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ABSTRACT Staphylococcus aureus causes an array of serious infections resulting in
high morbidity and mortality worldwide. This study evaluated naturally occurring se-
rum anti-alpha-toxin (anti-AT) antibody levels in human subjects from various age
groups, individuals with S. aureus dialysis and surgical-site infections, and S. aureus-
colonized versus noncolonized subjects. Anti-AT immunoglobulin G (IgG) and neu-
tralizing antibody (NAb) levels in infants (aged =1 year) were significantly lower
than those in other populations. In comparison to adolescent, adult, and elderly
populations, young children (aged 2 to 10 years) had equivalent anti-AT IgG levels
but significantly lower anti-AT NAb levels. Therefore, the development of anti-AT
NAbs appears to occur later than that of AT-specific IgG, suggesting a maturation of
the immune response to AT. Anti-AT IgG levels were slightly higher in S. aureus-
colonized subjects than in noncolonized subjects. The methicillin susceptibility status
of colonizing isolates had no effect on anti-AT antibody levels in S. aureus-colonized
subjects. The highest anti-AT IgG and NAb levels were observed in dialysis patients
with acute S. aureus infection. Anti-AT IgG and NAb levels were well correlated in
subjects aged >10 years, regardless of colonization or infection status. These data
demonstrate that AT elicits a robust IgG humoral response in infants and young chil-
dren that becomes stable prior to adolescence, matures into higher levels of NAbs
in healthy adolescents, and becomes elevated during S. aureus infection. These find-
ings may assist in identifying subjects and patient populations that could benefit
from vaccination or immunoprophylaxis with anti-AT monoclonal antibodies.
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taphylococcus aureus is a Gram-positive bacterium that is part of the normal human

flora on the skin and in the nasopharyngeal cavity (1). Approximately half of all
individuals have permanent or transient S. aureus nasal colonization (2). S. aureus
causes both community- and hospital-acquired infections, ranging from minor skin
infections to life-threatening surgical-site infections, pneumonia, and sepsis. Certain
patient populations have well-described risks for serious S. aureus infections, including
patients undergoing cardiothoracic and orthopedic surgery, hemodialysis patients,
patients with atopic dermatitis, and patients on ventilator support (3-5). These infec-
tions have become increasingly serious as the number of multidrug-resistant S. aureus
isolates has increased in the last 20 years. A 2007 study estimated that methicillin-
resistant S. aureus (MRSA) cost the health care system (patients and hospitals) an extra
$830 million to $9.7 billion during the years 1995 to 2005 in the United States alone (6).
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Despite the introduction of new antibiotics against S. aureus, the spread of drug
resistance and the emergence of highly virulent strains require new approaches to
address the existing and potentially expanding unmet medical need for effective
prophylaxis strategies to prevent S. aureus infection and disease. Currently, there is no
approved vaccine or prophylactic antibody to prevent S. aureus infection, and all
previous active and passive immunization approaches have been unsuccessful. The
failure to develop an effective vaccine or monoclonal antibody against S. aureus is
possibly due to targeting of wrong antigens, testing in wrong patient populations,
complexity of S. aureus pathogenesis, unclear correlates of protection in humans, and
limitations of existing animal models (7, 8).

During infection, S. aureus releases a number of toxins designed to lyse innate
immune cells, cause tissue necrosis, and evade the host immune response. These toxins
include alpha-toxin (AT), other hemolysins, phenol-soluble modulins, leukocidins, and
superantigens, such as enterotoxins and toxic shock syndrome toxin. AT is a secreted
33-kDa monomeric protein that binds the disintegrin and metalloproteinase domain-
containing protein 10 (ADAM10) and forms heptameric pores in cell membranes,
leading to cell lysis, inflammation, immune evasion, and tissue damage (9-12). The
pivotal role of AT in S. aureus pathogenesis has been demonstrated in animal models
of dermonecrosis, pneumonia, sepsis, endocarditis, and mastitis (13-19). Importantly,
the presence and sequence of the AT gene, hla, is highly conserved in diverse S. aureus
clinical isolates from around the world (20). Recently there has been an increased
interest in targeting AT for immunoprophylaxis, due to the success of AT vaccination or
monoclonal antibody prophylaxis in the prevention of pneumonia, dermonecrosis, and
sepsis in animal models (21-24). In addition, observational studies in humans have
correlated high anti-AT antibody levels with a reduced incidence of serious S. aureus
infections and improved clinical outcome (25-28). Thus, AT represents an attractive
target for immunoprophylaxis to prevent S. aureus infections in high-risk patient
populations. One example of such an immunoprophylactic agent is MEDI4893, a novel
AT-specific monoclonal antibody currently in phase 2 development for the prevention
of pneumonia in mechanically ventilated patients with S. aureus colonization of the
lower respiratory tract (29-32).

To inform the development of MEDI4893 and other future vaccine- and antibody-
based approaches to prevent S. aureus infections, it is important to understand the
relationship between AT-specific antibody levels and S. aureus colonization and infec-
tion in diverse human populations. This study was conducted to characterize serum
anti-AT antibody levels as functions of patient age, S. aureus colonization, and disease
status. Previous studies have highlighted the need for monitoring the quality of
antibody response to ensure optimal vaccine efficacy (33-35). For this reason, we
measured neutralizing antibody (NAb) levels in addition to anti-AT immunoglobulin G
(I9G) levels and determined NAb/IgG ratios to quantify functional antibodies in the
study samples.

RESULTS

Anti-AT antibody levels as a function of age. To understand the relationship
between age and AT-specific IgG and NAb levels, we conducted a survey of 309 serum
samples collected from subjects ranging between =<1 and 75 years of age (Fig. 1). The
subject-to-subject variability of antibody levels observed in infants (aged =1 year) and
young children (aged 2 to 10 years) was higher than in the rest of the age groups. The
mean IgG and NAb levels in infants were significantly lower than in the other groups.
NAb and IgG levels were, respectively, 6.31-fold (P = 0.0064) and 12.92-fold (P <
0.0001) higher in young children than in infants, whereas the NAb/IgG ratio was
approximately 2-fold (P = 0.1162) higher in the infants than in the young children. The
NAb/IgG ratio in the young children was the lowest among the age groups. IgG levels
in adolescents (11 to 20 years old) were similar to those in young children, whereas NAb
levels and the NAb/IgG ratio were 5.52-fold (P = 0.0001) and 4.7-fold (P < 0.0001)
higher, respectively. Among subjects aged 11 to 50 years, NAb and IgG levels and
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FIG 1 Serum anti-AT antibody levels in healthy subjects from different age groups. Shown are individual

measurements, geometric mean values, and 95% confidence intervals for anti-AT NAb levels (A), anti-AT
total IgG antibody levels (B), and NAb/IgG ratios (C). **, P < 0.01; ***, P < 0.001.

NAb/IgG ratios remained similar. The levels of NAb (ratio = 0.55, P = 0.0006) and IgG
(ratio = 0.62, P = 0.0007) were lower in adults aged 51 to 60 years than in subjects aged
11 to 50 years, although the NAb/IgG ratios were not significantly different (ratio =
0.88, P = 0.2767). Levels of NAb (1.45-fold, P = 0.1107) and IgG (1.38-fold, P = 0.1272)
in elderly subjects (61 to 75 years old) were slightly higher than those in adults aged
51 to 60 years.

Anti-AT antibody levels as a function of S. aureus colonization. A previous study
suggested that higher anti-AT antibody levels in intravenous-drug users may result
from recurrent intravenous exposure to S. aureus and may correlate with protection
from S. aureus-induced endocarditis (27). To determine whether subjects colonized with
S. aureus might have been self-immunized against AT and have higher AT-specific
antibody levels, we measured serum anti-AT IgG and NAb levels in S. aureus-colonized
(n = 53) and noncolonized (n = 147) subjects (Fig. 2). NAb levels in colonized subjects
were 1.38-fold higher than in noncolonized subjects (P = 0.0356), whereas differences
in 1gG levels (1.23-fold, P = 0.1188) and NAb/IgG ratios (1.12-fold, P = 0.1602) were not
significant. Among the subjects colonized with MRSA (n = 14) or metbhicillin-susceptible
S. aureus (MSSA) (n = 39), NADb (0.82, 0.73) and IgG (1.18, 1.12) levels and NAb/IgG ratios
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FIG 2 Serum anti-AT antibody levels as a function of S. aureus colonization. Shown are individual
measurements, geometric mean values, and 95% confidence intervals for anti-AT NAb levels (A), anti-AT
total IgG antibody levels (B), and NAb/IgG ratios (C). *, P < 0.05.

(0.70, 0.66) were similar. These data suggest that there is a modest effect of S. aureus
colonization on serum anti-AT antibody levels at a population level.

Anti-AT antibody levels as a function of S. aureus infection. To investigate
whether S. aureus infection results in increased AT-specific antibody levels, we mea-
sured anti-AT IgG and NAb levels in serum samples collected from dialysis patients
(n = 100) and surgery patients (n = 100) with documented S. aureus bacteremia. The
anti-AT antibody levels, S. aureus strains, AT production and sequence, and clinical
outcomes in the same patients have been reported previously (36). The current study
involved a larger group of healthy control subjects (n = 229) that included adolescent,
adult, and elderly patients aged 20 to 75 years who were different from the healthy
controls used in the previously published study. In addition, samples from dialysis
patients with S. aureus bacteremia and subjects with bacteremia due to surgical-site
infection were compared with those from age-matched, uninfected dialysis and
elective-surgery subjects (see Table 1). As shown in Fig. 3, AT-specific antibody levels
were higher in S. aureus-infected, bacteremic dialysis patients (2.14-fold for NAb, P <
0.0001; 1.97-fold for IgG, P < 0.0001) and in S. aureus-infected, bacteremic surgery
patients (1.68-fold for NAb, P = 0.0032; 1.38-fold for IgG, P = 0.0493) than in healthy
controls. NAb/IgG ratios were elevated in elective-surgery patients (1.52-fold, P =
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FIG 3 Serum anti-AT antibody levels as a function of S. aureus (SA) infection. Shown are individual
measurements, geometric mean values, and 95% confidence intervals for anti-AT NAb levels (A), anti-AT
total IgG antibody levels (B), and NAb/IgG ratios (C). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

0.0074) and S. aureus-infected surgery patients (1.22-fold, P = 0.0023) relative to
healthy controls.

Within the dialysis and surgical-site infection groups, anti-AT antibody levels were
generally higher in the presence of confirmed S. aureus infection. In the dialysis group,
S. aureus-infected subjects had higher NAb levels (2.92-fold, P < 0.0001), IgG levels
(2.20-fold, P = 0.0017), and NADb/IgG ratios (1.33-fold, P = 0.0194) than subjects without
S. aureus infection. In the surgery group, S. aureus-infected subjects had higher NAb
(1.69-fold, P = 0.0975) and IgG (2.11-fold, P = 0.0094) levels but slightly lower NAb/IgG
ratios (0.80, P = 0.1703) than subjects with elective surgery. These data suggest that AT
is expressed during bacteremia and that the host elicits a neutralizing antibody
response to AT.

Correlation of AT-specific IgG and NAb levels. To determine whether AT-specific
IgG and NAb levels were correlated, we compared IgG and NAb levels among the
diverse patient populations included in the current study. In general, anti-AT IgG and
NAb levels were well correlated (r = 0.87, P < 0.0001) (Fig. 4A). Because of high
subject-to-subject variability and lower NAb/IgG ratios observed in infants and young
children, the correlation between anti-AT IgG and NAb levels was less pronounced in
patients aged =10 years (r = 0.77, P < 0.0001) (Fig. 4B).

DISCUSSION
Previous studies have described important associations between serum anti-AT IgG
levels and risks and outcomes of S. aureus infections in different patient populations,
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FIG 4 Correlation between anti-AT IgG and NAb levels. Shown are individual measurements, Spearman
correlation coefficients (r), and P values for all subjects (A) and subjects aged =10 years (B).

such as hospitalized adults (25), older adults with invasive S. aureus infections (26),
intravenous-drug users (27), and children colonized with S. aureus or presenting with S.
aureus skin and soft tissue or invasive infection (28). However, none of the prior studies
have provided a comprehensive analysis of serum anti-AT IgG and NADb levels across
various ages and patient groups. A recent study demonstrated a robust time-
dependent anti-AT IgG response in young children after an influenza-MRSA coinfection
and suggested that a low level of AT-specific NAb at the onset of infection may be
responsible for increased mortality (37). To broaden our understanding of AT-specific
humoral immunity in different patient populations and to identify patient populations
that could benefit from vaccination or immunoprophylaxis with an anti-AT monoclonal
antibody, we measured the levels of naturally occurring serum anti-AT IgG and anti-AT
NAb and compared levels by various characteristics, including subject age, S. aureus
colonization status, and history of S. aureus infection.

All serum samples had both AT-specific IgG and NAbs at levels ranging from 0.006
to 124.803 1U/ml and from below the lower limit of quantification (LLOQ) to 117.031
IU/ml, respectively. The lowest anti-AT antibody levels were observed in infants aged
=1 year. The infant population appeared to have two subgroups with a >10-fold
difference in mean NAb levels (mean levels of >0.01 IU/ml for one group and
approximately 0.001 IU/ml for another), which was potentially due to antibodies
received from either maternal transfer in utero or breastfeeding in the subgroup with
the higher antibody levels. In the pediatric group aged 2 to 10 years, the AT-specific IgG
levels were similar to those in adolescent, adult, and elderly populations, but NAb levels
were significantly lower than those in older subjects. Consequently, the NAb/IgG ratio
in the 2- to 10-year-old group was lower than in all other age groups. This observation
suggests that the development of a mature anti-AT NAb immune response is an age-
or exposure-dependent process. It also suggests that young children who no longer
receive protective antibodies from their mothers may be at increased risk for develop-
ing S. aureus infection. Healthy subjects from the adolescent, adult, and elderly age
groups had similar levels of AT-specific antibodies, suggesting that anti-AT antibody
levels remain stable after maturation of anti-AT immunity.

There were no significant differences between anti-AT antibody levels in MSSA-
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TABLE 1 Serum samples used in the study

Subject group Study group Age (yr) No. of samples Source
Healthy subjects (n = 309)? Infants =1 20 BioreclamationIVT
Young children 2-10 21 BioreclamationIVT
Adolescent 11-20 490 BioreclamationIVT
Adults 21-60 1856 BioreclamationIVT
Elderly 61-75 346 BioreclamationIVT
Uninfected patients (n = 60) Dialysis 27-78 30 BioreclamationIVT
Prior to elective surgery 20-86 30 BioreclamationIVT
Patients with confirmed S. aureus Surgical-site infection 18-83 100 Duke University
infection (n = 200)¢ Dialysis infection 23-84 100 Duke University

aNasal colonization and methicillin susceptibility status of colonizing S. aureus isolates were assessed in a subgroup of 200 healthy subjects as described in the text.
bSubjects aged 20 years (n = 10), adults (n = 185), and elderly subjects (n = 34) composed a subgroup of healthy control donors (n = 229; aged 20 to 75 years).
Described previously (36).

colonized subjects versus MRSA-colonized subjects. We detected a trend for elevated
anti-AT antibody levels in healthy subjects whose nasal mucosa was colonized by S.
aureus compared with the antibody levels in healthy noncolonized subjects, although
these differences did not reach statistical significance for IgG levels. In contrast, the
highest AT-specific antibody levels were observed in surgery and dialysis patients with
confirmed S. aureus infections, suggesting that the immune system had been exposed
to AT in both surgical-site- and dialysis-associated infections. Previous studies have
demonstrated low levels of hla gene expression in healthy subjects nasally colonized
with S. aureus, whereas increased hla expression and elevated hemolytic activity by S.
aureus strains correlate with progression from colonization to infection in animal
models and humans (38-40). Therefore, serum AT-specific antibody levels in patients
from this study may reflect AT production by colonizing or infecting S. aureus strains.
Although the difference was not statistically significant, dialysis patients without S.
aureus infection had the lowest level of AT-specific NAb and the lowest NAb/IgG ratio,
suggesting that this patient population could benefit from vaccination or immunopro-
phylaxis with anti-AT NAb.

Serum anti-AT IgG and NAb levels were highly correlated in our study, indicating
that anti-AT NAbs comprise the majority of AT-specific IgG antibodies. High subject-
to-subject variability and lower NAb/IgG ratios contributed to a lesser correlation
between NAb and IgG levels in pediatric subjects, specifically in infants and children
younger than 10 years of age, which is consistent with the absence of long-term
exposure to S. aureus in this patient population.

This study had several limitations. It was an observational, cross-sectional study and
therefore was unable to correlate antibody levels before S. aureus exposure or infection
with clinical outcome. The samples from the infected subjects (Duke University) and
healthy controls (BioreclamationIVT) were collected at different locations and at differ-
ent time periods, which may have resulted in some bias in the results. Nasal coloniza-
tion was assessed from a one-time swabbing of the anterior nares, which did not allow
a distinction between intermittent and persistent carriers of S. aureus. Because coloni-
zation data were not available for samples collected from the infants and young
children, the effect of nasal colonization on serologic differences in these subject
groups could not be determined.

Despite these limitations, the study used previously validated and published assays
and antibody levels calibrated to the universal World Health Organization reference
standard. As such, it may provide a baseline understanding for ongoing prospective
studies such as ASPIRE-ICU (41) and SAATELLITE (42), along with future epidemiology
studies and clinical trials.

MATERIALS AND METHODS

Serum samples. Human serum samples used in the study are described in Table 1. Samples from
healthy subjects aged =1 to 75 years (n = 309), uninfected dialysis patients (n = 30), and elective-
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surgery patients (n = 30) were purchased from BioreclamationIVT (Westbury, NY). For analyses related to
the presence or absence of S. aureus infection, a control subgroup of healthy donors (n = 229) included
healthy adolescent, adult, and elderly subjects (aged 20 to 75 years), as indicated in Table 1. Samples
from hemodialysis patients (n = 100) and surgery patients (n = 100) with acute S. aureus infections were
obtained from Duke University Medical Center and have been described previously (36). These acute-
phase S. aureus infection serum samples were collected from July 2001 to December 2009 from patients
who were hospitalized at Duke University Medical Center with monomicrobial S. aureus bacteremia, had
no neutropenia (absolute neutrophil count of >100 neutrophils/ul), and had either end-stage renal
disease necessitating chronic hemodialysis or a surgical procedure in the preceding 30 days.

Nasal S. aureus colonization. For analyses related to S. aureus colonization, nasal swabs and serum
samples were prospectively collected from a subgroup of 200 healthy subjects (aged 18 to 71 years) who
had no respiratory illness at the time of sampling. Anterior nares of both nostrils were swabbed using a
Copan double transport swab and stored in Universal Transport Medium before the analysis. Nasal S.
aureus colonization, along with the methicillin susceptibility status of colonizing S. aureus isolates, was
assessed with the Xpert SA nasal complete PCR assay (Cepheid, Sunnyvale, CA) according to the
manufacturer’s instructions. Briefly, the nasal swab was put into elution reagent provided in the kit and
vortexed at high speed for 10 s. The entire content of the elution reagent was then transferred to the
sample chamber of the Xpert SA nasal complete assay cartridge. The cartridge was then loaded into the
GeneXpert Dx instrument to perform the testing. Upon completion of the test, the presence of MRSA was
determined based on simultaneous detection of the staphylococcal protein A gene (spa), the gene for
methicillin resistance (mecA), and the staphylococcal cassette chromosome mec element (SCCmec).
Detection of the spa gene without detection of either mecA or SCCmec indicated the presence of MSSA.

Anti-AT IgG and NAb levels in human serum. Quantification of anti-AT IgG and NAb in serum
samples was performed as described previously, using an AT-specific IgG enzyme-linked immunosorbent
assay (ELISA) and a red blood cell (RBC)-based AT neutralization assay, respectively (36). The reference
standard used in these assays was calibrated to the National Institute for Biological Standards and
Control reference standard (43), and antibody levels for samples were reported in 1U/ml.

To determine the concentrations of anti-AT neutralizing antibodies, the standard, quality control, and
diluted human serum samples were mixed with an equal volume of a 10-ng/ml concentration of AT in
a 96-well deep plate with shaking at 450 rpm for 2 h = 5 min. Rabbit RBCs were washed three times with
phosphate-buffered saline (PBS), and the total viable cell number was determined by using a Vi-CELL
viability analyzer prior to use. The sample-AT mixtures were added to a microtiter plate and incubated
with 5 X 106 rabbit RBCs with shaking at 450 rpm for 2 h = 5 min. Following incubation, the plate was
centrifuged at 500 X g for 5 min at 4°C. Intact RBCs formed a pellet in the bottom of each well. The
supernatant from each well was transferred to a half-area polystyrene plate with a nonbinding surface,
either manually or by using the PerkinElmer JANUS automation work station. The degree of hemolysis
was determined by measuring hemoglobin absorbance at 415 nm, which is inversely related to the
amount of neutralizing antibodies present in a sample. The conversion of optical density to IU per
milliliter was performed by using a 4-parameter regression model without weighting (SoftMax Pro v5.4;
Sunnyvale, CA), for comparison to a standard curve, assayed on each plate. The LLOQ of the assay was
0.0007 1U/ml.

To determine the concentrations of anti-AT IgG antibodies, a microtiter plate was first coated with 1.5
ng/ml native AT in carbonate/bicarbonate buffer and incubated at 4°C overnight. The plate was washed
and blocked with blocking buffer (1X Dulbecco PBS with 0.1% Tween 20, 5% bovine serum albumin) at
room temperature for 1 h. During this time, serum sample dilutions were prepared in dilution buffer. The
blocked plate was washed, and the standard, quality control, and diluted human serum samples were
added to the plate in duplicate. The plate was incubated for 1 h with shaking at 600 rpm in a 20°C
incubator and washed, and then a horseradish peroxidase-conjugated secondary mouse anti-human IgG
Fc fragment (HP6043; EMD Millipore, Billerica, MA) was added, after 1:7,500 dilution in dilution buffer (1X
Dulbecco PBS with 0.1% Tween 20, 0.5% bovine serum albumin). The plate was incubated for 1 h with
shaking at 600 rpm in a 20°C incubator. After incubation, the plate was washed and 3,3',5,5'-
tetramethylbenzidine substrate was added. The plate was incubated in the dark in a 20°C incubator
without shaking. The reaction was stopped with sulfuric acid, the plate was read on a spectrophotometer
at 450 nm, and data were analyzed with SoftMax Pro v5.4, using a 4-parameter logistical curve fit model
without weighting. The LLOQ of the assay was 0.0001 1U/ml.

Statistical methods. Serum anti-AT IgG and NADb levels, in IU per milliliter, were summarized using
the geometric mean by study groups. One-way analysis of variance with heterogeneous within-group
variance was applied for comparison between groups. Correlation between anti-AT IgG and NAb levels
was assessed by the Spearman correlation coefficient. SAS system version 9.3 was used for summary
statistics, and Prism 6.05 was used to generate figures.
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