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Introduction

Staphylococcus aureus are gram-positive cocci that are part of the 
normal human flora, and are found on the skin, in the nares, and 
in the throat.1 Approximately half of the population are either 
permanently or transiently colonized by S. aureus in their ante-
rior nares,2 and a recent report indicates that colonization rates in 
the throat could be twice as high as in the nares.3 S. aureus infec-
tion is associated with immunocompromised populations, due 
to either immunodeficiency or to breaches in epidermal barriers, 
such as surgical incisions or indwelling devices.4 The observed 
increase in resistance of these bacteria to different antibacte-
rial compound classes is of great concern, and is compounded 
by the increased infection rates in populations not traditionally 
associated with being at risk for S.  aureus infection, including 
prison inmates, sports teams, and men who have sex with men.5,6  
S. aureus infection is often associated with significant morbidity 
and mortality as well as an increased burden on the health-care 

Staphylococcus aureus is a well-recognized, clinically important cause of nosocomial infections, and as such, a vaccine to 
prevent S. aureus infections would be an important achievement. A Phase IIB/III study of V710, a vaccine containing iron-
regulated surface determinant B (IsdB), demonstrated significant sero-conversion rates in cardiovascular surgery patients 
following a single pre-surgery immunization. However, the vaccine was not efficacious in preventing bacteremia or deep 
sternal wound infection post-surgery, thus raising the possibility that IsdB might not be available for immune recognition 
during infection. The purpose of the work described herein was to evaluate and quantify the naturally occurring anti-IsdB 
levels at baseline and over time during infection, to understand whether IsdB is expressed during a S. aureus infection in 
hospitalized non-vaccinated patients. We evaluated baseline and follow-up titers in 3 populations: (1) healthy subjects, (2) 
hospitalized patients with non-S. aureus infections, and (3) hospitalized patients with S. aureus infections. Baseline anti-
IsdB levels generally overlapped between the 3 groups, but were highly variable within each group. In healthy subjects, 
baseline and follow-up levels were highly correlated (Spearman’s rho = 0.93), and the geometric mean fold-rise (GMFR) 
in anti-IsdB levels between study entry and last value was 0.9-fold (95% confidence interval (CI): 0.8 to 1.0; p = 0.09), 
showing no trend over time. The convalescent GMFR in anti-IsdB levels from baseline was 1.7-fold (95% CI: 1.3 to 2.2, p = 
0.0008) during S. aureus infection, significantly different from the 1.0-fold GMFR (95% CI: 0.9–1.2, p = 0.60) in non-S. aureus 
infection, p = 0.005. Additionally, S. aureus isolates (51) obtained from the hospitalized patient group expressed the IsdB 
protein in vitro. Collectively, these data suggest that IsdB expression levels rise substantially following infection with 
S. aureus, but not with other pathogens, and IsdB is likely well-conserved across S. aureus strains.
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system.7 These factors highlight the need for effective prophy-
laxis and treatment strategies.

Iron-regulated surface determinant B (IsdB) is a member 
of the Isd locus which is thought to function collectively in 
iron uptake through binding of hemoglobin and transport of 
heme into the cell.8 The IsdB antigen is highly conserved and 
expressed on all isolates examined to date.9 Due to upregulation 
in iron-limited environments,9,10 IsdB is theoretically available for 
immune recognition during infection in the human host, where 
iron is highly sequestered.8,11,12 Expression of IsdB was highly 
upregulated by essentially 100% of strain Becker grown under 
in vivo conditions in rats.10 Multiple reports have demonstrated 
IsdB to be a potential vaccine candidate for the prevention of 
S. aureus infection9,13-16 in rodent challenge models. Importantly, 
enhanced protection from lethal sepsis in rodent models was 
mediated by both IsdB-specific CD4+ T cells,16 and IsdB-specific 
mAb.10,13,17-19 The protection afforded by vaccination with IsdB 
in rodents was lost if the animals were challenged with an IsdB 
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fluid (9), surgical tissue (22), synovial fluid (17), sputum (9), or 
other sites (5) during routine clinical care. Of the 52 S. aureus 
isolates, 51 were spa typed; a single isolate failed to grow suf-
ficiently in culture for spa determination. Of the 51 S.  aureus 
isolates typed, 16 (31%) were methicillin-resistant S.  aureus 
(MRSA). The MRSA isolates all carried the staphylococcal chro-
mosome cassette (SCC) mec type IV. The collection had strains 
from widely divergent spa types, including 2 new spa types, with 
strain clusters (identical spa type) of up to 9 isolates. The clus-
ter identified in 9 cases, spa type 382 (SCC mec IV), was an 
MRSA strain, and may have been an outbreak strain in the hos-
pital. Detailed spa information is displayed in Table S1. There 
was a wide diversity of S. aureus strains in the study, based on 
the widely divergent spa types obtained. All 51 S. aureus isolates 
in this study expressed IsdB antigen in vitro, as demonstrated via 
western blot (as described in the Methods section) with an IsdB-
specific monoclonal antibody (data not shown).

Comparison of IsdB-specific IgG levels across study popula-
tions at baseline. The baseline anti-IsdB levels generally over-
lapped between the 3 groups, but were highly variable within 
each group. (Table 3). The geometric mean titer concentrations 
(GMCs) ranged from 19.6 to 37.2 µg/mL, with overlapping 95% 
confidence intervals between the three groups. Although hospital 
S.  aureus cases had the largest GMC, there did not appear to 
be any relation between risk groups and baseline anti-IsdB levels 
(data not shown).

Longitudinal assessment of IsdB-specific IgG levels in study 
populations. There was a broad range of IsdB-specific IgG 
levels among adults in the Healthy group at baseline and over 
study follow-up (Fig. 1). The GMC of the maximum titers was  
37.8 μg/mL (range: 5.0 μg/mL to 146.8 μg/mL) and the GMC 
of the minimum titers was 27.7 μg/mL (range: 3.4 μg/mL to  
103.7 μg/mL). There was strong correlation between anti-IsdB 
levels at study entry and at follow-up (Spearman correlation 
coefficient: rho = 0.93; p < 0.0001) and between minimum and 
maximum anti-IsdB levels (rho = 0.95; p < 0.0001). The geo-
metric mean fold-rise(GMFR) in anti-IsdB levels between study 
entry and last value was 0.9 (95% confidence interval: 0.8 to 1.0 ;  
p = 0.09), with little change over time in antibody levels for indi-
vidual subjects.

Of the 52 hospital S. aureus cases, 45 had sera available from 
multiple time-points (median number of samples: 4, range: 2 to 
8) with a mean time for final follow-up of 15.3 days post diagno-
sis (range 2 to 40 days). Of the 50 hospital controls, 39 had sera 
from multiple time-points (median number of samples: 4, range: 
2 to 8), and the mean time for final follow-up was 11.6 days 
post-diagnosis (range: 2 to 34 days). The mean time of follow-
up was slightly longer for the hospital S. aureus cases compared 

deleted strain,9,16 confirming the specificity of the vaccine. An 
observed rise in anti-IsdB titers induced by IsdB formulated on 
Merck aluminum adjuvant (MAA) correlated with protection 
against lethal S. aureus challenge,9 indicating that antibody titers 
may be used as a nominal biomarker for vaccine efficacy.

V710, a vaccine containing unadjuvanted, lyophilized IsdB, 
was tested in Phase I trials and found to be safe and immuno-
genic after a single immunization.20 A recent Phase IIB/III 
study of V710 (Protocol 003), demonstrated a 7.5-fold (CI 7.2, 
7.8) increase in anti-IsdB levels from baseline to day of hospi-
tal admission (14–60 days after vaccination) in cardiovascu-
lar surgery patients, after a single immunization (clintrials.gov 
NCT01324440). However, the vaccine did not induce protec-
tion against post-surgery bacteremia or deep sternal wound infec-
tion. Antibody titers were no different between V710 patients 
who contracted S. aureus infections vs. those who did not.21 To 
determine if the vaccine target antigen was conserved in the 
S.  aureus strains from the trial, the isdB gene was analyzed in  
> 250 isolates, and all contained the gene encoding IsdB. A rep-
resentative subset was examined for IsdB expression, and expres-
sion was confirmed in vitro under iron-restricted conditions (data 
not shown).

A potential explanation for lack of V710 efficacy would be 
the lack of expression of IsdB during infection. Although in vivo 
expression of IsdB has been demonstrated in rodent models,10,12 
expression in human hosts during infection has not been investi-
gated. To address this question, an investigation was conducted 
to determine if antibody titers to IsdB increase during the course 
of S.  aureus infection in non-vaccinated patients. Hospitalized 
patients, including surgical patients, were evaluated for increased 
titers to IsdB after confirmed S. aureus infection, compared with 
their baseline titers. Control hospitalized patients, including 
surgical patients, who had infections with pathogens other than  
S. aureus, were also evaluated. Lastly, as a comparison to the sur-
gical patients, IsdB titers were monitored in a healthy group of 
individuals not known to have contracted a S. aureus infection, 
nor to be at risk for infection.

Results

Study group characteristics. Study group characteristics are 
shown in Table 1, and risk factors for S. aureus infection for the 
hospital cases and hospital controls are shown in Table 2. Of note, 
the majority of the hospitalized subjects had surgery: 85% of the 
hospital S.  aureus cases (34% prior to hospital admission) and 
48% of the hospital controls (10% prior to hospital admission).

Characterization of S. aureus infection in hospital S. aureus 
cases. Pathogens were identified from blood (40), cerebrospinal 

Table 1. Demographic characteristics of the study populations

Group Race 
White (%)

Gender 
Female (%)

Age (years) 
Median (Range)

Healthy (n = 21) 86 57 40 (28–56)

Hospital Controls (n = 50) 92 50 77 (19–94)

Hospital S. aureus Cases (n = 52) 88 27 66 (21–91)



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	H uman Vaccines & Immunotherapeutics	 1859

differ substantially in hospital S. aureus cases, but not in hospital 
controls. It also illustrates that the baseline GMC for subjects 
with S. aureus infection were higher than for controls; this may 
be reflective of delayed diagnosis as no serum was obtained prior 
to diagnosis.

Discussion

The clinical manifestations of S. aureus infection are extensive, 
ranging from uncomplicated skin and soft tissue infections to 
deep wound infections, pneumonia, and bacteremia. Several 
groups of patients have a well-defined risk for serious infections 
due to S.  aureus; patients undergoing major surgery (includ-
ing cardiothoracic and orthopedic surgery, among others) and 
patients undergoing chronic hemodialysis are among those popu-
lations at the highest risk.22 Availability of a S. aureus vaccine for 
at-risk patients would represent a new paradigm in addressing 
this medical need, particularly in light of increasing antibiotic 
resistance.

IsdB is a heme-binding protein that is conserved in diverse 
S. aureus clinical isolates and expressed on the cell surface of the 
bacteria.9 The potential use of this antigen as a component of a 
vaccine for prevention of S.  aureus disease has been previously 
described.9,15 However, as a stand-alone vaccine (V710), protec-
tion was not observed in a clinical efficacy trial among cardiac 
surgery patients,21 despite  a significant increase in IsdB antibody 
titers in the V710 vaccinated patients. Although the IsdB specific 

with the hospital controls (p = 0.05). Figure 2 displays a longi-
tudinal scatterplot of anti-IsdB levels per subject over time. The 
GMC for the hospital S. aureus cases rose from 40.0 µg /mL at 
the first time-point to 67.4 µg /mL at the end of the study. The 
GMFR in anti-IsdB titers from study entry to last value was 1.7 
(95% CI: 1.3 to 2.2, p = 0.0008). In contrast to the levels in 
hospital S. aureus cases, there was no rise in levels over time in 
the hospital controls. The baseline and follow-up GMCs were  
17.7 µg /mL and 18.4 µg /mL, respectively, and the GMFR in 
anti-IsdB titers from study entry to last value was 1.0 (95% CI: 
0.9 to 1.2, p = 0.60). There was a significant difference in the rise 
in levels over time between the hospital S. aureus cases and the 
hospital controls (p = 0.005). In addition, 16% of the hospital 
S. aureus cases had final antibody levels greater than 2 times the 
standard deviation above the geometric mean of the study entry 
levels for the hospital controls, a proxy for pre-infection levels, 
compared with 0% of the hospital controls (p = 0.01).

In the analysis of IsdB-specific IgG levels stratified by col-
lection time post-infection diagnosis, the acute vs. convalescent 
levels were similar within a given hospital group (Table 4). Levels 
increased ~2.0-fold from the acute to the convalescent state in 
the hospital S. aureus cases. No such increase in the levels for the 
hospital controls was observed. Similar findings were observed 
when analyses were restricted to S.  aureus bloodstream infec-
tions only. This is illustrated in the reverse cumulative distribu-
tion (RCD) analysis (Fig.  3), which shows that the acute and 
convalescent IgG titer distributions at baseline and at maximum 

Table 2. Clinical characteristics of hospitalized patients with S. aureus or other infections.

Hospital S. aureus cases n = 52 Hospital controlsa n = 50

Coexisting medical conditions n (%) n (%)

Malignancy 5 (10) 6 (12)

Hydrocephalus 2 (4) 3 (6)

Bone Conditionsb 23 (44) 12 (24)

Spinal Disorder 7 (13) 2 (4)

Sepsis/UTI 3 (6) 11 (22)

Pneumonia 4 (8) 4 (8)

Gastrointestinal 2 (4) 10 (20)

Otherc 6 (11) 2 (4)

Immunosuppression or other risk factors n (%) n (%)

Active malignancy 2 (4) 7 (14)

Diabetes 2 (4) 2 (4)

Elderly 5 (10) 7 (14)

Steroids 3 (6) 1 (2)

Hemodialysis 2 (4) 1 (2)

Cirrhosis 1 (2) 0 (0)

Otherd 1 (2) 1 (2)

None 36 (69) 31 (62)
aPathogens isolated from Hospital Controls: Escherichia coli (25), Pseudomonas aeruginosa (8), Staphylococcus epidermidis (4), Enterococcus species (2), 
Proteus mirabilis (2), Streptococcus pneumoniae (2), Acinetobacter baumannii (1), Candida albicans (1), Enterobacter species (1), Group G Streptococcus (1), 
Hemophilus influenzae (1), Klebsiella oxytoca (1), Klebsiella pneumoniae (1). bBone conditions included osteoarthritis, septic arthritis, bone trauma, hip or 
knee joint replacements, bone necrosis. cOther Underlying Medical Condition: Cellulitis, Fasciitis, Whipple’s Operation, PUO, aortic aneurysm, cranio-
pharyngioma. dOther Immunosuppression or Risk Factor: Organ failure, previous endocarditis.
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expression on the cell wall, with exposure to elements of the host 
immune system, could lead to genetic variability. We have previ-
ously reported that IsdB is highly conserved among all strains 
examined to date.9 In a recent study comparing genetic variation 
among 58 published genomes, McCarthy and Lindsay state that 
isdB is missing from at least one isolate, the USA300 TCH1516 
strain.23 However, when we examined the isdB, or SasJ, sequence 
of TCH1516, we found the sequence to be essentially identical 
to the isdB sequence of COL (unpublished data). Therefore, the 
conclusion from McCarthy and Lindsay is not supported. In 
our study, 51 S. aureus isolates were collected from the S. aureus 
cases group. These were typed and found to be from widely 
divergent clonal complex types (Table S1). Importantly, all iso-
lates expressed IsdB, as demonstrated through Western staining 
with a murine IsdB specific mAb. A high level of conservation 
of the gene and antigen would be expected from this result. 
Additionally, expression of the antigen in the strains infecting 
patients in the cases group serves as the basis for the rise in IsdB-
specific antibody titers observed in these patients.

Expression of a bacterial antigen, such as IsdB, during the 
course of natural infection among hospitalized patients is deemed 
to be critical to ensure its potential value as a target for a vaccine. 
To confirm expression in a hospitalized cohort, we examined 
the immune response to this antigen during confirmed infec-
tion. We utilized a well characterized immunoassay, for which 
performance and specificity has been described.24 The assay is 
approximately 97% specific for antibodies to IsdB. We found 
that baseline anti-IsdB levels generally overlapped between the 
3 groups, although the variability was fairly high within each 
group. Serum IgG levels to IsdB appeared to be relatively stable 
over an 18-mo period in the Healthy group; the correlations 
between baseline and follow-up levels (rho = 0.93) and between 
minimum and maximum levels (rho = 0.95) were strong and 
highly statistically significant. In the hospitalized patients, anti-
IsdB levels at the last follow-up visit increased significantly from 
study entry levels in hospital S. aureus cases, but not in hospital 
controls. These data provide evidence that the IsdB protein is 
expressed during S.  aureus infections. Importantly, the results 
also support the notion that patients respond immunologically 
to the IsdB antigen even under a state of immune depression fol-
lowing surgery.25

It is recognized that hospitalized patients may be infected by 
S. aureus colonizing their nares. Colonization by S. aureus may 
also induce antibodies to IsdB. Although colonization data were 
not collected in the current study, in the Merck V710 (Protocol 
003) trial, nasal colonization data was collected at day of vaccina-
tion.21 Among Protocol 003 patients, it was observed that those 
who were nasally colonized with S. aureus, had baseline anti-IsdB 

antibody response was stimulated by V710, it remains unclear 
which immune mechanisms are critical to mediate clinical effi-
cacy against S. aureus. In recently reported data, protection medi-
ated via IsdB vaccination in mice was dependent on the T-cell 
(CD4+) response to the vaccine. Efficacy was mediated through 
an antigen specific IL17 response.16 It should be noted that T-cell 
response to V710 (IsdB) in humans has not been evaluated.

The lack of efficacy observed in the V710 clinical trial could 
have as its basis two important characteristics of the target anti-
gen, IsdB; these are antigen conservation and expression in vivo. 
IsdB expression is upregulated in the absence of iron, and the 
antigen is covalently bound to the peptidoglycan cell wall. In 
pre-clinical murine models, challenge with S.  aureus inocu-
lum triggers the expression of IsdB on the bacteria in the host 
environment within a short time post challenge.9,10,12,17 External 

Table 3. IsdB-specific IgG levels at study entry

Group Geometric mean concentrationa (μg /mL) 95% CI Range

Healthy (n = 21) 34.9 24.2–50.2 5.0–133.7

Hospital controls (n = 50) 19.6 14.1–27.3 0.8–162.4

Hospital S. aureus cases (n = 52) 37.2 28.3–48.9 4.0–500.8
aGeometric mean of IsdB-specific IgG levels at study entry. IsdB, iron-surface determinant B.

Figure 1. Longitudinal scatterplot of anti-IsdB antibody levels (µg/mL) 
over time in the Healthy Group.
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populations. Therefore, the ability to compare results across 
groups is somewhat limited. It is assumed that humans develop 
background titers to S.  aureus infection by colonization and 
subclinical infection. A drawback of this study is that subjects 
were not monitored for nasal carriage of the organism. However, 
this survey was intended to be hypothesis-generating, and the 

titers which were somewhat higher than 
for patients not nasally colonized (GMC 
42.2 μg/mL; 95% CI 39.8–44.8 μg/mL; 
vs. GMC 27.5 μg/mL; 95% CI 26.5–
28.5 μg/mL for non- nasally colonized 
patients) (unpublished data). It is not 
known if the increase was due to coloniza-
tion alone, or if the patients had previous 
(non-clinical) S.  aureus infection, which 
could also increase baseline sera titers. 
In the current study, potential impact on 
patient anti-IsdB titers due to pre-existing 
colonization, should be reflected in the 
baseline titers of those patients when they 
were enrolled into the study. Taking this 
into account, a significant rise in titers 
was still observed during the course of 
disseminated infection. Collectively, the 
data from our study indicate that during 
the course of natural S. aureus infection in 
hospitalized patients, the bacteria express 
IsdB. This expression may be observed 
through an increase in IsdB-specific anti-
body titers. Moreover, all S. aureus strains 
examined to date express IsdB, and there 
is a high level of conservation of IsdB 
among the strains. These observations 
may rule out lack of target antigen as a 
potential explanation for the low efficacy 
of V710 against bacteremia and deep ster-
nal wound infection. The inferior efficacy may be due to other 
unexplained factors including use of a single antigen in the vac-
cine, characteristics of the surgical population enrolled in the 
trial, or other confounding factors.

The main limitation of this analysis is that it comprised 
small observational studies comparing unmatched, nonrandom 

Table 4. Geometric mean fold rise in IsdB-Specific IgG levels among the hospital cases and controls*

Type of 
Infection

Group Time point of maximum antibody  
titer (days)

N Geometric 
mean fold-rise

95% CI Range

All

Hospital S. aureus cases ≥ 7 36 2.0 1.4–2.8 0.4–47.7

≥ 10 31 2.1 1.4–3.1 0.4–47.7

≥ 14 28 2.0 1.3–3.0 0.4–47.7

Hospital controls ≥ 7 25 1.1 0.9–1.2 0.7–2.8

≥ 10 20 1.0 0.9–1.2 0.7–2.8

≥ 14 17 0.7 0.3–1.6 0.0–2.8

Blood stream 
infections

Hospital S. aureus cases ≥ 7 18 2.5 1.4–4.4 1.0–47.7

≥ 10 15 2.8 1.5–5.4 1.1–47.7

≥ 14 12 2.7 1.3–5.6 1.1–47.7

Hospital controls ≥ 7 15 1.1 0.9–1.4 0.7–2.8

≥ 10 13 1.1 0.9–1.3 0.7–2.8

≥ 14 10 0.6 0.1–2.5 0.0–2.8

*Only includes patients with serum collected on days <7, and ≥7, ≥10 or ≥14. IsdB, iron-surface determinant B.

Figure 2. Longitudinal scatterplot of Anti-IsdB antibody levels (µg/mL) over time in the Hospital 
Controls and Hospital Cases.
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with infections other than S. aureus did not 
have a rise in titers to IsdB as was noted in 
patients with S. aureus infection. Collectively, 
our results are supportive that IsdB was con-
served and available for immunological tar-
geting in V710 vaccinated patients.

Materials and Methods

Study populations. Sera were collected from 
two, independently sampled, non-matched 
human populations: (1) healthy adults 
(healthy) and (2) hospitalized patients with 
non-S.  aureus infections (hospital controls) 
and patients with documented S.  aureus 
infections (hospital S.  aureus cases). This 
study was conducted in accordance with the 
principles of the Declaration of Helsinki. 
Informed consent was obtained for all par-
ticipants, and Institutional Review Board 
approval was obtained for the hospitalized 
patients.

The healthy group included individu-
als who were recruited to participate in the 
study at two different time points (December 
2003 and August 2004) to assess stability 
of anti-IsdB levels. These individuals were 

considered to be in good health and with no known incidence 
of S. aureus infection. Nasal colonization was not investigated. 
In the Healthy group, longitudinal sera (median of 3 follow-up 
sera, range: 1 to 3) were collected (through Merck employee 
Health Services) with a median follow-up time of 10 mo (range:  
8–18 mo) in 20 of the 21 subjects. In the hospital patient groups, 
eligible adult (≥ 18 y) patients, hospitalized between January 
2005 and December 2006 at Queens Medical College, who 
developed an infection during their hospitalization and who had 
not yet received antibiotic therapy were recruited to participate in 
the study by the investigator. Patients who had a S. aureus infec-
tion in the previous year or HIV infection/AIDS were excluded.

Hospital S.  aureus cases were patients documented to have 
developed a S.  aureus infection, and hospital controls were 
patients with a non-S.  aureus-associated infection during their 
hospital stay. Sera were collected once an infection had been diag-
nosed but prior to the initiation of antibiotics; additional samples 
were taken until the patient died or was discharged from the 
hospital. None of the patients in the study received intravenous 
immunoglobulin therapy to prevent or treat a S. aureus infection. 
To further examine the change in IsdB-specific IgG levels during 
infection, levels were stratified according to collection time post 
diagnosis, as either acute (< 7 days post diagnosis) or convalescent 
(≥ 7, ≥ 10, and ≥ 14 days post diagnosis). Patients were not evalu-
ated for nasal colonization by S. aureus.

Microbial isolates and molecular analysis. Pathogens were 
isolated from serum samples obtained from all of the hospital 
patients with documented infections, using standard blood cul-
ture techniques. Isolates were also obtained from cerebrospinal 

significance of this finding will need to be confirmed by future 
studies. In addition, these results are likely to more closely resem-
ble those that would be found in a typical, heterogeneous clinic 
population. Second, blood samples were drawn from symptom-
atic patients to confirm whether an infection was due to S. aureus. 
Thus, we do not know if the antibody levels at study-entry rep-
resented acute, subacute, or convalescent levels. This is further 
complicated by the within-group variability in entry antibody 
levels, as well as the overlapping ranges between groups. Third, 
the collection of serum samples was not standardized between 
the hospitalized patients, with variable number of serum sam-
ples obtained per patient at varying time points. Patients with 
S.  aureus infection did have a slightly longer mean follow-up 
than patients with infections other than S. aureus (15.3 days vs.  
11.6 days, p = 0.05). However, it is unlikely that the later measure-
ments would falsely elevate the apparent rise in titer in patients 
with S.  aureus infection since antibody titers observed in the 
Healthy group and patients with infections other than S. aureus 
were stable over time. Finally, we did not collect information on 
recovery or cause of death. Therefore, we cannot conclude with 
certainty that low antibody levels to IsdB are associated with 
S. aureus morbidity or mortality in humans.

In conclusion, we found that among patients with docu-
mented S. aureus infection, all isolates expressed IsdB, and that 
only patients with documented S. aureus infection demonstrated 
statistically significant increases in anti-IsdB IgG. While the anti-
IsdB titers in normal healthy individuals showed no significant 
trend over time, the titers in patients with confirmed S. aureus 
infection were elevated within a few days after diagnosis. Patients 

Figure 3. Reverse cumulative distribution analysis of IsdB-specific IgG titers (µg/mL) in the 
hospital cases and controls.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	H uman Vaccines & Immunotherapeutics	 1863

mainly to provide comparative information on naturally occur-
ring IsdB levels in non-hospitalized subjects with low risk for  
S. aureus infections. Descriptive statistics were used to describe 
the study populations and to summarize the antibody levels in 
the various study populations. IgG levels were transformed using 
natural logarithms. Differences in IgG levels from study entry to 
last value were estimated for each subject. The geometric mean 
titers concentration (GMC), and GMFR in levels and their 95% 
confidence intervals were estimated using the student t-distri-
bution. Correlation between subjects’ IgG levels was estimated 
using Spearman’s rank correlation coefficient (rho). Paired t-tests 
were used to compare mean differences in IgG levels from study 
entry to last value within each group. The percentage of patients 
with a rise in antibody to IsdB at their last visit above 2 times the 
standard deviation above the geometric mean of the study-entry 
levels for the hospital controls , a proxy for pre-infection levels, 
were calculated. Difference in proportions between the groups 
was compared using Fisher’s Exact Test.

Antibody distributions for the hospital S.  aureus cases and 
hospital controls were described at baseline and maximum value 
≥ 10 day using reverse cumulative distribution plots.
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fluid, surgical tissue, synovial fluid, and sputum, using standard 
culture techniques. Identifications were made to the species level 
using standard microbiological procedures. S. aureus isolates were 
further speciated using spa typing as previously described.26,27 A 
spa type refers to the composition of the variable number tan-
dem repeats in the 3ʹ end of the staphylococcal protein A gene 
(spa). Methicillin resistance was determined using standard labo-
ratory techniques and SCCmec typing performed as previously 
described.28

Serology assay. A direct binding assay was developed for the 
detection of total IgG antibodies to IsdB, using Luminex® tech-
nology.24,29,30 The assay has been extensively characterized and 
used to support multiple Merck clinical trials.20,21,31 Briefly, a 
truncated form of IsdB (aa 42–486), containing the two NEAT 
domains of IsdB (aa140–462) (750 μg) was covalently bound to 
9.6 × 106 Radix maleimide-modified microspheres (Radix) via a 
C-terminal cysteine residue at room temperature. Microspheres 
were washed with phosphate buffered saline (PBS)/0.05% 
Tween-20 (Sigma-Aldrich) and then quenched with 1M 
N-acetyl-l-cysteine for 2 h at room temperature. Microspheres 
were washed 3× in PBS/0.05% Tween-20 and enumerated. The 
assay was performed in 96-well plates. Each plate contained a 
reference standard of pooled normal human serum containing 
a known anti-IsdB IgG concentration, plus three control sera. 
A 2-fold serial dilution of reference sera was used to generate a 
12-point standard curve. Control sera, which came from indi-
viduals previously determined to have high, medium or low anti-
IsdB levels, were included on each plate and diluted 1:250 and 
1:2500. Antibody depleted human sera was included as a nega-
tive control. Patient serum was tested in duplicate at a 1:2500 and 
1:25,000 dilution.

IsdB Expression detected by western blotting. S.  aureus 
isolates were grown overnight in iron-restricted conditions, in 
Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco 
BRL) to stationary phase. Cells were harvested by centrifugation 
and then lysed with a combination of lysostaphin, detergent, and 
sonication. Total cell lysates were loaded on 4–12% Novex Bis-
Tris gradient gels (Invitrogen) and transferred to nitrocellulose. 
The nitrocellulose blots were probed with an IsdB specific mono-
clonal antibody, 2H2, previously described.17 This monoclonal 
was demonstrated to have protective efficacy in rodent challenge 
models.

Statistical analysis. Since this was a descriptive study, there 
were no pre-defined hypotheses for comparing groups. The pri-
mary comparison of interest was the difference in geometric mean 
fold rises (GMFRs) between the hospital S. aureus cases and the 
hospital Control groups. The data from the Healthy group served 
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