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Background. Staphylococcus aureus is a global pathogen that is frequently responsible for healthcare-associated infections, 
including surgical site infections (SSIs). Current infection prevention and control approaches may be limited, with S. aureus 
antibiotic resistance remaining problematic. Thus, a vaccine to prevent or reduce S. aureus infection is critically needed. We 
evaluated the efficacy and safety of an investigational 4-antigen S. aureus vaccine (SA4Ag) in adults undergoing elective open 
posterior spinal fusion procedures with multilevel instrumentation.

Methods. In this multicenter, site-level, randomized, double-blind trial, patients aged 18–85 years received a single dose of 
SA4Ag or placebo 10–60 days before surgery. SA4Ag efficacy in preventing postoperative S. aureus bloodstream infection and/ 
or deep incisional or organ/space SSIs was the primary end point. Safety evaluations included local reactions, systemic events, 
and adverse events (AEs). Immunogenicity and colonization were assessed.

Results. Study enrollment was halted when a prespecified interim efficacy analysis met predefined futility criteria. SA4Ag 
showed no efficacy (0.0%) in preventing postoperative S. aureus infection (14 cases in each group through postoperative day 
90), despite inducing robust functional immune responses to each antigen compared with placebo. Colonization rates across 
groups were similar through postoperative day 180. Local reactions and systemic events were mostly mild or moderate in 
severity, with AEs reported at similar frequencies across groups.

Conclusions. In patients undergoing elective spinal fusion surgical procedures, SA4Ag was safe and well tolerated but, despite eliciting 
substantial antibody responses that blocked key S. aureus virulence mechanisms, was not efficacious in preventing S. aureus infection.
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Staphylococcus aureus is a major cause of healthcare-associated 
infections worldwide [1] and is a leading cause of surgical site 

infections (SSIs) in healthcare settings, especially in high-risk 
orthopedic populations where SSIs can be debilitating [2]. 
Staphylococcus aureus is the most common cause of SSIs in spi-
nal fusion surgeries [3, 4], with a 1.4%–2.3% prevalence [3–5]. 
Other common manifestations include bloodstream infection 
(BSI), endocarditis, pneumonia, and skin/soft tissue infections 
[6]. BSI-associated mortality rates are substantial, estimated at 
16.5%–21.2% within 30 days of onset [7–9]. Further, SSIs cause 
considerable economic burden on healthcare systems [10].

Current preventive strategies include prophylactic antibiotics 
and infection prevention and control practices [11]. However, 
antibiotic effectiveness may be limited, with methicillin- 
resistant S. aureus causing the majority of infections in some 
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settings [12] and increasing vancomycin resistance rates [13]. 
Vaccines, which represent effective tools for mitigating antimi-
crobial resistance [14], are critically needed and could prevent 
disease by providing functional antibodies to target key viru-
lence mechanisms at infection risk onset [15]. Despite evidence 
of efficacy in preclinical models, investigational S. aureus vac-
cines aimed at generating high titers of antibodies against S. au-
reus surface antigens to prevent invasive infections (eg, V710, 
StaphVAX) have failed in human trials [16–18]. Proposed rea-
sons underlying the lack of vaccine efficacy in clinical trials 
have included targeting of a single antigen or phase of pathogen-
esis, an inability to efficiently induce functional antibodies or 
other immune cells (eg, T cells) that could target S. aureus, 
and characteristics of the clinical population under study (eg, 
immunosuppressed patients) [16, 18–22]. An approach that 
comprehensively inhibits multiple bacterial virulence mecha-
nisms may be required to effectively protect against S. aureus in-
fection and disease in the clinical setting.

SA4Ag is an investigational S. aureus vaccine that targets 4 
antigens carefully selected to disrupt the pathogenesis of S. au-
reus by blocking 3 key virulence mechanisms and eliciting 
functional immune responses with robust bacterial killing as 
determined in opsonophagocytic antibody (OPA) assays [21, 
23]. The vaccine comprises 4 components [21]: capsular poly-
saccharide conjugates of serotypes 5 (CP5) and 8 (CP8); a re-
combinant version of clumping factor A (ClfA), an important 
virulence factor that mediates fibrinogen binding during early 
infection [24]; and rP305A, a recombinant, nonlipidated ver-
sion of manganese transporter C (MntC), which is involved 
in evasion of neutrophil-mediated killing [25]. Each antigen 
showed promising results in preclinical animal models [26– 
28]. Initial clinical studies showed that SA4Ag was safe, tolera-
ble, and rapidly induced robust and durable functional immune 
responses in healthy adults aged 18–85 years [14, 29–31].

In the STaphylococcus aureus suRgical Inpatient Vaccine 
Efficacy (STRIVE) study, we evaluated SA4Ag efficacy after 
elective open posterior multilevel instrumented spinal fusion 
procedures. This surgical population was chosen for its well- 
defined nature with a known, relatively high incidence and pre-
dictable period of risk for surgery-associated S. aureus infection 
among typically immunocompetent patients [3–5, 15].

METHODS

Study Design

This phase 2b, randomized, multicenter, placebo-controlled, 
double-blind study occurred between July 2015 and June 2019 
in North America, Europe, and Japan (Supplementary Figure 1). 
Additional details are found in the Supplementary Appendix
and study protocol, available at clinicaltrials.gov [32]. The study 
was conducted in accordance with the principles in the 
International Ethical Guidelines for Biomedical Research 

Involving Human Subjects, the International Conference on 
Harmonisation Guidelines for Good Clinical Practice, and the 
Declaration of Helsinki. All local legal and regulatory require-
ments were followed, and the study protocol and other relevant 
documents were prospectively approved by an institutional review 
board/independent ethics committee for each site. Patients were 
required to provide informed consent.

Patients

Eligible patients were adults aged 18–85 years scheduled to un-
dergo an elective open posterior spinal fusion procedure with 
multilevel instrumentation (ie, surgical implantation of pedic-
ular screws, rods, interbody implant material involving ≥2 mo-
tion segments; Supplementary Appendix) 10–60 days after 
study vaccination and able to participate in study procedures. 
Initial eligibility criteria were amended early during the study 
(June 2016) to include multilevel spinal fusions performed on 
any part of the spine (as opposed to lumbar only). Patients of 
childbearing potential had to use highly effective contraceptive 
methods throughout the study. The Supplementary Appendix
lists exclusion criteria.

Randomization and Masking

Patients were randomized at the site level 1:1 via an interactive- 
voice/web-response system to receive single-dose SA4Ag or 
placebo (Supplementary Figure 1). Patients, investigators, and 
sponsors were blinded to group allocation; blinding codes 
were only broken in emergency situations for reasons of patient 
safety. Unblinded data reports were prepared by an unblinded, 
independent statistician under the direction of the blinded 
study statistician. A blinded independent Event Adjudication 
Committee (EAC) received, reviewed, and adjudicated blinded 
patient data only. The Data Monitoring Committee (DMC) re-
viewed blinded and unblinded data reports. Futility checks per-
formed by the DMC were unblinded.

Procedures

Patients received a 0.5-mL intramuscular dose of SA4Ag or place-
bo into the deltoid of the nondominant arm. SA4Ag was a lyoph-
ilized preparation in a single-dose vial that contained 30 µg each of 
CP5 and CP8 individually conjugated to cross-reactive material 
(CRM197), 60 µg of a recombinant mutated form of ClfA, and 
200 µg of recombinant P305A. Selection of these dose levels was 
based on demonstration of robust and durable immunogenicity 
with a favorable tolerability profile in healthy adults [30]. The pla-
cebo was a lyophilized SA4Ag match with the same excipients (ex-
cluding active ingredients).

The EAC reviewed and adjudicated all suspected primary and 
secondary efficacy and exploratory end points of invasive S. au-
reus (ISA) disease according to criteria adapted from the Centers 
for Disease Control and Prevention [33] (https://www.cdc.gov/ 
nhsn/PDFs/pscManual/validation/pcsManual-2014-valid.pdf). 
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The EAC adjudicated all multiple organ failure (MOF) events 
and deaths to determine association with S. aureus infection 
(Supplementary Appendix).

Outcomes

The primary efficacy objective was to assess SA4Ag efficacy in 
preventing postoperative S. aureus BSI and/or deep incisional 
or organ/space SSI (Supplementary Appendix) as confirmed 
by the EAC and occurring ≤90 days after surgery. Secondary 
efficacy end points were postoperative S. aureus BSI and/or 
deep incisional or organ/space SSI occurring ≤180 days after 
surgery and postoperative S. aureus SSI occurring 90–180 
days after surgery. Exploratory efficacy end points included 
postoperative ISA disease occurring 90–180 days after surgery, 
and postoperative BSI and/or deep incisional or organ/space 
SSI of any cause occurring 90–180 days after surgery based 
on baseline S. aureus colonization status. Immunogenicity 
and S. aureus colonization evaluations were exploratory objec-
tives (Supplementary Appendix).

The primary safety objective was to describe the safety and 
tolerability of SA4Ag. End points included the number and per-
centage of patients in each group who reported local reactions 
and systemic events ≤10 days after vaccination (Supplementary 
Appendix). Adverse events (AEs; through postoperative day 
42), serious AEs (SAEs; through postoperative day 180), and 
newly diagnosed chronic medical conditions (NDCMCs; 
from postoperative day 42 through postoperative day 180) 
were evaluated.

Statistical Analyses

This event-driven study had a target of 48 S. aureus cases. 
Approximately 6000 patients were anticipated to accumulate 
the target cases assuming a 1.4% primary end point incidence 
among placebo recipients, vaccine efficacy (VE) of 70%, and 
10% dropout rate. Total enrollment could have varied based 
on changes in these factors and a potential early stop for effica-
cy or futility. Based on assumed 70% VE, the study power was 
88% for 48 cases. During the study (February 2018), the sample 
size was amended (from 2600 to 6000 patients and from 42 to 
48 end point cases) due to a lower-than-predicted postoperative 
S. aureus infection rate and to increase statistical power. Missing 
values were not imputed for demographic, efficacy, immunoge-
nicity, colonization, or safety variables. The Supplementary 
Appendix provides information on efficacy, immunogenicity, 
safety analyses, and evaluable populations.

RESULTS

Study Population and Index Surgeries

Study enrollment was halted in December 2018 when the pre-
specified 24-case interim primary end point analysis met prede-
fined futility criteria; however, all patients continued to be 

followed for safety and efficacy evaluations through >6 months 
after vaccination. Of 3450 patients randomized, 3417 (99.0%) 
completed vaccination, 3311 (96.0%) completed the index 
surgery, and 3193 (92.6%) completed the study (Figure 1). 
Demographic and comorbidity characteristics were similar 
across groups (Table 1). Most patients had Charlson 
comorbidity index scores of ≤4, indicating a limited number 
of significant comorbidities, and American Society of 
Anesthesiologists (ASA) physical status classification of 1 
(healthy) or 2 (mild systemic disease with no functional lim-
itation) [34]. Characteristics of index surgeries were also sim-
ilar between groups, including preoperative antimicrobial 
prophylaxis use (Supplementary Table 1). Approximately 
half of patients received intrawound/intra-articular antibiot-
ics during surgery, most commonly vancomycin.

Efficacy

At the interim analysis, 12 primary end point cases occurred in 
each group, resulting in conditional power of 6.09%, meeting 
the predefined futility criteria (Supplementary Appendix). In 
the final analysis of the per-protocol efficacy population, 
SA4Ag VE against S. aureus BSI and/or deep incisional or or-
gan/space SSI occurring ≤90 days after surgery was 0.0% 
(95% confidence interval [CI], −126.3% to 55.8%), with 14 cas-
es in each group (Table 2). For BSI, VE was 36.4% (95% CI, 
−79.8% to 79.1%). Most patients with BSI also had S. aureus 
deep or organ/space SSIs (n/N, SA4Ag, 12/14; placebo, 12/ 
14). The primary end point infection rate in the placebo group 
was 0.9%, lower than the anticipated 1.4%. Calculated VE of 
SA4Ag against S. aureus BSI and/or deep incisional or organ/ 
space SSI occurring ≤180 days after surgery was similar; 1 ad-
ditional case of deep incisional SSI was reported 90–180 days 
after surgery in a patient who previously experienced a BSI 
≤90 days after surgery (Table 2). SA4Ag showed no efficacy 
against S. aureus SSI overall (superficial and invasive SSIs com-
bined). SA4Ag did not appear to affect risk of ISA disease or BSI 
or SSI of any cause within 90 or 180 days after surgery 
(Supplementary Tables 2 and 3). There was no indication of 
SA4Ag efficacy based on baseline S. aureus colonization status 
(Supplementary Table 4).

Immunogenicity

For CP5 and CP8, functional immune responses measured us-
ing OPA assays were observed for the SA4Ag group after all 
vaccination time points, with geometric mean titer (GMT) 
ranges generally similar between cases (CP5, 8786.3–22 417.1; 
CP8, 8504.7–18 286.5) and noncases (CP5, 10 530.0–22 095.3; 
CP8, 12 023.2–23 281.5; Figure 2). OPA GMTs peaked on the 
day of the index surgery but remained elevated at day 90 com-
pared with baseline. Similar results were observed for GMTs 
measured using a competitive Luminex assay for ClfA and 
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MntC, although ClfA responses peaked on the hospital dis-
charge day.

Colonization

On the day of vaccination, 33.4%–35.0% of SA4Ag or placebo recip-
ients, were S. aureus–positive based on nose or throat swabs 
(Supplementary Figure 2). Colonization rates were similar across 
groups, decreasing through the hospital discharge day to 19.4%– 
20.2% and then rising to 29.5%–30.0% through day 180.

Safety

Local reactions were more common in the SA4Ag group 
(28.9%) than in the placebo group (9.8%) ≤10 days after vacci-
nation (Supplementary Figure 3). Most reactions were mild to 
moderate in severity with a median of 5 or fewer days duration 
per group; injection site pain the was most common. Systemic 
events, most commonly fatigue, were largely mild to moderate 
in severity and reported at similar frequencies across groups 
(SA4Ag, 62.3%; placebo, 60.4%) with median durations of few-
er than 10 days per group.

Overall, AE reporting was generally similar across groups 
(Table 3). Most AEs and SAEs occurred after the index surgery. 
From vaccination until index surgery, urinary tract infection 
(UTI) was the only AE reported in ≥1% of patients per group 
(1.1%−1.3%). Related AEs during this time frame were more 
common in the SA4Ag group (1.2%) than in the placebo group 
(0.2%) and were mostly from the general disorders and admin-
istration site conditions system organ class. From index surgery 
until postoperative day 42, the most commonly reported AE 
was constipation (11.2% per group); other AEs reported after 
surgery in ≥5% of patients within each group included nausea, 
pyrexia, anemia, procedural pain, hypotension, UTI, and dural 
tear. Of individual AEs reported by ≥1% of patients, only cough 
was reported at different frequencies between groups (SA4Ag, 
0.4%; placebo, 1.0%). Two related AEs (swelling, musculoskel-
etal pain) were reported in the SA4Ag group.

Severe and life-threatening AEs, most commonly cardiac 
disorders, occurring from vaccination to index surgery were in-
frequent in both groups (SA4Ag, 1.2%; placebo, 1.1%). Six 
(0.2%) patients experienced AEs considered related (2 patients 

Figure 1. Patient disposition. Reasons for exclusion from the per-protocol efficacy population were as follows: had major protocol violation before reporting suspected 
Staphylococcus aureus infection (SA4Ag, n = 10; placebo, n = 9), did not meet all eligibility criteria (SA4Ag, n = 31; placebo, n = 30), did not undergo index surgery within 
9–90 days after vaccination (SA4Ag, n = 19; placebo, n = 14), did not undergo spinal surgery (SA4Ag, n = 67; placebo, n = 72), had index surgery staged on separate days 
(SA4Ag, n = 18; placebo, n = 28), had infection or malignancy identified at index surgery (SA4Ag, n = 8; placebo, n = 10), was not vaccinated as randomized (SA4Ag, n = 18; 
placebo, n = 15), surgical procedure did not include ≥2 adjacent motion segments (SA4Ag, n = 52; placebo, n = 42), surgical procedure did not use implanted device(s) 
(SA4Ag, n = 14; placebo, n = 12), surgical procedure was not performed via an open posterior incision (SA4Ag, n = 5; placebo, n = 5). Abbreviation: SA4Ag, Staphylococcus 
aureus 4-antigen vaccine.
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with chills; 1 patient each with muscle spasms, pain, pain in ex-
tremity, rheumatoid arthritis [RA]).

Two (0.1%) SAEs in the SA4Ag group (chills, RA) reported 
through day 180 were considered related. None of the 23 deaths 
(SA4Ag, 0.8%; placebo, 0.6%) or 82 NDCMCs (1.7% vs 2.4%) 
were considered related. One of 8 patients with AEs that led to with-
drawal had an AE considered related (the SAE of RA previously 
noted). There was no difference across groups in EAC-confirmed 
MOF (SA4Ag, 0.59%, n = 10; placebo, 0.53%, n = 9). Seven patients 
reported infection-associated MOF (SA4Ag, n = 4; placebo, n = 3).

DISCUSSION

Preventive approaches against S. aureus infection remain a criti-
cal unmet medical need. Our randomized, double-blind, placebo- 
controlled study, one of the largest prospective studies of thora-
columbar spinal surgery, evaluated SA4Ag efficacy in adults un-
dergoing elective multilevel open posterior spinal fusion surgeries 
with instrumentation. The study terminated early when prespec-
ified futility criteria were met despite high study completion rates 
that, together with the large study population, enabled sufficient 
accrual of cases to evaluate efficacy. Primary efficacy end point 
analyses showed SA4Ag was not efficacious (VE, 0.0%) against 
S. aureus BSI and/or deep incisional or organ/space SSI occurring 
within 90 postoperative days. For BSI only, there was a trend to-
ward low-level efficacy (VE, 36.36%), but the CI widely crossed 
0%. Nevertheless, SA4Ag induced functional immune responses 
against all 4 antigens, remaining above baseline 90 days after sur-
gery and eliciting similar immune responses in vaccinated pa-
tients regardless of infection status. SA4Ag was well tolerated 
and showed an acceptable safety profile. The STRIVE trial used 
a standardized, prospective collection of safety data and adjudica-
tion of all MOF events and deaths and did not identify any safety 
signals, marking a salient contribution to S. aureus vaccine 
development.

Table 1. Patient Demographic and Comorbidity Characteristics

SA4Ag  
(Na = 1726)

Placebo  
(Na = 1724)

Patient Demographics nb (%) nb (%)

Sex

Female 960 (55.6) 947 (54.9)

Male 766 (44.4) 777 (45.1)

Race

White 1311(76.0) 1294 (75.1)

Asianc 295 (17.1) 291 (16.9)

Japanese 280 (94.9) 281 (96.6)

Southeast Asian 5 (1.7) 3 (1.0)

Indian subcontinent Asian 3 (1.0) 2 (0.7)

Chinese 2 (0.7) 1 (0.3)

Korean 2 (0.7) 2 (0.7)

Other 2 (0.7) 2 (0.7)

Unknown 1 (0.3) 0 (0.0)

Black 92 (5.3) 114 (6.6)

Other 28 (1.6) 25 (1.5)

Ethnicity

Non-Hispanic/Non-Latino 1652 (95.7) 1653 (95.9)

Hispanic/Latino 69 (4.0) 70 (4.1)

Age at vaccination, y

n 1708 1709

Mean (SD) 62.7 (12.3) 62.6 (12.6)

Median 65.0 65.0

Min, max 18.0, 85.0 18.0, 85.0

Body mass index, kg/m2

n 1718 1719

Mean (SD) 28.9 (6.0) 28.9 (6.2)

Median 28.2 28.3

Min, max 15.6, 58.2 15.0, 61.0

Smoking status

Never 772 (44.7) 812 (47.1)

Past 678 (39.3) 617 (35.8)

Current 274 (15.9) 292 (16.9)

Unknown 2 (0.1) 3 (0.2)

Comorbidity Characteristics

SA4Ag  
(Nd = 1708)

Placebo  
(Nd = 1709)

nb (%) nb (%)

Charlson comorbidity index 
score

n 1708 1709

0 181 (10.6) 189 (11.1)

1–2 692 (40.5) 639 (37.4)

3–4 660 (38.6) 685 (40.1)

≥5 175 (10.2) 196 (11.5)

American Society of 
Anesthesiologists physical 
status classification

n 1656 1648

1, healthy 115 (6.7) 125 (7.3)

2, mild systemic disease 
with no functional limitation

953 (55.8) 883 (51.7)

3, severe systemic disease 
with definitive functional 
limitation

578 (33.8) 620 (36.3)

4, severe systemic disease 
that is a constant threat to life

10 (0.6) 20 (1.2)

Table 1. Continued  

Comorbidity Characteristics

SA4Ag  
(Nd = 1708)

Placebo  
(Nd = 1709)

nb (%) nb (%)

5, moribund patient unlikely 
to survive 24 h with or 
without operation

0 (0.0) 0 (0.0)

Not evaluated 14 (0.8) 11 (0.6)

Abbreviations: SA4Ag, Staphylococcus aureus 4-antigen vaccine; SD, standard deviation.  
aNumber of patients in the specified group used as the denominators for the percentage 
calculations unless otherwise specified.  
bNumber of patients with the specified characteristic.  
cNumber of patients in this row used as denominators for the indented rows that follow.  
dNumber of patients in the safety population. These values were used as the denominators 
for the percentage calculations of the Charlson comorbidity index and American Society of 
Anesthesiologists physical status classification.
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Evaluating vaccine efficacy in a surgical population presents 
substantial challenges, such as factors relating to surgical com-
plexity and heterogeneity that could have affected antibody 
concentrations and/or surgical site access. The general health 
status of the study population may also have impacted immune 
responses and infection outcomes, with approximately one- 
third having ASA scores ≥3 (severe disease with functional lim-
itation). Although these hypotheses could not be fully evaluated 
owing to inadequate statistical power, trends in increased effi-
cacy were not observed for shorter-duration procedures or 
among patients with fewer comorbidities. Further, intrawound 
antibiotic use and other surgical variables likely did not con-
found results, as they were similar across groups and did not 
appear to obviously impact efficacy.

Mechanistically, lack of SA4Ag efficacy may be due to vari-
ous reasons. Inhibition of virulence mechanisms by vaccine an-
tibodies could have been circumvented by additional 
compensatory mechanisms or variable antigen expression in 
infecting S. aureus strains [19, 35], a possibility that is under ac-
tive investigation. Similarly, the bacteria could be subverting 

immune responses required for the target antigens to be effec-
tive [36]. Alternatively, vaccine antigens may have insufficient-
ly thwarted infection or vaccine-induced immune responses 
may have been inadequate. Notably, this study further supports 
that targeting gram-positive bacterial killing through anti- 
capsular polysaccharide antibody-mediated opsonophagocyto-
sis does not functionally prevent S. aureus infections.

Our study adds to a body of evidence that reiterates challeng-
es in current approaches to S. aureus vaccine development. 
These include identification of reliable animal models for pre-
clinical evaluation of S. aureus vaccine candidates and a lack of 
clinically validated correlates of protection [19, 20]. Despite ef-
ficacy of SA4Ag and other vaccine candidates in mouse models, 
vaccine efficacy has not yet been translated in human studies 
[20, 37]. Mice also require multiple doses of vaccine antigens 
owing to differences in immune mechanisms and prior expo-
sure to S. aureus [19, 37]. The lack of clinically validated corre-
lates of protection is reflected in the current study’s finding of 
robust functional immune responses observed in the vaccinat-
ed participants with no differences in measurable immune 

Table 2. Vaccine Efficacy of Staphylococcus aureus 4-Antigen Vaccine Against S. aureus Bloodstream Infection and Surgical Site Infection in the 
Per-Protocol Efficacy Population

Time Period/Efficacy Endpoint

Vaccine Group

Vaccine Efficacyc
Vaccine Efficacy Adjusted  

for Follow-up Timec
SA4Ag  

(Na = 1544)
Placebo  

(Na = 1547)

nb (%) nb (%) % (95% CI) % (95% CI)

90 days after index surgery … … … …

Patients completing 90 days of follow-up 1505 (97.5) 1504 (97.2) … …

Total follow-up time within 90 days, person-yearsd 374.1 375.1 … …

Cases of Staphylococcus  aureus BSI and/or deep incisional or organ/ 
space SSI

14 (0.9) 14 (0.9) .0 (−126.3 to 55.8) −.3 (−126.9 to 55.7)

Cases of S. aureus BSI 7 (0.5) 11 (0.7) 36.4 (−79.8 to 79.1) 36.2 (−80.3 to 79.0)

Cases of S. aureus deep incisional or organ/space SSI 12 (0.8) 12 (0.8) .0 (−143.4 to 58.9) −.3 (−144.0 to 58.8)

Cases of S. aureus SSI 24 (1.6) 22 (1.4) −9.1 (−104.1 to 41.4) −9.4 (−104.6 to 41.2)

Cases of S. aureus deep incisional SSI 11 (0.7) 11 (0.7) .0 (−154.4 to 60.7) −.3 (−155.1 to 60.6)

Cases of S. aureus organ/space SSI 1 (0.1) 1 (0.1) .0 (−7749.7 to 98.7) −.3 (−7771.8 to 98.7)

Cases of S. aureus superficial SSI 12 (0.8) 10 (0.7) −20.0 (−210.1 to 52.5) −20.3 (−210.9 to 52.4)

180 days after index surgery … … … …

Patients completing 180 d of follow-up 1256 (81.4) 1246 (80.5) … …

Total follow-up time within 180 d, person-yearsd 739.0 739.5 … …

Cases of S. aureus BSI and/or deep incisional or organ/space SSI 14 (0.9) 14 (0.9) .0 (−126.3 to 55.8) −.1 (−126.5 to 55.8)

Cases of S. aureus BSI 7 (0.5) 11 (0.7) 36.4 (−79.8 to 79.1) 36.3 (−79.9 to 79.1)

Cases of S. aureus deep incisional or organ/space SSI 13 (0.8) 12 (0.8) −8.3 (−159.8 to 54.4) −8.4 (−159.9 to 54.4)

Cases of S. aureus SSI 25 (1.6) 23 (1.5) −8.7 (−100.4 to 40.8) −8.8 (−100.6 to 40.8)

Cases of S. aureus deep incisional SSI 12 (0.8) 11 (0.7) −9.1 (−172.9 to 55.9) −9.2 (−173.1 to 55.9)

Cases of S. aureus organ/space SSI 1 (0.1) 2 (0.1) 50.0 (−860.5 to 99.2) 50.0 (−861.1 to 99.2)

Cases of S. aureus superficial SSI 13 (0.8) 11 (0.7) −18.2 (−191.3 to 51.1) −18.3 (−191.6 to 51. 1)

Primary end points are noted in bold type.  

Abbreviations: BSI, bloodstream infection; CI, confidence interval; SA4Ag, Staphylococcus aureus 4-antigen vaccine; SSI, surgical site infection.  
aNumber of patients in the specified group vaccinated and completing the index surgery.  
bNumber of patients with the specified characteristic.  
cVaccine efficacy (VE) was calculated as follows: 1 − (P/[1 − P]); VE adjusted for follow-up time was calculated as 1 − (hP/[1 − P]), where P is the number of SA4Ag cases divided by the total 
number of cases and h is the ratio of total follow-up time in the placebo group to the total follow-up time in the SA4Ag group. 95% CIs were calculated using the Clopper–Pearson method.  
dCalculated as total follow-up days divided by 365.25.
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responses between cases and non-cases (Figure 2). Additional 
challenges remain, including appropriate choice of study pop-
ulation for vaccine efficacy evaluation and optimal target anti-
gen selection.

Although antibody-mediated clearance is clearly important 
[19], other mechanisms may be required for protection, and al-
ternative strategies are warranted. The contribution of other 
undefined mechanisms, such as T cell–mediated immunity 
(in particular, γδ T cells, which play an important protective 
role in the immune response to S. aureus infection and may 
be induced by vaccination) or virulence mechanisms that en-
able infection progression despite robust antibody-mediated 
responses, should be considered [19, 20]. Additionally, adju-
vants may be needed to enhance immunogenicity [20]. Other 

vaccine strategies under evaluation include a vaccine compris-
ing 5 recombinant S. aureus antigens (rFSAV; Olymvax) that 
inhibits S. aureus immune-evasion strategies [20]. Another vac-
cine, targeting 5 antigens involved in different pathogenic 
mechanisms formulated with a Toll-like receptor 7-agonist ad-
sorbed to aluminum hydroxide (GSK, NCT04420221), was re-
cently announced as not continuing development [38–40]. An 
adjuvanted vaccine targeting the N-terminal portion of the 
Candida albicans cell-wall protein Als3p (NDV3-A; 
Novadigm) provided cross-protection against S. aureus in 
mouse models of bacteremia and skin infection but did not pre-
vent nasal or oral acquisition of S. aureus or affect colonization 
prevalence in a randomized, double-blind, placebo-controlled 
phase 2 trial in military personnel, a population at high risk 

Figure 2. GMTs against all 4 vaccine antigens for cases and noncases in the SA4Ag and placebo groups. GMTs for CP5 (A) and CP8 (B), as measured using opsonophagocytic 
activity. GMTs for ClfA (C ) and manganese transporter C (D), as measured using competitive Luminex immunoassay. All data shown are for the modified intent-to-treat im-
munogenicity population. For SA4Ag cases, n = 26–27 for day of vaccination; n = 27 for day of index surgery; n = 24 for day of hospital discharge; n = 22 for day 90. For SA4Ag 
noncases, n = 49–50 for day of vaccination; n = 246–252 for day of index surgery; n = 232–235 for day of hospital discharge; n = 242–248 for day 90. For placebo cases, n =  
30–31 for day of vaccination; n = 28–29 for day of index surgery; n = 24–25 for day of hospital discharge; n = 20–22 for day 90. For placebo noncases, n = 1 for day of vac-
cination; n = 100–102 for day of index surgery; n = 96–97 for day of hospital discharge; n = 98–99 for day 90. Abbreviations: ClfA, clumping factor A; CP5, capsular polysac-
charide serotype 5; CP8, capsular polysaccharide serotype 8; GMT, geometric mean titer; MntC, manganese transporter C; SA4Ag, Staphylococcus aureus 4-antigen vaccine.
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for S. aureus colonization and infection [20, 41]. In addition to 
vaccines, novel therapeutic approaches under consideration in-
clude monoclonal antibodies, bacteriophages, centyrins, and 
new antibiotic strategies [20].

Halting the study at the interim analysis precluded subgroup 
efficacy examinations due to inadequate statistical power. 
Additional limitations included a heterogeneous surgical pop-
ulation, single surgery type, and lower-than-anticipated infec-
tion rates among placebo recipients (0.9% vs 1.4%) in a 
clinical trial population that excluded those at high risk of in-
fection (ie, immunocompromised), potentially affecting 

efficacy evaluations. Additionally, variable surgical methods 
were used, although this did not appear to affect efficacy.

Overall, while SA4Ag had an acceptable safety profile and 
elicited robust immunogenicity, the vaccine was not efficacious 
in preventing S. aureus infections. Despite these findings, ef-
forts to develop a safe and effective vaccine to lower the sub-
stantial global burden of S. aureus infections should remain a 
priority.
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nc (%)
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nd nc (%)
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Related 20 (1.2) 28 4 (0.2) 5

Day of index surgery to 
day 42

1136 (66.5) 3923 1167 (68.3) 3929

Related 2 (0.1) 2 0 (0.0) 0
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index surgery

27 (1.6) 32 26 (1.5) 33

Related 1 (0.1) 1 0 (0.0) 0
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384 (22.5) 627 401 (23.5) 629
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day 42

223 (13.1) 369 213 (12.5) 328
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Vaccination to day of 
index surgery

1 (0.1) 1 1 (0.1) 1

Related 0 (0.0) 0 0 (0.0) 0

Day of index surgery to 
day 180
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Related 0 (0.0) 0 0 (0.0) 0

AEs leading to withdrawal 3 (0.2) 3 5 (0.3) 6

Related 1 (0.1) 1 0 (0.0) 0

Newly diagnosed chronic 
medical condition (day 42 
to day 180)

29 (1.7) 32 41 (2.4) 50

Related 0 (0.0) 0 0 (0.0) 0

Abbreviation: AE, adverse event.  
aAssessed by investigator as related to the investigational product.  
bNumber of patients in the specified group.  
cNumber of patients reporting ≥1 event of the type specified.  
dTotal number of occurrences of the event specified; patients could be represented more 
than once.
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