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The Antibacterial Resistance Leadership Group (ARLG) has prioritized infections caused by gram-positive bacteria as one of its core 
areas of emphasis. The ARLG Gram-positive Committee has focused on studies responding to 3 main identified research priorities: 
(1) investigation of strategies or therapies for infections predominantly caused by gram-positive bacteria, (2) evaluation of the 
efficacy of novel agents for infections caused by methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant 
enterococci, and (3) optimization of dosing and duration of antimicrobial agents for gram-positive infections. Herein, we 
summarize ARLG accomplishments in gram-positive bacterial infection research, including studies aiming to (1) inform 
optimal vancomycin dosing, (2) determine the role of dalbavancin in MRSA bloodstream infection, (3) characterize 
enterococcal bloodstream infections, (4) demonstrate the benefits of short-course therapy for pediatric community-acquired 
pneumonia, (5) develop quality of life measures for use in clinical trials, and (6) advance understanding of the microbiome. 
Future studies will incorporate innovative methodologies with a focus on interventional clinical trials that have the potential to 
change clinical practice for difficult-to-treat infections, such as MRSA bloodstream infections.
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Antibacterial-resistant gram-positive infections threaten global 
public health [1], creating an unmet need for new diagnostic 

and treatment strategies. In response, the Antibacterial 
Resistance Leadership Group (ARLG) has prioritized infections 
caused by gram-positive bacteria as one of its 3 core areas of 
emphasis with 3 main research priorities identified (Figure 1).

The current portfolio of studies includes those investigating 
methicillin-resistant Staphylococcus aureus (MRSA), vancomy
cin-resistant enterococci (VRE), antibiotic treatment strategies, 
and the microbiome. Here, we summarize ARLG accomplish
ments in gram-positive bacterial infection research since the 
last update in 2017 [2] (Table 1) and future directions for these 
challenging infections.
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COMPLETED AND ACTIVE STUDIES

Studies Investigating Strategies or Therapies for the Treatment of 
Infections Predominantly Caused by Gram-positive Bacteria

Improved Molecular Diagnostic Approaches to Detect 
Clostridioides difficile (DIFFR)
Considered by the Centers for Disease Control and Prevention 
as one of the most urgent infectious threats [11], Clostridioides 

difficile infection is a leading cause of hospital-acquired infection 
[12] that causes significant morbidity and mortality. Antibiotic 
exposure [13], the chief risk factor for C. difficile, perturbs the 
gut microbiome and selects for other antibiotic-resistant organ
isms, which, in turn, can potentiate C. difficile infection [14]. 
Current laboratory diagnostic tests for C. difficile lack sufficient 
sensitivity and specificity to distinguish between active infection 

Figure 1. Antibacterial Resistance Leadership Group gram-positive research priorities.

Table 1. Completed and Active Gram-positive Studies Since the Last Antibacterial Resistance Leadership Group Update in Clinical Infectious Diseasesa

Study Main Summary Status

Studies investigating strategies or therapies for the treatment of infections predominantly caused by gram-positive bacteria

Clostridioides difficile RNA (DIFFR) Development of a novel multiplex real-time RT-PCR assay designed to 
more accurately identify true Clostridioides difficile infection 
without overdiagnosing colonization

Data analysis

Strain Temporal Engraftment and Persistence After Fecal  
Microbiota Transplantation (STEP-FMT)

Identification of specific taxa that may confer long-term MDRO 
colonization resistance among FMT-treated individuals in a clinical 
trial of renal transplant recipients undergoing FMT

Data analysis

Quality of Life Measurement in Gram-positive Bacterial Infections Development of HR-QoL measures for use in clinical trials of common 
antibacterial entry indications

Multiple 
manuscripts in 
preparation

Studies comparing the effectiveness of novel agents for infections caused by MRSA or VRE

Dalbavancin as an Option for Treatment of Staphylococcus aureus  
Bacteremia (DOTS)

Multicenter, open-label, randomized controlled trial comparing 
dalbavancin to standard of care for adults with complicated SAB or 
right-sided endocarditis who have cleared bacteremia

Enrollment 
completed

Vancomycin-Resistant Enterococci Outcomes Study (VENOUS) Multicenter study to characterize the clinical characteristics of 
enterococcal BSI

Published [3, 4]

Studies optimizing administration of antimicrobial agents for the treatment of gram-positive infections with respect to dose, dosing interval, and duration

Prospective Observational Evaluation of the Association  
Between Initial Vancomycin Exposure and Failure Rates  
Among Adult Hospitalized Patients With Methicillin-Resistant  
Staphylococcus aureus Bloodstream Infections (PROVIDE)

Prospective evaluation of the impact of vancomycin AUC/MIC 
exposures on treatment failure rates among hospitalized adults 
with MRSA BSIs

Published [5–7]

Short-Course Outpatient Antibiotic Therapy for  
Community-Acquired Pneumonia (SCOUT-CAP)

Multicenter, double-blinded, placebo-controlled, randomized trial 
comparing a short-course (5 d) vs standard-course (10 d) treatment 
strategy for CAP in children along with microbiome analysis

Published [8–10]

Abbreviations: AUC, area under the concentration-time curve; BSI, bloodstream infection; CAP, community-acquired pneumonia; FMT, fecal microbiota transplantation; HR-QoL, 
health-related quality of life; MDRO, multidrug-resistant organism; MIC, minimum inhibitory concentration; MRSA, methicillin-resistant Staphylococcus aureus; RT-PCR, 
reverse-transcription polymerase chain reaction; SAB, Staphylococcus aureus bacteremia; VRE, vancomycin-resistant enterococci.  
aSee Doernberg et al [2].
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versus colonization with metabolically inactive spores, leading to 
both risk of underdiagnosis of true infection and inappropriate 
treatment of colonized individuals [15]. Through an ARLG 
Early-Stage Investigator Seed Grant overseen by the Mentoring 
Committee, Dr Sixto Leal (mentored by Dr Martin Rodriguez) 
developed and optimized a novel multiplex real-time reverse- 
transcription polymerase chain reaction assay incorporating 
4 distinct C. difficile–specific targets designed to overcome these 
challenges. In vitro, the assay detects toxin gene expression with 
a very low analytic limit of detection and without cross-reactivity 
to other bacterial pathogens, related Clostridium species, or com
mensal gastrointestinal flora. The assay can discriminate meta
bolically active C. difficile from dead spores or metabolically 
active nontoxigenic C. difficile strains, allowing for precise dis
crimination of active infection from colonization with either 
toxigenic or nontoxigenic strains. Using a collection of >250 
stool samples from patients undergoing C. difficile diagnostic 
testing, the study team compared the novel assay with glutamate 
dehydrogenase and toxin enzyme immunoassays (EIAs), 
DNA-based nucleic acid amplification tests (NAATs), and gold- 
standard toxigenic culture. Preliminary results showed accurate 
distinction between active C. difficile infection and colonization 
among patients testing EIA negative/NAAT positive. By more 
accurately identifying true-positive infections, this test will facil
itate appropriate treatment for patients with C. difficile infection 
while avoiding overtreatment. Future work will entail prospec
tive evaluation of assay performance and evaluation of clinical 
outcomes associated with its use.

Strain Temporal Engraftment and Persistence After Fecal Microbiota 
Transplantation (STEP-FMT)
Perturbation of the microbiome results in additional risks 
beyond C. difficile infection. Intestinal colonization with 
multidrug-resistant organisms (MDROs) frequently precedes 
invasive clinical infection [16]. Microbiome therapies, such as 
fecal microbiota transplantation (FMT), lead to reduction in 
antibiotic resistance genes, MDRO colonization, and subse
quent infections [17–19]. Persistence of select donor-derived 
anaerobic bacterial strains, described as engraftment, mediates 
sustained improvements in the host dysbiotic states associated 
with MDRO colonization, although the exact mechanisms 
require further elucidation [20]. STEP-FMT, funded by an 
ARLG Early Stage Investigator (ESI) Seed Grant to Dr 
Ahmed Babiker (mentored by Dr Michael Woodworth), aimed 
to identify the specific taxa that may confer long-term MDRO 
colonization resistance among FMT-treated individuals. Using 
samples from participants enrolled in a recently completed 
randomized controlled clinical trial of FMT for MDRO decolo
nization in renal transplant recipients (NCT02922816), the 
study team identified candidate anaerobic taxa with MDRO 
decolonization by employing metagenomic analytical methods. 
These methods allow for precise strain-level engraftment 

measurement [20, 21], supplemented with concomitant anaer
obic culturing and whole genome sequencing, for combined 
strain-resolved metagenomic analyses. Biobanking of key tar
get anaerobic taxa identified in this study will enable future 
development of well-defined, donor-independent bacterial 
consortia as a scalable advanced therapeutic and associated di
agnostics for the measurement of engraftment [22].

Quality of Life Measurement in Gram-positive Bacterial Infections
While other medical fields have developed well-validated health- 
related quality of life (HR-QoL) measures [23] for chronic diseas
es, such as breast cancer [24] and heart failure [25], specific 
HR-QoL measures have not been developed for acute bacterial 
infections that are common entry indications sought by drug 
companies for regulatory approval of new antimicrobials, includ
ing complicated urinary tract infection, acute bacterial skin and 
skin structure infection, complicated intra-abdominal infection, 
and hospital-acquired/ventilator-associated bacterial pneumonia. 
The ARLG Innovations Group, in collaboration with representa
tives from the National Institutes of Health (NIH) and the United 
States (US) Food and Drug Administration, has developed 
HR-QoL measures for use in clinical trials. Initial studies focused 
on patients with S. aureus bacteremia (SAB) and gram-negative 
bacteremia. First, the group performed in-depth interviews (con
cept elicitation) to determine patient experiences and examine for 
a priori and emergent themes, demonstrating impact on multiple 
domains of HR-QoL, particularly physical and functional ones, 
even when patients experienced “clinical success” [26]. The 
next step was to utilize cognitive interviews to refine these mea
sures to reach an end product of an HR-QoL survey ready for 
use in clinical trials [27]. The final survey, based on items from 
the Patient-Reported Outcomes Measurement Information 
System (PROMIS) [28], is being used in the Dalbavancin as an 
Option for Treatment of Staphylococcus aureus Bacteremia 
(DOTS) trial highlighted in the next section. To inform 
syndrome-specific measure development, the Quality of Life 
Taskforce of the Innovations Committee has undertaken several 
additional projects to adapt the previously developed blood
stream infection (BSI) survey for deployment in clinical trials 
of antibacterial drugs for common indications [29].

Studies Comparing the Effectiveness of Novel Agents for Infections 
Caused by MRSA or VRE

Dalbavancin as an Option for Treatment of S. aureus Bacteremia: A 
Phase 2b, Multicenter, Randomized, Open-Label, Assessor-Blinded 
Superiority Study to Compare the Efficacy and Safety of Dalbavancin 
to Standard of Care Antibiotic Therapy for the Completion of 
Treatment of Patients With Complicated S. aureus Bacteremia 
(DOTS)
Current standard of care therapy for high-risk SAB, a leading 
cause of bacteremia and infective endocarditis with stubbornly 
high mortality rates, currently requires 4–6 weeks of intra
venous antibiotic therapy [30–32]. Nearly 10% of patients 
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receiving long-term parenteral therapy experience vascular ac
cess–related complications, further complicated by the coexist
ing opioid use epidemic, as persons who inject drugs (PWID) 
experience both an increased risk for SAB and adverse treat
ment outcomes with long-term parenteral therapy [33, 34].

Pharmacokinetic modeling of dalbavancin, a lipoglycopep
tide with potent anti-staphylococcal activity and a long half- 
life, predicts that a 2-dose regimen can provide effective drug 
levels for up to 6 weeks, making this an appealing treatment op
tion for SAB while avoiding the risks of prolonged parenteral 
access [35]. Dalbavancin also has lower rates of renal injury 
than vancomycin [36, 37]. While there are not yet any random
ized controlled trials of dalbavancin for the treatment of com
plicated SAB or endocarditis, the results of phase 2/3 trials for 
other indications suggest that a 2-dose regimen of dalbavancin 
may be effective [38–42]. As off-label dalbavancin use for SAB 
expands, observational data also suggest high rates of clinical 
success but remain seriously hindered by heterogeneous dos
ing, nonstandardized outcomes, and residual confounding 
[43, 44]. Simultaneously, case reports highlight dalbavancin 
failures, including treatment-emergent resistance [45]. 
Consequently, there is a clear clinical need for randomized clin
ical trial data to inform the optimal role for dalbavancin in SAB.

DOTS is a multicenter, open-label, randomized controlled 
trial comparing dalbavancin to standard of care for adults 
with complicated SAB or right-sided endocarditis who have 
cleared bacteremia following at least 72 hours (but no more 
than 10 days) of effective antibiotic therapy (Figure 2), which 
has completed enrollment with data analysis underway [46]. 
Participants were randomized to receive either 2 doses of dal
bavancin on days 1 and 8 or a total of 4–8 weeks of standard 
intravenous monotherapy (nafcillin, oxacillin, or cefazolin for 
methicillin-susceptible S. aureus; vancomycin or daptomycin 

for MRSA). While PWID are generally underrepresented in 
clinical trials, they have been specifically included as a popula
tion of interest in DOTS [47].

The primary analysis compares the desirability of outcome 
ranking (DOOR) endpoint between the 2 arms at 70 days after 
randomization [46]. The DOOR ordinal endpoint is a key inno
vation adapted from prior ARLG research through the Statistical 
and Data Management Center and the Innovations Committee. 
DOOR uniquely incorporates not only the main clinical out
come, but also a comprehensive benefit:risk assessment integrat
ing the occurrence of complications and adverse events. 
Consequently, DOOR outcomes more accurately reflect mean
ingful outcomes for clinicians and patients alike [48]. Key ex
ploratory analyses will inform critical aspects of dalbavancin’s 
clinical use. First, DOTS includes a pharmacokinetic substudy 
with input from the ARLG Pharmacokinetics Working Group 
to verify target achievement for the full duration of intended 
therapy and assess predictors of variability in dalbavancin serum 
levels over time. Second, a range of subgroup analyses will assess 
dalbavancin’s efficacy within populations of special interest, in
cluding PWID, immunocompromised hosts, and those with 
osteomyelitis.

If dalbavancin proves safe and effective, patients with SAB 
would have the option of completing treatment without risks 
of prolonged central venous access and physicians could feel 
comfortable offering such therapy to high-risk populations, 
such as PWID and unhoused persons. The built-in pharmaco
kinetics substudy and robust exploratory analyses ensure that 
much can be learned about the optimal use (and potential 
pitfalls) of dalbavancin in the event of partial success. Even if 
dalbavancin proves inferior to current standard of care, the 
knowledge gained could still save lives as dalbavancin is already 
increasingly used off-label for SAB. The high likelihood of 

Figure 2. Dalbavancin as an Option for Treatment of Staphylococcus aureus Bacteremia (DOTS) study schematic. Figure used under a Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/) from Turner et al [46].
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reshaping the clinical management of SAB regardless of result 
marks DOTS as a pivotal trial.

Prospective Evaluation of Clinical Outcomes of Cancer Patients With 
Vancomycin-Resistant Enterococcus faecium Bacteremia 
(VENOUS)
Vancomycin-resistant enterococci present major therapeutic 
challenges, particularly for critically ill or immunocompro
mised patients [49–52]. Optimal treatment is not well-defined 
as prior clinical outcome data are from studies with significant 
limitations, including retrospective design, single-center in
volvement, and/or lacking defined epidemiology of infecting 
organisms [52–54]. In 2015, an ESI Seed Grant from 
ARLG supported a young investigator at the time (Dr Jose 
M. Munita, mentored by Dr Cesar A. Arias) to launch the mul
ticenter Vancomycin-Resistant Enterococci Outcomes Study 
(VENOUS) to describe the clinical characteristics of enterococ
cal BSI. VENOUS I started with 3 US medical systems and sub
sequently expanded to additional sites in the US (n = 8), South 
America (n = 4), Europe (n = 2), and South Korea (n = 1) 
(VENOUS II). VENOUS II is now supported by an indepen
dent grant from the NIH (R01 AI148342) with expected enroll
ment of up to 1000 patients by 2025.

VENOUS I [3] focused on understanding the risk factors for 
all-cause in-hospital mortality of enterococcal BSIs (VRE and 
vancomycin-susceptible enterococci [VSE]) and included geno
mic characterization of all isolates. Patients with VRE were more 
critically ill and immunosuppressed compared with patients 
with VSE bacteremia. Patients infected with VRE experienced 
higher in-hospital mortality compared with those with VSE 
(35.7% vs 12.5%). VENOUS I also showed that microbiological 
failure (duration of bacteremia ≥4 days) was the strongest pre
dictor of in-hospital mortality in patients with Enterococcus fae
cium bacteremia. Many strains, particularly E. faecium, were 
found to harbor resistance determinants to multiple classes of 
antibiotics on resistome analyses, including identification of 
aminoglycoside-modifying enzymes or mutations associated 
with linezolid and daptomycin resistance.

VENOUS has created a central repository to explore emerging 
patterns of enterococcal susceptibility, including an observational 
study of non-faecium, non-faecalis BSI [55], vanB-containing 
Enterococcus faecalis [4], and β-lactam susceptibility in E. faecalis 
[56]. Many questions remain to be answered from this cohort, in
cluding the impact of treatment approaches on clinical outcomes.

Studies Optimizing Administration of Antimicrobial Agents for the 
Treatment of Gram-positive Infections With Respect to Dose, Dosing 
Interval, and Duration

Prospective Observational Study to Validate the Pharmacodynamic 
Index for Vancomycin Among Patients With MRSA Bloodstream 
Infections (PROVIDE)
The Prospective Observational Evaluation of the Association 
Between Initial Vancomycin Exposure and Failure Rates 

Among Adult Hospitalized Patients With Methicillin-Resistant 
Staphylococcus aureus Bloodstream Infections (PROVIDE) study 
was undertaken with leadership from the Pharmacokinetics 
Working Group to prospectively evaluate the impact of vanco
mycin exposure [57] on treatment failure rates among adult, 
hospitalized patients with MRSA BSIs [5]. Using validated, 
state-of-the-art Bayesian techniques to precisely estimate the van
comycin concentration-time profile in each patient [58], the 
study found that higher area under the concentration-time 
curve/minimum inhibitory concentration (AUC/MIC) expo
sures on day 2 were not associated with clinical benefit but 
were associated with vancomycin-associated acute kidney injury 
(VA-AKI), especially among patients who received ≥5 days of 
therapy [5]. The results also indicated that vancomycin dosing 
should be guided by the AUC alone versus the AUC/MIC ratio 
[5, 59]. Most importantly, the findings from the DOOR analyses 
suggested that day 2 vancomycin AUCs should be maintained be
tween 400 and 515 to maximize efficacy and minimize the likeli
hood of VA-AKI (Figure 3). The results from PROVIDE directly 
informed the revised vancomycin guidelines to maintain AUCs 
between 400 and 600 with a goal of minimizing VA-AKI while 
maintaining similar effectiveness for patients with suspected or 
definitive serious invasive MRSA infections and raised the ques
tion of whether daily AUC <400 can be maintained in practice 
without compromising clinical outcomes [6, 60].

A Phase 4, Double-Blind, Placebo-Controlled, Randomized Trial to 
Evaluate Short-Course Versus Standard-Course Outpatient Therapy 
of Community-Acquired Pneumonia (SCOUT-CAP)
Guidelines from the Pediatric Infectious Diseases Society and the 
Infectious Diseases Society of America recommend 10 days of 
antibiotic therapy for outpatient pediatric community-acquired 
pneumonia (CAP) but acknowledge that shorter courses of ther
apy may be equally effective [61]. Short Course Outpatient 
Antibiotic Therapy for Community-Acquired Pneumonia 
(SCOUT-CAP) was a double-blinded, placebo-controlled, ran
domized trial that compared a short-course (5 days) versus 
standard-course (10 days) treatment strategy for CAP in 
children [8].

Similar to DOTS, the study used a DOOR endpoint, this time 
augmented with a tiebreaker based on the duration of antibiotic 
therapy actually received, also known as response adjusted for 
duration of antibiotic risk (RADAR) [62]. The study hypothe
sized that the short-course strategy would be superior to a 
standard-course strategy, resulting in similar clinical outcomes 
with fewer antibiotic-associated adverse effects (using the 
DOOR component) and fewer days of antibiotic exposure 
(adding the RADAR component). The probability of a more 
desirable DOOR for the short-course strategy was 0.48 (95% 
confidence interval [CI], .42–.53), indicating no difference 
compared with the standard-course strategy. With the addition 
of RADAR, the short-course strategy was superior, with an 
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estimated probability for the short-course strategy of 0.69 (95% 
CI, .63–.75).

Treatment strategies involving shorter courses of antibiotics 
have been described as a proactive antibiotic resistance man
agement strategy that would decrease antibiotic selection pres
sure, a hypothesis that is intuitive but not yet evidence-based 
[63]. In SCOUT-CAP [8], shotgun metagenomic sequencing 
on serial throat swabs was performed to evaluate the impact 
of antibiotic treatment on the microbiome and respiratory re
sistome (ie, the collection of antibiotic resistance genes within 
the microbiota). The abundance of β-lactam and multidrug ef
flux pump resistance determinants was significantly lower in 
children receiving the short versus standard treatment strategy 
at the end of the study (Wilcoxon rank-sum test, P < .05 for 
each) [9]. The study team additionally used 16S ribosomal 
RNA sequencing of longitudinally collected stool samples to 
identify associations between patient characteristics, microbio
ta characteristics, and antibiotic-associated diarrhea (AAD) 
[10]. Overall, 29% of the children developed AAD, and they ex
perienced prolonged dysbiosis compared with children who 
did not develop AAD (P < .05). Children with a higher baseline 
relative abundance of 2 potentially protective Bacteroides spe
cies were less likely to experience AAD. In contrast, a higher 
baseline abundance of Lachnospiraceae was associated with 
AAD. These data advance microbiome research and help in
form the design of effective antibiotic treatment strategies 

that minimize the selection of antibiotic resistance in bacteria. 
These data also suggest that future studies of antimicrobial ef
ficacy should consider the impact of antibiotics on the micro
biota and resistome as part of the trial design.

UNMET NEEDS AND OPPORTUNITIES

Building upon the foundation developed by the ARLG, upcom
ing work will focus on interventional trials with the potential to 
change clinical practice. The ARLG Gram-positive Committee 
will continue to perform deep pathogen and microbiome pro
filing in the context of these practice-changing trials to simul
taneously advance mechanistic understanding of antimicrobial 
resistance. The PROVIDE study has informed optimal vanco
mycin dosing. VENOUS has established a robust collection of 
well-characterized clinical VRE isolates. SCOUT-CAP demon
strated benefits of short-course therapy for pediatric CAP, and 
DOTS will help determine the optimal role of dalbavancin for 
SAB. The next generation of studies will leverage our experienced 
network of sites and investigators to further explore both diag
nostic and therapeutic questions. Optimal management of 
MRSA infections remains an enigma, and many questions 
remain in how to monitor, look for complications, manage per
sistent infections, and step down treatment. Trials under develop
ment include evaluation of S. aureus DNA-based biomarkers, 
which may provide a means to personalize the duration of 

Figure 3. Desirability of outcome ranking analysis by vancomycin area under the curve quintiles. Bottom quintile, 94.3–389.8; second quintile, >389.8–515.7; third quintile, 
>515.7–620.8; fourth quintile, >620.8–757.4; top quintile, >757.4–1755.0. Abbreviations: AKI, acute kidney injury; AUC, area under the curve; DOOR, desirability of outcome 
ranking analysis; Q, quintile; TF, treatment failure; TS, treatment success. Figure used with permission from Lodise et al [5].
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antibiotic therapy, ensuring that patients receive a necessary but 
not excessive treatment course (Figure 4). A MRSA strategy trial 
evaluating management approaches for initial therapy, persistent 
bacteremia (eg, timing of combination therapy), and well- 
controlled infection (eg oral step-down) is also planned. Future 
trials will include innovations developed and advanced by the 
ARLG, including sequential, multiple assignment randomized 
trials (SMART-COMPASS) [64], DOOR [62], and quality of 
life measurement [27], to advance understanding of how to man
age these challenging gram-positive bacterial infections.
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