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Antimicrobial resistance in gram-positive bacteria remains a challenge in infectious diseases. The mission of the Gram-Positive 
Committee of the Antibacterial Resistance Leadership Group (ARLG) is to advance knowledge in the prevention, management, and 
treatment of these challenging infections to improve patient outcomes. Our committee has prioritized projects involving methi-
cillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE) due to the scope of the medical threat 
posed by these pathogens. Approved ARLG projects involving gram-positive pathogens include (1) a pharmacokinetics/pharmaco-
dynamics study to evaluate the impact of vancomycin dosing on patient outcome in MRSA bloodstream infection (BSI); (2) defining, 
testing, and validating innovative assessments of patient outcomes for clinical trials of MRSA-BSI; (3) testing new strategies for “step-
down” antibiotic therapy for MRSA-BSI; (4) management of staphylococcal BSIs in neonatal intensive care units; and (5) defining 
the impact of VRE bacteremia and daptomycin susceptibility on patient outcomes. This article outlines accomplishments, priorities, 
and challenges for research of infections caused by gram-positive organisms.
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Infections caused by gram-positive bacteria such as methicil-
lin-resistant Staphylococcus aureus (MRSA), vancomycin-re-
sistant enterococci (VRE), and Clostridium difficile are among 
the most common multidrug-resistant infections in the United 
States [1]. Despite their frequency, few data exist to inform 
best management practices for these infections. For example, 
there has been only one high-quality randomized controlled 
trial comparing S. aureus bloodstream infection (SA-BSI) treat-
ment strategies [2], and there are only 2 US Food and Drug 
Administration (FDA)–approved antibiotics for the treatment 
of MRSA bacteremia and endocarditis [3]. Similarly, VRE infec-
tions are increasingly common, particularly in cancer and organ 
transplant patients; however, treatment options are limited. 

There is only one FDA-approved antibiotic for VRE infec-
tions, and the optimal management strategy is unknown [4]. 
In addition, C. difficile now accounts for almost half a million 
infections and tens of thousands of deaths annually, mostly in 
elderly and hospitalized individuals [5]. Since the Antibacterial 
Resistance Leadership Group’s (ARLG) inception, address-
ing unmet needs in gram-positive infections has been one of 
4 main areas of major emphasis [6]. This article summarizes 
accomplishments to date, research priorities and unmet needs, 
ongoing studies, and planned studies related to gram-positive 
infections conducted by the ARLG.

COMPLETED AND ACTIVE STUDIES

Study of Vancomycin Pharmacodynamics

Vancomycin has been used for more than half a century for the 
treatment of serious staphylococcal infections, but the optimal 
dosing strategy is unknown [7]. The relationship between van-
comycin exposure and outcomes has been evaluated in several 
retrospective cohort studies of adults with MRSA bacteremia 
[8–10]. While these evaluations suggest that the vancomycin 
area under the curve (AUC)/minimum inhibitory concentration 
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(MIC) ratio is the best pharmacokinetic/pharmacodynamic 
(PK/PD) predictor for outcome, these studies have relied on 
calculations derived from a simple formula for daily vancomy-
cin dose and predicted renal function to estimate AUC values. 
Projections of exposure variables in a given individual based 
on glomerular filtration estimation formulas alone have inher-
ent inaccuracies [11]. The ARLG Pharmacokinetic Special 
Emphasis Panel Chair, in collaboration with the ARLG Gram-
Positive Committee and the Statistical and Data Management 
Center (SDMC) [12] and Leadership and Operations Center 
(LOC) [13], has therefore designed and undertaken PROVIDE 
(Prospective Validation of the Vancomycin Exposure Profile 
Associated With Optimal Outcomes Among Patients With 
MRSA Bloodstream Infections) to determine whether vanco-
mycin AUC/MIC is related to patient outcome in MRSA bacte-
remia. A validated Bayesian method will be used to estimate the 
vancomycin exposure profile with limited vancomycin plasma 
concentration data to identify the pharmacodynamic index 
that is most closely linked to clinical outcomes early in therapy. 
Determination of the vancomycin exposure effect link has the 
potential to transform clinical practice by altering dosing stand-
ards. Enrollment of 310 subjects is complete, and results will be 
available in 2017.

Staphylococcus aureus Bloodstream Infection

Current treatment approaches for SA-BSI, particularly related 
to MRSA, are mainly based on expert opinion and small, obser-
vational or nonrandomized studies [3]. Existing guidelines 
call for prolonged courses of intravenous antibiotics and little 
evidence exists to support alternative treatment strategies or 
shorter duration of therapy [14–18]. This lack of data stems in 

part from the difficulty in designing and executing high-quality 
trials for SA-BSI and is constrained by often impractically large 
sample sizes required to answer therapeutic questions [19, 20]. 
Historically, noninferiority designs have been used to support 
new treatment approaches, but this trial design cannot fully 
answer the question of which treatment strategy is better in a 
global sense.

In a recent ARLG study, the ARLG SDMC and colleagues 
described an approach to outcome determination that aims to 
better achieve systematic benefit-risk assessment of the com-
plete patient experience rather than one specific endpoint [21]. 
Termed desirability of outcome ranking (DOOR), this approach 
uses expert opinions to help prioritize and weigh specific out-
comes and can be tailored for the disease and the treatment, 
taking into account factors such as mortality, cure, side effects, 
complications, and quality of life (QOL). DOOR-associated 
outcomes are ordinal, rather than dichotomous, which allows 
smaller samples for clinical trials.

Another project, STAMP (Staphylococcus aureus Management 
Approaches), in collaboration with the ARLG SDMC and LOC, 
aims to develop, design, and execute trials of treatment strat-
egies, particularly for SA-BSI. The goals of STAMP are to (1) 
develop a DOOR endpoint for treatment trials for SA-BSI; (2) 
validate the DOOR endpoint using prior trial data; (3) generate 
a QOL scale to be incorporated into a future DOOR endpoint; 
and (4) design and execute a trial of step-down therapy for 
SA-BSI. To develop a DOOR endpoint for use in future trials, 
SA-BSI case vignettes were presented to a group of 43 infectious 
diseases physicians from the ARLG committees, who ranked 
the cases for global outcome. Results from this ranking exercise 
were used to generate a DOOR endpoint (Figure 1) [22]. This 

Figure 1. Process to generate and implement a desirability of outcome ranking (DOOR) endpoint for Staphylococcus aureus bloodstream infection (SA-BSI) studies.
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DOOR endpoint will be validated with data from completed 
trials in SA-BSI. Additionally, the STAMP group is prospec-
tively developing and validating a QOL tool that can be used 
in future trials of SA-BSI treatment approaches to better eval-
uate patient-centered outcomes. The goal for all of the studies 
described above is to develop novel approaches to assess com-
plex outcomes, which will be ultimately used in a future strategy 
trial for SA-BSI.

To determine whether it is safe and effective to shorten 
the duration of daily intravenous therapy for SA-BSI, the 
ARLG Gram-Positive Committee and SDMC are designing 
a randomized clinical trial comparing traditional treatment 
approaches vs initial traditional therapy followed by step-down 
therapy for patients with SA-BSI. Potential step-down compar-
ator approaches include newer long-acting intravenous MRSA 
agents as well as oral agents active against S.  aureus. Possible 
advantages of early step-down therapy include decreasing dura-
tion of peripherally inserted central catheter line placement 
with attendant complications, reducing need for prolonged 
hospitalization or home health services, improving patient con-
venience and QOL, and reducing antibiotic-associated adverse 
events [23]. This proposed study will contribute significantly 
to the limited literature on SA-BSI management and will set a 
precedent for use of DOOR to gain a more nuanced view of the 
global benefits and risks of novel treatment approaches.

Staphylococcal Bacteremia in Neonates

Gram-positive BSIs cause significant morbidity and mortality 
among infants in neonatal intensive care units (NICUs) [24–26]. 
Little is known about the impact of early adequate empiric anti-
biotic therapy in this patient population. To address this unmet 
need, the ARLG collaborated with the Pediatric Trials Network to 
utilize information from a large cohort of infants with S. aureus 
[27] or coagulase-negative staphylococcal [28] BSI discharged 
from 348 NICUs from 1997 to 2012. Thaden et al identified 3339 

infants with SA-BSI, one-quarter of which were MRSA BSI [27]; 
78% received early adequate empiric antibiotic therapy. In mul-
tivariable analysis, 30-day mortality was higher for infants with 
MRSA BSI who received inadequate empiric antibiotic therapy 
(odds ratio [OR], 2.03 [95% confidence interval {CI}, 1.08–
3.82]). Among infants with methicillin-susceptible S. aureus BSI, 
there was no association between inadequate antibiotic therapy 
and 30-day mortality (OR, 0.52 [95% CI, .26–1.06]). In the other 
analysis, Ericson et al identified 4364 infants with coagulase-neg-
ative Staphylococcus BSI, 65% of which were treated with empiric 
vancomycin [28]. In multivariable analysis, empiric vancomy-
cin therapy was not associated with 30-day mortality (OR, 1.14 
[95% CI, .84–1.56]). However, the median (interquartile range) 
duration of bacteremia was a day longer for infants with delayed 
vancomycin therapy (4  days [2–6  days] vs 3  days [2–5  days]; 
P < .0001). Together, these studies help to elucidate the role for 
empiric vancomycin in the neonatal population.

Defining Optimal Treatment for VRE BSIs

Invasive VRE infection is a potentially life-threatening compli-
cation in severely ill and immunocompromised patients, par-
ticularly those with hematological malignancies [29]. Therapy 
for these infections is challenging due to the paucity of reliable 
therapeutic options and because optimal treatment strategies 
are not defined [30–33]. One area of uncertainty is the use of 
daptomycin to treat patients with VRE BSI who have dapto-
mycin MICs close to the established susceptibility breakpoint 
(4  μg/mL), as these organisms frequently harbor mutations 
associated with daptomycin resistance and tolerance and are 
most likely to fail daptomycin therapy [34, 35].

To evaluate clinical outcomes of cancer patients with vanco-
mycin-resistant Enterococcus faecium (VREF) BSI treated with 
daptomycin, ARLG investigators are assembling a multicenter 
prospective cohort of patients with hematologic malignan-
cies and/or stem-cell transplants who have VREF BSI and are 

Table 1. Antibacterial Resistance Leadership Group Studies Addressing Unmet Needs in Gram-Positive Bacterial Infections

Study Description Status

PROVIDE 
(Prospective Validation of the Vancomycin Exposure 
Profile Associated With Optimal Outcomes Among 
Patients With MRSA Bloodstream Infections)

Prospective observational study to assess the impact of vancomy-
cin exposure profile on outcomes of patients with MRSA BSI

Completed

STAMP 
(Staphylococcus aureus Management  
Approaches), others

Clinician ranking exercise to develop a DOOR endpoint for use in 
SA-BSI treatment trials

Completed

Analysis of previous SA-BSI trials using DOOR endpoint Ongoing

Development and validation of a quality-of-life tool for SA-BSI trials Ongoing

Randomized trial comparing step-down therapy strategy to stan-
dard of care for SA-BSI

Planning

Neonatal ICU cohort Analysis of impact of adequate empiric antibiotic therapy on out-
comes in neonatal staphylococcal BSI

Completed

VRE BSI (seed grant) Multicenter prospective cohort of hematological malignancy and/ 
or stem-cell transplant patients with VRE BSI treated with 
daptomycin

Planning

Abbreviations: BSI, bloodstream infection; DOOR, desirability of outcome ranking; ICU, intensive care unit; MRSA, methicillin-resistant Staphylococcus aureus; SA, Staphylococcus aureus; 
VRE, vancomycin-resistant enterococci.
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treated with daptomycin from 2 large academic cancer centers 
in the United States. The main objective of this study is to eval-
uate the impact of daptomycin MIC of the baseline infecting 
pathogen on clinical outcomes. This initial effort, funded via 
an ARLG early stage investigator seed grant (designed to allow 
researchers to generate preliminary data leading to additional 
external funding), and supported by the ARLG Mentoring 
Committee, will serve as a platform for future interventional 
trials to test novel therapeutic strategies that provide valuable 
clinical data to define the best approach to treat deep-seated 
VRE infections. The study is expected to begin in late 2016 or 
early 2017.

Unmet Needs and Opportunities

Gram-positive organisms comprise 7 of the 18 urgent, seri-
ous, or concerning drug-resistance threats outlined by the 

US Centers for Disease Control and Prevention in 2013 [36]. 
Together, these organisms—including C.  difficile, MRSA, and 
VRE—are estimated to cause more than 1.3 million infections 
and 34 000 deaths in the United States every year at a cost of bil-
lions of dollars annually. There remain many unanswered ques-
tions regarding each of these critical gram-positive threats, and 
the ARLG Gram-Positive Committee has identified multiple 
areas of research that are of particular urgency and are priori-
ties for future investigations (Table 1). Despite consensus about 
priorities, significant barriers to trial feasibility have hampered 
progress to date. Thus, investigations of these and related ques-
tions will leverage the ARLG’s existing structure of clinical trial 
expertise, innovative approaches to trial design, and engage-
ment with both public and private sectors to advance knowl-
edge of how best to identify, prevent, and treat these threats. 
To date, our studies in the gram-positive realm have focused 

Table 2. Priorities and Opportunities for Gram-Positive Infections

Unmet Need Category

Topic: Staphylococci

 Prospective evaluation of strategies to diagnose MRSA colonization as a way to risk-stratify need for MRSA  
antibiotic therapy for common infectious syndromes

Diagnosis

 Comparative efficacy, safety, and tolerability of oral antibiotics for invasive Staphylococcus aureus infections Treatment

 Defining the role of combination therapy with β-lactams for MRSA and methicillin-resistant CoNS BSIs Treatment

 Defining optimal management of persistent MRSA BSI Treatment

 Defining comparative efficacy and safety of intravenous agents other than vancomycin for MRSA and  
methicillin-resistant CoNS BSIs

Treatment

 Defining the efficacy and safety of adjunctive therapies such as immunotherapeutics Treatment

 Adequacy of oral vs parenteral therapy for osteomyelitis Treatment

 Safety and efficacy of step-down therapy for osteomyelitis Treatment

 Comparative efficacy and safety of regimens with and without adjunctive rifampin for vertebral osteomyelitis Treatment

Topic: Enterococci

 Approaches to prevention of VRE colonization and infection Prevention

 Defining subgroups of patients who are at high risk of failing a particular therapy Diagnosis

 Comparative efficacy and safety of linezolid vs daptomycin for VRE BSI Treatment

 Role of combination therapy with β-lactams for enterococcal BSI and osteomyelitis Treatment

 Role of combination therapy with β-lactams against VRE Treatment

 Defining the optimal length of therapy for VRE BSI Treatment

 Optimal therapy for VRE endocarditis Treatment

 Optimal therapy for VRE with high daptomycin MIC Treatment

Topic: Clostridium difficile infection

 Impact of testing approaches on rates of infection and individual outcomes Diagnosis

 Development and impact of ultra-sensitive toxin-detection tests Diagnosis

 Better elucidation of complex relationships in the inpatient and outpatient setting contributing to CDI Prevention

 Microbiome-related strategies for secondary prevention of CDI Prevention

 Vaccine development Prevention

 Microbiome-related strategies for secondary prevention of CDI Prevention

 Microbiome-related strategies for treatment of mild, moderate, and severe CDI Treatment

 Colon-sparing surgical approaches for management of severe/complicated CDI Treatment

Topic: New gram-positive antibiotics

 Dosing, efficacy, safety, and impact on resistance of oritavancin and dalbavancin for follow-on therapy for resistant infections Treatment

 Safety and efficacy of tedizolid for longer-term use Treatment

Topic: Group A Streptococcus

 Efficacy of intravenous immunoglobulin for treatment of severe, invasive infections Treatment

Abbreviations: BSI, bloodstream infection; CDI, Clostridium difficile infection; CoNS, coagulase-negative staphylococci; MIC, minimum inhibitory concentration; MRSA, methicillin-resistant 
Staphylococcus aureus; VRE, vancomycin-resistant enterococci.



S28 • CID 2017:64 (Suppl 1) • Doernberg et al

on staphylococcal and enterococcal infections, but C.  difficile 
remains a major gram-positive priority for the ARLG to investi-
gate in upcoming studies.

For example, 2 previous industry-funded phase 3 stud-
ies of VRE BSI were aborted due to poor enrollment [37, 38]. 
Optimal treatment strategies for this infection remain uncer-
tain, and an interventional trial comparing treatments for VRE 
BSI would help shed light on best treatment. Such a trial would 
build upon knowledge gained from the study described above. 
Potential innovative strategies that could be applied to this 
hypothetical trial include adaptive design to identify the best 
therapy for VRE infection (eg, daptomycin, linezolid, combi-
nation therapy), the best dosage of daptomycin for groups with 
various MICs, and use of ordinal ranking methods to enable 
use of superiority design with the potential for smaller sample 
size than traditional trials. With multiple public–private part-
nerships, it would be possible to pair studies of VRE BSI using 
master protocols to address multiple questions simultaneously. 
In addition, the ARLG has developed a rich network of hos-
pitals and medical centers that can be leveraged to maximize 
enrollment. Similar approaches could be used to address many 
of the questions outlined in Table 2.

In conclusion, since its establishment, the ARLG Gram-
Positive Committee has addressed certain key questions related 
to MRSA and VRE infections, and we will continue to evaluate 
and execute studies related to gram-positive priorities with the 
goals of improving individual and population outcomes.
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