearly a century of intrigue. Toxins (Basel) 5:1140 –1166. http://dx
.doi.org/10.3390/toxins5061140.

11. Bubeck Wardenburg J, Bae T, Otto M, Deleo FR, Schneewind O. 2007.
Poring over pores: alpha-hemolysin and Panton-Valentine leukocidin in
Staphylococcus aureus pneumonia. Nat Med 13:1405–1406. http://dx.doi
.org/10.1038/nm1207-1405.

12. Craven RR, Gao X, Allen IC, Gris D, Bubeck Wardenburg J, McElvania-
Tekippe E, Ting JP, Duncan JA. 2009. Staphylococcus aureus alpha-
hemolysin activates the NLRP3-inflammasome in human and mouse
monocytic cells. PLoS One 4:e7446. http://dx.doi.org/10.1371/journal
.pone.0007446.

13. Powers ME, Kim HK, Wang Y, Bubeck Wardenburg J. 2012. ADAM10
mediates vascular injury induced by Staphylococcus aureus alpha-
hemolysin. J Infect Dis 206:352–356. http://dx.doi.org/10.1093/infdis
/jis192.

14. Tamber S, Reyes D, Donegan NP, Schwartzman JD, Cheung AL,
Memmi G. 2010. The staphylococcus-specific gene rsr represses agr and
virulence in Staphylococcus aureus. Infect Immun 78:4384 – 4391. http:
//dx.doi.org/10.1128/IAI.00401-10.

15. Tamber S, Cheung AL. 2009. SarZ promotes the expression of virulence
factors and represses biofilm formation by modulating SarA and agr in
Staphylococcus aureus. Infect Immun 77:419 – 428. http://dx.doi.org/10
.1128/IAI.00859-08.

16. Montgomery CP, Boyle-Vavra S, Daum RS. 2010. Importance of the
global regulators Agr and SaeRS in the pathogenesis of CA-MRSA USA300
infection. PLoS One 5:e15177. http://dx.doi.org/10.1371/journal.pone
.0015177.

17. Jenkins A, Diep BA, Mai TT, Vo NH, Warrener P, Suzich J, Stover CK,
Sellman BR. 2015. Differential expression and roles of Staphylococcus
aureus virulence determinants during colonization and disease. mBio
6:e02272-14. http://dx.doi.org/10.1128/mBio.02272-14.

18. Tkaczyk C, Hamilton MM, Datta V, Yang XP, Hilliard JJ, Stephens GL,
Sadowska A, Hua L, O’Day T, Suzich J, Stover CK, Sellman BR. 2013.
Staphylococcus aureus alpha toxin suppresses effective innate and adap-
tive immune responses in a murine dermonecrosis model. PLoS One
8:e75103. http://dx.doi.org/10.1371/journal.pone.0075103.

19. Kennedy AD, Bubeck Wardenburg J, Gardner DJ, Long D, Whitney
AR, Braughton KR, Schneewind O, DeLeo FR. 2010. Targeting of alpha-
hemolysin by active or passive immunization decreases severity of
USA300 skin infection in a mouse model. J Infect Dis 202:1050 –1058.
http://dx.doi.org/10.1086/656043.

20. Tkaczyk C, Hua L, Varkey R, Shi Y, Dettinger L, Woods R, Barnes A,
MacGill RS, Wilson S, Chowdhury P, Stover CK, Sellman BR. 2012.
Identification of anti-alpha toxin monoclonal antibodies that reduce the
severity of Staphylococcus aureus dermonecrosis and exhibit a correlation
between affinity and potency. Clin Vaccine Immunol 19:377–385. http:
//dx.doi.org/10.1128/CVI.05589-11.

21. Ragle BE, Bubeck Wardenburg J. 2009. Anti-alpha-hemolysin mono-
clonal antibodies mediate protection against Staphylococcus aureus
pneumonia. Infect Immun 77:2712–2718. http://dx.doi.org/10.1128
/IAI.00115-09.

22. Adhikari RP, Ajao AO, Aman MJ, Karauzum H, Sarwar J, Lydecker AD,
Johnson JK, Nguyen C, Chen WH, Roghmann MC. 2012. Lower anti-
body levels to Staphylococcus aureus exotoxins are associated with sepsis
in hospitalized adults with invasive S. aureus infections. J Infect Dis 206:
915–923. http://dx.doi.org/10.1093/infdis/jis462.

23. Fritz SA, Tiemann KM, Hogan PG, Epplin EK, Rodriguez M, Al-
Zubeidi DN, Bubeck Wardenburg J, Hunstad DA. 2013. A serologic
correlate of protective immunity against community-onset Staphylococ-
cus aureus infection. Clin Infect Dis 56:1554 –1561. http://dx.doi.org/10
.1093/cid/cit123.

24. Ruotsalainen E, Karden-Lilja M, Kuusela P, Vuopio-Varkila J, Viro-
lainen-Julkunen A, Sarna S, Valtonen V, Jarvinen A. 2008. Methicillin-
sensitive Staphylococcus aureus bacteraemia and endocarditis among in-
jection drug users and nonaddicts: host factors, microbiological and
serological characteristics. J Infect 56:249 –256. http://dx.doi.org/10.1016
/j.jinf.2008.01.009.

25. Hua L, Hilliard JJ, Shi Y, Tkaczyk C, Cheng LI, Yu X, Datta V, Ren
S, Feng H, Zinsou R, Keller A, O’Day T, Du Q, Cheng L, Damsch-

roder M, Robbie G, Suzich J, Stover CK, Sellman BR. 2014. Assess-
ment of an anti-alpha-toxin monoclonal antibody for prevention
and treatment of Staphylococcus aureus-induced pneumonia. Anti-
microb Agents Chemother 58:1108 –1117. http://dx.doi.org/10.1128
/AAC.02190-13.

26. Ohlsen K, Lorenz U. 2010. Immunotherapeutic strategies to combat
staphylococcal infections. Int J Med Microbiol 300:402– 410. http://dx.doi
.org/10.1016/j.ijmm.2010.04.015.

27. MedImmune. 2015. Study of the efficacy and safety of MEDI4893
(SAATELLITE). https://clinicaltrials.gov/ct2/show/NCT02296320.

28. Cohen TS, Hilliard JJ, Jones-Nelson O, Keller AE, O’Day T, Tkaczyk
C, DiGiandomenico A, Hamilton M, Pelletier M, Wang Q, Diep BA,
Le VT, Cheng L, Suzich J, Stover CK, Sellman BR. 2016. Staphylo-
coccus aureus alpha toxin potentiates opportunistic bacterial lung infec-
tions. Sci Transl Med 8:329ra331. http://dx.doi.org/10.1126/scitranslmed
.aad9922.

29. Hua L, Cohen TS, Shi Y, Datta V, Hilliard JJ, Tkaczyk C, Suzich J,
Stover CK, Sellman BR. 2015. MEDI4893* promotes survival and ex-
tends the antibiotic treatment window in a Staphylococcus aureus immu-
nocompromised pneumonia model. Antimicrob Agents Chemother 59:
4526 – 4532. http://dx.doi.org/10.1128/AAC.00510-15.

30. Sharma-Kuinkel BK, Wu Y, Tabor DE, Mok H, Sellman BR, Jenkins A,
Yu L, Jafri HS, Rude TH, Ruffin F, Schell WA, Park LP, Yan Q, Thaden
JT, Messina JA, Fowler VG, Jr, Esser MT. 2015. Characterization of
alpha-toxin hla gene variants, alpha-toxin expression levels, and levels of
antibody to alpha-toxin in hemodialysis and postsurgical patients with
Staphylococcus aureus bacteremia. J Clin Microbiol 53:227–236. http://dx
.doi.org/10.1128/JCM.02023-14.

31. Ewing B, Hillier L, Wendl MC, Green P. 1998. Base-calling of auto-
mated sequencer traces using Phred. I. Accuracy assessment. Genome
Res 8:175–185.

32. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. 2011.
MEGA5: molecular evolutionary genetics analysis using maximum likeli-
hood, evolutionary distance, and maximum parsimony methods. Mol
Biol Evol 28:2731–2739. http://dx.doi.org/10.1093/molbev/msr121.

33. Saitou N, Nei M. 1987. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol 4:406 – 425.

34. Diep BA, Gill SR, Chang RF, Phan TH, Chen JH, Davidson MG, Lin F,
Lin J, Carleton HA, Mongodin EF, Sensabaugh GF, Perdreau-
Remington F. 2006. Complete genome sequence of USA300, an epidemic
clone of community-acquired meticillin-resistant Staphylococcus aureus.
Lancet 367:731–739. http://dx.doi.org/10.1016/S0140-6736(06)68231-7.

35. Oganesyan V, Peng L, Damschroder MM, Cheng L, Sadowska A,
Tkaczyk C, Sellman BR, Wu H, Dall’Acqua WF. 2014. Mechanisms of
neutralization of a human anti-alpha-toxin antibody. J Biol Chem 289:
29874 –29880. http://dx.doi.org/10.1074/jbc.M114.601328.

36. Song L, Hobaugh MR, Shustak C, Cheley S, Bayley H, Gouaux JE. 1996.
Structure of staphylococcal alpha-hemolysin, a heptameric transmem-
brane pore. Science 274:1859 –1866. http://dx.doi.org/10.1126/science
.274.5294.1859.

37. Cheung GY, Duong AC, Otto M. 2012. Direct and synergistic hemolysis
caused by Staphylococcus phenol-soluble modulins: implications for di-
agnosis and pathogenesis. Microbes Infect 14:380 –386. http://dx.doi.org
/10.1016/j.micinf.2011.11.013.

38. Wang R, Braughton KR, Kretschmer D, Bach TH, Queck SY, Li M,
Kennedy AD, Dorward DW, Klebanoff SJ, Peschel A, DeLeo FR, Otto
M. 2007. Identification of novel cytolytic peptides as key virulence deter-
minants for community-associated MRSA. Nat Med 13:1510 –1514. http:
//dx.doi.org/10.1038/nm1656.

39. Monecke S, Muller E, Buchler J, Stieber B, Ehricht R. 2014. Staphylo-
coccus aureus in vitro secretion of alpha toxin (hla) correlates with the
affiliation to clonal complexes. PLoS One 9:e100427. http://dx.doi.org/10
.1371/journal.pone.0100427.

40. Tavares A, Nielsen JB, Boye K, Rohde S, Paulo AC, Westh H, Schon-
ning K, de Lencastre H, Miragaia M. 2014. Insights into alpha-hemolysin
(Hla) evolution and expression among Staphylococcus aureus clones with
hospital and community origin. PLoS One 9:e98634. http://dx.doi.org/10
.1371/journal.pone.0098634.

41. Stulik L, Malafa S, Hudcova J, Rouha H, Henics BZ, Craven DE,
Sonnevend AM, Nagy E. 2014. alpha-hemolysin activity of methicillin-
susceptible Staphylococcus aureus predicts ventilator-associated pneu-
monia. Am J Respir Crit Care Med 190:1139 –1148. http://dx.doi.org/10
.1164/rccm.201406-1012OC.

Tabor et al.

5320 aac.asm.org September 2016 Volume 60 Number 9Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1111/j.1462-5822.2006.00709.x
http://dx.doi.org/10.3390/toxins5061140
http://dx.doi.org/10.3390/toxins5061140
http://dx.doi.org/10.1038/nm1207-1405
http://dx.doi.org/10.1038/nm1207-1405
http://dx.doi.org/10.1371/journal.pone.0007446
http://dx.doi.org/10.1371/journal.pone.0007446
http://dx.doi.org/10.1093/infdis/jis192
http://dx.doi.org/10.1093/infdis/jis192
http://dx.doi.org/10.1128/IAI.00401-10
http://dx.doi.org/10.1128/IAI.00401-10
http://dx.doi.org/10.1128/IAI.00859-08
http://dx.doi.org/10.1128/IAI.00859-08
http://dx.doi.org/10.1371/journal.pone.0015177
http://dx.doi.org/10.1371/journal.pone.0015177
http://dx.doi.org/10.1128/mBio.02272-14
http://dx.doi.org/10.1371/journal.pone.0075103
http://dx.doi.org/10.1086/656043
http://dx.doi.org/10.1128/CVI.05589-11
http://dx.doi.org/10.1128/CVI.05589-11
http://dx.doi.org/10.1128/IAI.00115-09
http://dx.doi.org/10.1128/IAI.00115-09
http://dx.doi.org/10.1093/infdis/jis462
http://dx.doi.org/10.1093/cid/cit123
http://dx.doi.org/10.1093/cid/cit123
http://dx.doi.org/10.1016/j.jinf.2008.01.009
http://dx.doi.org/10.1016/j.jinf.2008.01.009
http://dx.doi.org/10.1128/AAC.02190-13
http://dx.doi.org/10.1128/AAC.02190-13
http://dx.doi.org/10.1016/j.ijmm.2010.04.015
http://dx.doi.org/10.1016/j.ijmm.2010.04.015
https://clinicaltrials.gov/ct2/show/NCT02296320
http://dx.doi.org/10.1126/scitranslmed.aad9922
http://dx.doi.org/10.1126/scitranslmed.aad9922
http://dx.doi.org/10.1128/AAC.00510-15
http://dx.doi.org/10.1128/JCM.02023-14
http://dx.doi.org/10.1128/JCM.02023-14
http://dx.doi.org/10.1093/molbev/msr121
http://dx.doi.org/10.1016/S0140-6736(06)68231-7
http://dx.doi.org/10.1074/jbc.M114.601328
http://dx.doi.org/10.1126/science.274.5294.1859
http://dx.doi.org/10.1126/science.274.5294.1859
http://dx.doi.org/10.1016/j.micinf.2011.11.013
http://dx.doi.org/10.1016/j.micinf.2011.11.013
http://dx.doi.org/10.1038/nm1656
http://dx.doi.org/10.1038/nm1656
http://dx.doi.org/10.1371/journal.pone.0100427
http://dx.doi.org/10.1371/journal.pone.0100427
http://dx.doi.org/10.1371/journal.pone.0098634
http://dx.doi.org/10.1371/journal.pone.0098634
http://dx.doi.org/10.1164/rccm.201406-1012OC
http://dx.doi.org/10.1164/rccm.201406-1012OC
http://aac.asm.org


42. Novick RP, Geisinger E. 2008. Quorum sensing in staphylococci. Annu
Rev Genet 42:541–564. http://dx.doi.org/10.1146/annurev.genet.42.110807
.091640.

43. Thoendel M, Kavanaugh JS, Flack CE, Horswill AR. 2011. Peptide
signaling in the staphylococci. Chem Rev 111:117–151. http://dx.doi.org
/10.1021/cr100370n.

44. O’Reilly M, Kreiswirth B, Foster TJ. 1990. Cryptic alpha-toxin gene in

toxic shock syndrome and septicaemia strains of Staphylococcus aureus.
Mol Microbiol 4:1947–1955. http://dx.doi.org/10.1111/j.1365-2958.1990
.tb02044.x.

45. McGavin MJ, Arsic B, Nickerson NN. 2012. Evolutionary blueprint for
host- and niche-adaptation in Staphylococcus aureus clonal complex
CC30. Front Cell Infect Microbiol 2:48. http://dx.doi.org/10.3389/fcimb
.2012.00048.

Staphylococcus aureus Alpha-Toxin Is Conserved

September 2016 Volume 60 Number 9 aac.asm.org 5321Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1146/annurev.genet.42.110807.091640
http://dx.doi.org/10.1146/annurev.genet.42.110807.091640
http://dx.doi.org/10.1021/cr100370n
http://dx.doi.org/10.1021/cr100370n
http://dx.doi.org/10.1111/j.1365-2958.1990.tb02044.x
http://dx.doi.org/10.1111/j.1365-2958.1990.tb02044.x
http://dx.doi.org/10.3389/fcimb.2012.00048
http://dx.doi.org/10.3389/fcimb.2012.00048
http://aac.asm.org

	MATERIALS AND METHODS
	S. aureus isolates.
	hla PCR, Sanger sequencing, whole-genome sequencing, and phylogenetic analysis.
	Multilocus sequence typing.
	Hla quantification by enzyme-linked immunosorbent assay (ELISA).
	Rabbit RBC Hla hemolytic assay and neutralization assay.
	Protein structure visualization.
	Statistical methods.

	RESULTS
	Patient demographics and S. aureus characterization.
	The alpha-toxin gene hla and protein expression are conserved in diverse S. aureus isolates.
	Alpha-toxin subtypes.
	Alpha-toxin monomer and heptamer.
	Neutralization of Hla subtypes by MEDI4893.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

