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A Prognostic Model of Persistent Bacteremia and Mortality 
in Complicated Staphylococcus aureus Bloodstream 
Infection
Alessander O. Guimaraes,1,a Yi Cao,1,a Kyu Hong,1 Oleg Mayba,1 Melicent C. Peck,1 Johnny Gutierrez,1 Felicia Ruffin,2 Montserrat Carrasco-Triguero,1  
Jason B. Dinoso,1 Angelo Clemenzi-Allen,3 Catherine A. Koss,3 Stacey A. Maskarinec,2 Henry F. Chambers,3 Vance G. Fowler Jr,2 Amos Baruch,1  
and Carrie M. Rosenberger1,  
1Biomarker Discovery, Genentech, Inc., South San Francisco, California; 2Division of Infectious Diseases, Duke University, Durham, North Carolina; and 3Division of HIV, Infectious Diseases, and 
Global Medicine, University of California San Francisco

Background.  Staphylococcus aureus is a leading cause of bacteremia, yet there remains a significant knowledge gap in the iden-
tification of relevant biomarkers that predict clinical outcomes. Heterogeneity in the host response to invasive S. aureus infection 
suggests that specific biomarker signatures could be utilized to differentiate patients prone to severe disease, thereby facilitating 
earlier implementation of more aggressive therapies.

Methods.  To further elucidate the inflammatory correlates of poor clinical outcomes in patients with S. aureus bacteremia, we 
evaluated the association between a panel of blood proteins at initial presentation of bacteremia and disease severity outcomes using 
2 cohorts of patients with S. aureus bacteremia (n = 32 and n = 124).

Results.  We identified 13 candidate proteins that were correlated with mortality and persistent bacteremia. Prognostic modeling 
identified interleukin (IL)-8 and CCL2 as the strongest individual predictors of mortality, with the combination of these biomarkers 
classifying fatal outcome with 89% sensitivity and 77% specificity (P < .0001). Baseline IL-17A levels were elevated in patients with 
persistent bacteremia (P < .0001), endovascular (P = .026) and metastatic tissue infections (P = .012).

Conclusions.  These results demonstrate the potential utility of selected biomarkers to distinguish patients with the highest risk 
for treatment failure and bacteremia-related complications, providing a valuable tool for clinicians in the management of S. aureus 
bacteremia. Additionally, these biomarkers could identify patients with the greatest potential to benefit from novel therapies in clin-
ical trials.

Keywords.  Staphylococcus aureus; bacteremia; endocarditis; prognostic biomarkers.

Staphylococcus aureus is one of the leading and most fatal 
causes of bacteremia with an estimated mortality of 20% [1–3]. 
Of all patients with S.  aureus bacteremia (SAB), at least 50% 
will develop complicated bacteremia [4, 5]. Patients with com-
plicated SAB can have persistently positive blood cultures, 
deep-seated foci of infection including infective endocarditis 
(IE), vertebral osteomyelitis, septic arthritis, device-associated 
infections, and increased risk of recurrence [6–9]. The presence 
of these infectious complications is challenging to identify at 
the time of patient presentation and often necessitate multi-
ple diagnostic and invasive procedures [1]. Although multiple 
clinical risk factors have been shown to be predictive of com-
plicated bacteremia such as hemodialysis and immunosuppres-
sion [10], the clinical course of SAB is highly variable, and it 

remains unclear why only a subset of patients develop severe 
disease [4]. Outcomes and treatment for SAB are dependent on 
methicillin resistance and whether the infection is classified as 
uncomplicated or complicated [1–4, 11]. The latter distinction 
is critically important, as uncomplicated infections may qualify 
for short course antibiotic therapy and are associated with bet-
ter outcomes, while complicated infections require at least 4–6 
weeks of antibiotic therapy and are associated with significant 
morbidity and mortality [12–14]. Despite appropriate antibi-
otic therapy, unsatisfactory clinical response is observed in up 
to 50% of cases, characterized by persistent bacteremia, recur-
rence, development of secondary infections, or death [3, 15]. To 
help facilitate the management of patients at high risk for severe 
disease and poor outcomes, identification of other factors that 
contribute to the clinical course of SAB are needed [16].

There is growing evidence to support that differences in the 
host immune response may contribute to the heterogeneity in 
clinical outcomes in patients with SAB. Several studies have 
assessed the host immune response by measuring levels of circu-
lating cytokines including interleukin (IL)-6, IL-10, IL-1β, and 
tissue necrosis factor in patients with SAB to identify correlates 
of poor clinical outcomes including increased mortality and 

M A J O R  A R T I C L E

© The Author(s) 2018. Published by Oxford University Press for the Infectious Diseases Society 
of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
DOI: 10.1093/cid/ciy739

Received 23 May 2018; editorial decision 16 August 2018; accepted 23 August 2018 ; published 
online August 25, 2018.

aA. O. G. and Y. C. contributed equally to this manuscript.
Correspondence: C. M. Rosenberger, Genentech Inc., 1 DNA Way, South San Francisco, CA 

94080 (rosenberger.carrie@gene.com).
Clinical Infectious Diseases®    2019;68(9):1502–11

STANDARD

http://orcid.org/0000-0002-8189-8822
mailto:rosenberger.carrie@gene.com?subject=


S. aureus Bacteremia Severity Biomarkers  •  CID  2019:68  (1 May)  •  1503

duration of bacteremia [17–21]. Collectively, these studies have 
been vital in demonstrating the clinical relevance of the host 
immune response in SAB outcomes; however, an analysis that 
integrates a more comprehensive set of biomarkers is essential to 
assess comparative prognostic value in this patient population. 
The contribution of the immune response to disease severity and 
poor outcome in patients with complications of bacteremia and 
the relationship between host immune response and failure to 
clear bacteria from the blood remains poorly understood.

In this study, we evaluated a panel of 64 circulating proteins 
in an exploratory study of 32 serially enrolled SAB patients and 
selected 20 proteins that were superior to routine clinical met-
rics in identifying patients who are at greatest risk for mortality 
and/or persistent bacteremia. These candidate biomarkers were 
then evaluated in a case-control study of patients with compli-
cated SAB selected to enrich for mortality and persistent bacte-
remia, which prioritized 13 candidate biomarkers. We observed 
distinct immune correlates of outcome: high IL-17A at presen-
tation classified patients with persistently positive blood cul-
tures and endovascular infection, while high baseline levels of 
the chemokines IL-8 and CCL2 were prognostic for mortality.

MATERIALS AND METHODS

Experimental Design

The exploratory observational study was performed at San 
Francisco General Hospital, University of California, San 
Francisco, under a protocol approved by the Committee on 
Human Research (IRB protocol 14-13778). In sum, 32 adult 
patients with confirmed SAB infection were serially enrolled 
between July 2014 and November 2015. A convenience plasma 
sample was collected within 2 days of the start of empiric anti-
biotic therapy. Limited clinical histories were reviewed by a 
board-certified infectious disease physician and a clinical infec-
tious disease fellow. Plasma samples from 6 healthy individuals 
obtained from BioreclamationIVT (Westbury, NY, USA) were 
used as controls. A case-control study of 124 patients with com-
plicated SAB infections was designed using samples from a 
Duke University (Durham, NC, USA) biobank with associated 
clinical data, collected between 2002 and 2014 with informed 
consent under protocols approved by the Institutional Ethics 
Review Boards (IRB protocol Pro00008031). Subjects met the 
Infectious Diseases Society of America (IDSA) expert panel cri-
teria for complicated SAB [11]. Subjects were selected to enrich 
for outcomes of persistent bacteremia and mortality, with a con-
trol SAB group enrolled over the same time period matched for 
demographic variables and infection source. Serum samples 
were collected within 1–3  days of empiric antibiotic therapy. 
Patient demographic and clinical characteristics are shown 
in Table  1 and Supplementary Table  2. Serum samples from 
16 healthy volunteers were obtained through the Genentech 
Samples for Science program.

Clinical Severity Definitions

All-cause mortality was measured as in-hospital mortality 
in the exploratory study and up to 90  days following hos-
pital discharge in the validation study. Infection-related 
mortality was assessed by retrospective chart review by 2 
Board-certified infectious disease physicians using the fol-
lowing criteria: culture positive and/or persistent infection 
focus and/or systemic signs and symptoms at time of death 
or attending physician considered death to be attributable 
to SAB. Persistent bacteremia was defined as a positive 
blood culture for ≥ 5 days on appropriate antibiotic therapy. 
Duration of positive blood culture was calculated as days to 
last positive blood culture.

Biomarker Measurements

Plasma concentrations of 64 proteins, the majority of which 
were previously reported to be associated with poor outcomes 
for SAB or sepsis (Supplementary Table 1), were measured by 
multiplex immunoassays (Ella platform, ProteinSimple/Bio-
Techne Corporation, San Jose, CA, USA; Human Magnetic 
Luminex assays, R&D systems/Bio-Techne Corporation, 
Minneapolis, MN, USA).

Table 1.  Characteristics of Clinical Studies

Exploratory Cohort Validation Cohort

Number of patients 32 124

Age, years, median (range) 53 (21–90) 62 (22–91)

Female, no. (%) 6 (19.8) 54 (43.5)

Outcome, no (%)

  Mortality 4 (12.5) 27 (21.8)

  Attributable mortality _ 18 (14.5)

  Persistent bacteremia 4 (12.5) 61 (49.2)

  Complicated infection 26 (81.3) 124 (100)

  Recurrence _ 15 (12.1)

LOS, days, median (range)a 17 (5–58) 15 (4–122)

Treatment duration (days),  
median (range)

35 (7–86) 43 (2–113)

MRSA, no. (%) 13 (40.6) 70 (56.7)

Infection foci, no. (%)

  Endovascular 10 (31.2) 68 (54.3)

  Extravascular osteoarticular 7 (21.9) 37 (29.8)

  Extravascular soft tissue 7 (21.9) 37 (29.8)

  Other 8 (25.0) 13 (10.5)

Comorbidities, no. (%)

  Diabetes 13 (40.6) 58 (46.8)

  Hemodialysis dependent 4 (12.5) 45 (36.3)

  Cancer _ 22 (17.7)

  Transplant recipient _ 11 (8.9)

  HIV+ _ 5 (4.0)

Abbreviations: HIV, human immunodeficiency virus; LOS, length of stay; MRSA, methicil-
lin-resistant Staphylococcus aureus; MSSA, methicillin-susceptible Staphylococcus aureus.
aFatal cases and patients that left the hospital against medical advice were excluded from 
hospital LOS. Patients with more than one identified foci of infection were assigned to 
multiple infection foci categories in this table. The other foci category includes catheter-as-
sociated infections and unidentified sources of infection. The frequency of persistence 
was significantly different between infections caused by MRSA (40/70 = 57%) and MSSA 
(19/51 = 37%) whereas all-cause mortality was similar between MRSA (14/70 = 20%) or 
MSSA (12/51 = 24%) (P = .048, χ2 test).

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
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Statistical Analysis

Cytokines and clinical variable levels that were significantly differ-
ent between the outcome groups were identified using Wilcoxon 
rank-sum test. P values were adjusted for multiple testing using 
Benjamini & Hochberg procedure in Supplemental Figure  2. 
Spearman correlation coefficients were used to evaluate the associ-
ation among the biomarker levels. Illustrative cutoffs were defined 
as sensitivity above 70% with the highest specificity possible. To 
identify the minimal set of variables in the prognosis of the binary 
patient outcomes while minimizing the possibility of overfitting, 
all measured variables were treated as covariates in a lasso model 
(with 10-fold cross-validation) using the R package glmnet [38], 
where we evaluated both the deviance and misclassification mini-
mization approaches. We used random forest [39, 40] as an alter-
native approach to identify the main covariates driving patient 
classification. See Supplementary Methods for additional details.

RESULTS
Evaluation of Candidate Biomarkers in an Exploratory S. aureus 
Bacteremia Study

To identify biomarkers of mortality and persistent bacteremia 
in S. aureus bloodstream infections (Figure 1A), we selected a 
panel of 64 blood protein biomarker candidates based on their 
literature-supported associations with disease severity in SAB 
or sepsis (Supplementary Table  1). Circulating levels of these 
proteins were quantified in samples collected within 2 days of 
appropriate empiric antibiotic therapy from 32 serially enrolled 
patients with confirmed SAB (clinical characteristics are 
described in Table 1 and Supplementary Table 2). Proteins asso-
ciated with 90-day all-cause mortality and/or persistent bacte-
remia (positive blood culture ≥5 days following antibiotics) are 
shown in Figure 1 and Supplementary Figure 1. These included 
members of the 3 broad biological categories of mediators that 

Figure 1.  Prognostic biomarker candidates prioritized in the exploratory study. A, Study overview. B, In sum, 31 of the 64 evaluated proteins were differentially expressed 
in patients with mortality or persistent bacteremia. Mortality: survivor vs. all-cause in-hospital mortality. Persistent bacteremia: clearance of blood culture within 5 days of 
initial diagnostic positive blood culture vs. positive blood culture for 5+ days. Wilcoxon rank sum test P < .1, n = 32. C, Heatmap of the 31 differentially expressed cytokines. 
Patients were grouped into 2 overall groups by unsupervised clustering as shown by the dendrograms. Abbreviations: IL, interleukin; SAB, S. aureus bacteremia.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
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we assessed: immune response (ie, IL-8 and IL-10), endothe-
lial function (ie, ANGPT2 and sE-selectin), and tissue damage 
and repair (ie, sFAS and TIMP-1). We prioritized 20 proteins 
that were associated with mortality or persistent bacteremia 
(Wilcoxon rank-sum test P  <  .1) to evaluate in a larger SAB 
cohort.

Confirmation of Prioritized Biomarkers in a Study of Complicated S. aureus 
Bacteremia

We designed a case-control study to evaluate the strength of 
association of prioritized biomarkers with mortality and per-
sistent bacteremia and to examine relationships with infec-
tion source. We focused on complicated bacteremia patients 
because prognostic biomarkers would have the greatest clini-
cal utility for these patients at greatest risk for poor outcomes. 
We selected samples from 124 patients from an observational 
cohort, with cases selected on all-cause mortality or per-
sistent bacteremia outcomes, and a control group matched 
for demographics and infection source (cohort characteris-
tics in Table 1 and Supplementary Table 2). Thirteen of the 
20 prioritized serum proteins were significantly different at 

presentation in patients who developed persistent bactere-
mia or fatal outcomes and superior to patient demographic 
characteristics and clinical laboratory metrics (chemistry, 
complete blood counts) (Figure 2A; median fold change and 
false discovery rate [FDR] adjusted P values for the complete 
biomarker panel can be found in Supplementary Figure 2). 
We confirmed that IL-10 was associated with both mortality 
and persistent bacteremia [19] and observed that IL-1RN, 
IL-6, and IL-27 exhibited a similar prognostic relationship 
for both clinical outcomes. A group of 4 biomarkers (IL-17A, 
sE-selectin, sIL-2RA, and LCN2) were significantly higher 
in subjects who developed persistent bacteremia, whereas 
a group of 5 proteins (IL-8, CCL2, ANGPT2, CHI3L1,  
and CCL26) was associated with a fatal outcome (Figure 2A). 
There was only modest correlations observed between  
biomarkers, and coregulated protein expression did not 
explain the groups of biomarkers associated with differ-
ent clinical outcomes (Figure  2B). An unsupervised clus-
tering approach was used to reveal how inflammatory 
protein expression could group patients with fatal outcome 
(Figure 2C).

Figure 2.  Serum proteins prognostic for mortality and persistent bacteremia in the validation study. A, Baseline serum proteins that were significantly different between 
all-cause mortality vs survivors or persistent bacteremia (positive blood cultures for 5+ days) vs microbiological clearance within 5 days; P < .05. B, Spearman correlation 
matrix of the biomarkers shown in panel A. C, Unsupervised clustering heat map of patients based on biomarkers prognostic for mortality and/or persistent bacteremia with 
P ≤ .001. Wilcoxon rank sum test P values are shown for n = 124.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
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Prognostic Biomarkers for Mortality in S. aureus Bacteremia

Receiver operator characteristics area under the curve (ROC AUC) 
>0.7 were calculated for IL-8, CCL2, IL-6, IL-1RN, CHI3L1, and 
ANGPT2 (Figure 3A and Supplementary Figure 3), with stron-
ger prognostic value than routine clinical data (Supplementary 
Figure 2). ROC AUC were similar for both all-cause mortality 
and mortality assessed as related to infection for all biomarkers 
with adjusted P value < .1 (Supplementary Figure 2A and B). We 
utilized 2 modeling approaches to identify the minimal com-
bination of protein biomarkers with clinical and demographic 
data (age, sex, race) for classifying all-cause mortality: lasso 
with 10-fold cross validation, and random forests with 500 deci-
sion trees. Both models identified the combination of IL-8 and 
CCL2 as the best classifier (Figure 3, Supplementary Figure 4 and 
Supplementary Table  3). Although there was high coordinate 
expression of most prognostic mortality biomarkers at admission 
(Figure 3C), CCL2 is the least correlated protein with IL-8. Some 
patients with fatal outcomes were high for either IL-8 or CCL2, 
resulting in the improved performance of the prognostic model 
that incorporates both biomarkers (Figure 3G).

Prognostic Biomarkers for Persistent S. aureus Bacteremia

Elevated IL-17A levels at enrollment was the strongest dis-
criminator between patients who went on to develop persistent 
bacteremia and those who cleared their blood cultures within 
5 days, followed by IL-10 and sE-selectin, and correlated with 
duration of positive blood cultures (Figure 4). Using a similar 
prognostic modeling approach evaluating all combinations of 
protein biomarkers, clinical and demographic data, IL-17A 
alone was identified as the optimal predictor of persistent bac-
teremia (Supplementary Figure 4 and Supplementary Table 3). 
IL-17A was elevated in patients with persistent vs nonpersistent 
infections regardless of methicillin resistance of the pathogen 
(methicillin-resistant Staphylococcus aureus [MRSA] infec-
tions: P =  .0006, methicillin-susceptible Staphylococcus aureus 
[MSSA] infections: P  =  .0085, Mann-Whitney). Importantly, 
when the cytokine levels were used to predict the outcomes, 
bacterial susceptibility to methicillin did not affect the mod-
eling results for either outcome. The inclusion of additional 
clinical covariates such as acquisition route (hospital- or com-
munity-acquired infection), hemodialysis dependence, MRSA, 

Figure 3.  Mortality prognostic biomarkers in the validation study. A, Area under the ROC curve and Wilcoxon rank sum test P-values for the biomarker and clinical vari-
ables that differed between S. aureus patients who died or survived in the validation study with P < .05. B, ROC curves showing the power to discriminate fatal outcomes 
from survivors: age (AUC = 0.68; 95% CI: 0.57 to 0.79), the only demographic or clinical variable at baseline with discriminatory power; CCL2 (AUC = 0.81; 95% CI: 0.72 to 
0.91); IL-8 (AUC = 0.83; 95% CI: 0.74 to 0.92), and the combined IL-8 and CCL2 prognostic model (AUC = 0.89; 95% CI: 0.82 to 0.96). C, Spearman correlation matrix of the 8 
serum proteins that were prognostic for mortality with P < .01. Patients with fatal outcomes present with higher biomarker levels than survivors for (D) IL-8, (E) CCL2, and (F) 
the combined IL-8 and CCL2 model. Medians and interquartile ranges, Wilcoxon rank sum test P values, and the sensitivity and specificity of illustrative cutoff values from 
the S. aureus patient group ROC analysis (represented as dashed lines) are shown. Gray shaded area represents the healthy control range (n = 16). G, Scatter plot showing 
correlation of baseline IL-8 and CCL2 serum concentrations; Spearman rank correlation test, n = 124. Abbreviations: AUC, area under the curve; CI, confidence interval; IL, 
interleukin; ROC, receiver operating characteristic.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy739#supplementary-data
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Figure 4.  Persistent bacteremia prognostic biomarkers in the validation study. A, Area under the ROC curve and Wilcoxon rank sum test P-values for the serum proteins 
that differed between S. aureus patients who had persistent bacteremia vs. nonpersistent cases, P < .05. No single demographic or clinical data at baseline was significantly 
different between these 2 patient groups. B, ROC curves showing the optimal serum proteins with power to discriminate persistent bacteremia from nonpersistent cases: 
IL-17A (AUC = 0.73; 95% CI: 0.64 to 0.82); IL-10 (AUC = 0.68; 95% CI: 0.58 to 0.77), and sE-selectin (AUC = 0.66; 95% CI: 0.56 to 0.75). Patients with persistent bacteremia 
present with higher median biomarker levels than patients who clear their bloodstream infection within 5 days for: (C) IL17A, (D) IL-10, and (E) sE-selectin. Wilcoxon rank sum 
test P-values and the sensitivity and specificity of the illustrative cutoff value from ROC analysis represented as dashed lines. Scatter plots of baseline serum concentrations 
for (F) IL-17A, (G) IL-10, and (H) sE-selectin vs. days to last positive blood culture; n = 124. Spearman rank correlation test and gray shaded area represents the range of the 
healthy control values. Abbreviations: AUC, area under the curve; BC, blood cultures; CI, confidence interval; IL, interleukin; ROC, receiver operating characteristic.
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Figure 5.  IL-17A is associated with endovascular infections, longer duration of antibiotic therapy, and infection-related mortality. A, IL-17A is elevated at baseline in 
patients with identified metastatic foci of infection; n = 124. B, IL-17A levels by days of antibiotic treatment following negative blood culture, with fatal cases excluded; 
n = 90. C, Baseline IL-17A by infection foci in complicated SAB patients, n = 124. D, Scatter plot of baseline IL-17A vs. IL-8 levels; Spearman rank correlation test, n = 124. 
E–F, Baseline IL-17 or IL-8 levels in patient subset by disease outcome: mortality (infection-related vs. not attributed to the infection), recurrence of SAB within 90 days, or 
clinical cure (persistent vs. nonpersistent bacteremia). Fatal and recurrent cases with persistent bacteremia are shaded; n = 124. G, Baseline IL-17A levels in patients with 
cardiac hardware (implanted pacemakers or cardiac valves) subdivided by diagnosed endovascular (infective endocarditis (IE) vs. noninfective endocarditis) vs. extravascular 
infection. H, Measurement of high IL-17A precedes diagnosis of infective endocarditis. Baseline IL-17A levels measured within 3 days are plotted vs. time of infective endo-
carditis diagnosis by imaging of cardiac vegetation. Days from time of antibiotic therapy are shown. Patients with persistent bacteremia are shown by filled circles. For all 
panels, medians and Wilcoxon rank sum test P-value are shown, dashed line is an illustrative IL-17A cutoff with maximal sensitivity and specificity, LLOQ = 0.8 pg/mL IL-17A 
and 0.4 pg/mL IL-8, and gray shaded area represents the range of the healthy control values (n = 16). Abbreviations: IE, infective endocarditis; IL, interleukin; ns, not signifi-
cant; SAB, S. aureus bacteremia.
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diabetes, permanent implant, and steroid use, in addition to 
age, sex, and race, did not change the modeling results for either 
outcomes (data not shown).

Relationship Between High Early IL-17A and Endovascular Infection

Persistent bacteremia commonly results from uncontrolled tis-
sue infection reservoirs, and median IL-17A levels at presenta-
tion were higher in patients with diagnosed tissue metastasis 
(Figure 5A, P = .012). A longer duration of antibiotic treatment 
is recommended to clear underlying tissue foci of infection [22]. 
Baseline IL-17A was positively correlated with the duration 
of prescribed antibiotics (ρ = 0.35, P =  .0003) and elevated in 
patients requiring ≥ 4 weeks compared with ≤ 2 weeks of antibi-
otic therapy (Figure 5B). Baseline IL-17A levels were highest in 
patients diagnosed with infective endocarditis and other endo-
vascular infections over the course of treatment (Figure  5C), 
together confirming observations in the initial exploratory 
study (Supplementary Figure 5).

Because IL-17 is associated with complicated endovascu-
lar infections and these patients have higher mortality rates, 
we performed a post hoc analysis of the relationship between 
IL-17A and mortality cases that were clinically assessed as likely 
related to the S. aureus infection. Interestingly, there was a trend 
in higher IL-17A in mortality cases assessed as related to the 
infection vs. those that were not attributed to the infection 
(Figure  5E). This could be driven by the increased frequency 
of persistent bacteremia in infection-related fatalities, given the 
association between IL-17A and persistent bacteremia. Neither 
IL-8 nor the IL-8+CCL2 prognostic model could discriminate 
between infection-related mortality and non-infection-related 
mortality (Figures 5F and 3G).

Median IL-17A levels were not significantly elevated in the 
patient subset who developed recurrence of SAB over a 90-day 
follow-up window, with half of patients high for IL-17A and 
half near or at the assay detection limit (Figure 5E). Persistent 
bacteremia during the initial hospitalization was the only clini-
cal feature that tracked with IL-17A levels in recurrent bactere-
mia patients, with most patients presenting with IL-17A levels 
above the median being unable to clear blood cultures within 
5 days (Figure 5E, filled circles).

The observed relationship between IL-17A and endovascu-
lar infections prompted us to evaluate whether IL-17A may 
have clinical utility for identifying endovascular foci in patients 
with cardiac devices. This could aid clinical decision-making 
on whether a cardiac device should be surgically removed or 
spared. In the patients with cardiac devices, IL-17A was higher 
in patients with diagnosed endovascular infections, and highest 
in those with infective endocarditis (Figure 5G). Importantly, 
high IL-17A was measured within the first few days after the 
bacteremia diagnosis, which was prior to the diagnosis of infec-
tive endocarditis in the majority of patients (Figure 5H).

DISCUSSION

Clinicians currently lack precise tools to identify which patients 
with SAB will fail antibiotic therapy. In this study, we identified 
immune correlates of clinical failure in patients treated with 
appropriate antibiotics, which have potential clinical utility as 
well as identifying immune pathways that correlate with delayed 
clearance of bloodstream infection and mortality. This study 
identified 8 proteins that were significantly elevated in patients 
that were unable to subsequently clear their blood cultures 
within 5  days (P ≤ .001), with IL-17A, IL-10, and sE-selectin 
showing the strongest association. Increased circulating lev-
els of sE-selectin (CD62E), shed by endothelial cells, has been 
reported in SAB patients [23] and is associated with organ fail-
ure and mortality in sepsis patients [24–26]. IL-10, a cytokine 
with immunosuppressive properties, can facilitate bacterial per-
sistence in infected organs [27, 28]. IL-17A shapes neutrophilic 
antibacterial defense in infected tissues, through induction of 
G-CSF to promote granulopoeisis and neutrophil survival and 
neutrophil-recruiting chemokines such as IL-8 (reviewed in 
[29]). Patients genetically deficient for IL-17A are more suscep-
tible to cutaneous and respiratory S. aureus infections [30–32]. 
High early levels of IL-17A showed the strongest association 
with multiple indices of the failure of antibiotic treatment to 
clear infection: persistently positive blood cultures, metastatic 
foci of infection, and a nonsignificant elevated trend in fatalities 
attributed to the bacterial infection. Other circulating metrics 
of neutrophilic inflammation such as blood neutrophils, IL-8, 
and IL-6 do not serve as a proxy for IL-17A.

There would be high clinical value of a blood biomarker that 
could quickly identify patients with potential complicated foci 
of infection to direct diagnostic work-up and the duration of 
antibiotic therapy. Patients with unidentified tissue foci of 
infection have poor clinical outcomes similar to patients with 
infective endocarditis [15]. Of note, high IL-17A was measured 
days earlier than the diagnosis of infective endocarditis in the 
majority of patients with implanted cardiac devices. These pre-
liminary data support further evaluation in a larger cohort of 
patients with cardiac devices to see whether early IL-17A levels 
could guide diagnostic imaging of patients at greater risk for 
endovascular infections.

In this study, we evaluated whether biomarkers with value 
in sepsis cohorts are applicable to SAB, compared the relative 
prognostic value of biomarkers that have been identified indi-
vidually in other studies, and developed a prognostic model. We 
confirmed the prognostic value of IL-8 and IL-10 for mortality 
in SAB patients [17–19, 33]. A broader set of circulating proteins 
prognostic for mortality has been identified across multiple sep-
sis cohorts, including IL-6, IL-1RN, IL-10, IL-8, CHI3L1, and 
ANGPT2 (Supplementary Table  1), and we measured signifi-
cantly increased levels of these proteins in fatal S. aureus bacte-
remia. We also observed that high baseline levels of CCL26 and 
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IL-27 were prognostic for mortality, which has not previously 
been reported. IL-8 had the strongest individual prognostic 
value, suggesting that the value of early IL-8 levels in predicting 
mortality across many sepsis cohorts (Supplementary Table 1) 
is applicable to SAB. Our prognostic model weights a combina-
tion of only levels of IL-8, a neutrophil-recruiting chemokine, 
and CCL2, a myeloid cell-recruiting chemokine, as the best 
classifier of fatal outcomes in SAB, which was superior to age 
and other clinical data routinely available at admission.

The prognostic model of IL-8 and CCL2 identified in this 
study needs to be evaluated in a larger unselected cohort of 
patients with SAB to assess its utility for informing clinical 
decision making and potential to enrich for patients with poor 
outcomes in clinical trials. The lower precision of blood cell 
count data routinely reported by automated blood cell count-
ers (to the 100 of cells/μL) combined with some missing data 
for neutrophil counts, may have contributed to our observa-
tion that blood neutrophil composition was less informative 
about clinical severity than blood cytokines. Although there 
is literature support for the prognostic value of cytokines such 
as IL-8 for mortality across Gram-positive and Gram-negative 
bloodstream infections, a larger study will be required to eval-
uate whether the prognostic value of biomarkers identified in 
this study is generalizable to bacteremia caused by pathogens 
besides S. aureus. Some biomarkers with published prognostic 
value were deprioritized for validation due to weak associa-
tions with clinical outcome in the discovery cohort. For exam-
ple, low IL-1β is prognostic for persistent S. aureus bacteremia 
[17] and clinical serotypes differ in virulence factor expression 
that can suppress inflammasome-mediated IL-1β production 
[34]. Because IL-1β can promote IL-17A production [35], it 
will be interesting to evaluate both cytokines in future studies. 
Although this study was limited to host correlates of disease 
severity, several bacterial clonal or virulence factors have been 
described to differentially stimulate cytokine responses and 
are associated with patient outcomes [36, 37]. Future studies 
integrating clinical, inflammatory, and microbial variables 
in prognostic modeling of poor bacteremia outcomes are 
warranted.
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