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KEY POINTS

� Vancomycin, optimally dosed, remains the initial antibiotic of choice for the treatment of
patients with methicillin-resistant Staphylococcus aureus (MRSA) bacteremia and endo-
carditis due to isolates with vancomycin minimum inhibitory concentration �2 mg/mL.
Daptomycin is an effective, although more costly alternative, and ceftaroline appears
promising.

� Treatment options for persistent MRSA bacteremia or bacteremia due to vancomycin-
intermediate or vancomycin-resistant strains include daptomycin, ceftaroline, and combi-
nation therapies.

� There is a critical need for high-level evidence from clinical trials to allow optimally
informed decisions in the treatment of MRSA bacteremia and endocarditis.
INTRODUCTION

Resistance of Staphylococcus aureus to the first semisynthetic penicillin, methicillin,
was reported within a year of its introduction into clinical medicine, mirroring the rapid
identification of penicillin resistance less than a decade earlier. Methicillin-resistant S
aureus (MRSA) subsequently increased in prevalence, but was largely confined to hos-
pital settings until its emergence in the community in the last decade of the 20th
century.
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The progressive emergence of MRSA led to the widespread use of vancomycin and,
inevitably, reports of reduced susceptibility emerged, beginning with strain MU80
(vancomycin minimum inhibitory concentration [MIC] of 8 mg/mL) isolated in 1996
from the wound infection of a Japanese child receiving prolonged therapy with this
glycopeptide antibiotic. This emergence represented the first identified vancomycin-
intermediate S aureus (VISA; MIC 4–8 mg/mL) and was followed by the recognition
of the emergence of heterogeneous intermediate reduced susceptibility (hVISA)
strains, each resulting from cell wall alterations with sequestration of the glycopeptide.
The first fully vancomycin-resistant (VRSA) strain (MIC >32 mg/mL) was identified in
2002, an occurrence that has fortunately remained rare.
This evolutionary history, together with the recognition of the frequent failure of van-

comycin treatment of MRSA infections regardless of the MIC of the isolate, provides
unequivocal evidence of the need for newer more effective therapies and therapeutic
approaches (Tables 1 and 2).
GLYCOPEPTIDES AND SEMISYNTHETIC LIPOGLYCOPEPTIDES
Vancomycin

Optimization of vancomycin administration is a critical factor in improving outcomes of
patients with MRSA infection, and recent information provides insight into this issue.
Table 1
Pharmacokinetic/pharmacodynamics profile of anti-infective agents for methicillin-resistant
Staphylococcus aureus

Agent

MIC
Breakpoint
for S aureus
(mg/mL)

PK-PD Indices
Associated
with Efficacy

Activity
Against
S aureus

% Protein
Bound Half-Life (h) Excretion

Vancomycin �2 AUC/MIC Bactericidal 50 5–11 80%–90%
renal

Daptomycin �1 AUC/MIC Bactericidal 90 8–9 89% renal,
6% feces

Ceftaroline �1 T > MIC Bactericidal 20 2.7 88% renal,
6% feces

Dalbavancin �0.12 AUC/MIC Bactericidal 93 346 33% renal,
20% feces

Oritavancin �0.12 AUC/MIC Bactericidal 85 245 <5% renal,
<1% feces

Telavancin �0.12 AUC/MIC Bactericidal 90 6.6–9.6 76% renal,
<1% feces

Tedizolid �0.5 AUC/MIC Bacteriostatic 70–90 12 20% renal,
80% feces

Linezolid �4 AUC/MIC Bacteriostatic 31 4–5 30% renal,
9% feces

Tigecycline �0.25 AUC/MIC Bacteriostatic 71–89 42 33% renal,
59% feces

Abbreviations: AUC, area under the plasma concentration curve; T > MIC, time of drug concentra-
tion above MIC.

Data from Lexicomp Online, Pediatric and Neonatal Lexi-Drugs Online, Hudson, OH: Lexi-Comp,
Inc; 2015; July 20, 2015; Micromedex Healthcare Series (Internet database). Greenwood Village, CO:
Thomson Micromedex.
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Although several studies have suggested that a vancomycin MIC 5 2 mg/mL is asso-
ciated with an increased risk of failure of treatment of these infections, a recent meta-
analysis contradicted this conclusion.1 Further confounding the understanding is the
observation that a vancomycin MIC 5 2 mg/mL is associated with an increased risk
of failure of antibiotic therapy for methicillin-sensitive S aureus (MSSA) as well as
MRSA infections, regardless of the administered antibiotic.2 Finally, evidence is accu-
mulating that the straightforward use of vancomycin trough concentration (Cmin) is an
inaccurate means of achieving optimal dosing.
Although it has been generally accepted that the efficacy of vancomycin in bacter-

emia due to S aureus requires achievement of area under the plasma concentration-
time curve (AUC) values greater than or equal to 400 times the MIC (AUC/MIC �400)
and that this can be predicted by measured Cmin alone, recent evidence suggests
these assumptions may be incorrect. Modeling studies have demonstrated that unad-
justed extrapolation of AUC from serum trough concentrations underestimate AUC by
up to 25% and that AUCs varied between patients with similar trough results by up to
30-fold.3 Furthermore, the threshold for increased concentration-related nephrotoxi-
city was an AUC�700 mg h/L, and additional data indicate that a substantial increase
in this risk occurs only at AUC �900 mg$h/L, thus bringing the effective treatment of
infections due to isolates with MIC 5 2 mg/mL more safely in line with the necessary
vancomycin exposure. The increased accuracy of AUC estimations from serum van-
comycin concentrations by the addition of Bayesian analysis may allow more precise
individualized dosing, especially for targeting treatment of infections due to MRSA
with an MIC 5 2 mg/mL.3

The use of a loading dose and ongoing weight-based dosing are critical to rapid
achievement of adequate serum concentrations, the importance of which has
been demonstrated by the finding in patients with MRSA-associated septic shock
that the highest survival rates were associated with an AUC24/MIC well in excess
of 400.4

Semisynthetic Lipoglycopeptides

Dalbavancin, oritavancin, and telavancin are semisynthetic lipoglycopeptides that are
active in vitro against VISA. Telavancin and oritavancin are also active against VRSA
and daptomycin nonsusceptible S aureus, while dalbavancin is not active against
VRSA.5

The heptapeptide core common to all glycopeptides is responsible for impaired
bacterial cell wall synthesis, inhibiting transglycosylation and transpeptidation by
binding to C-terminal D-Ala-D-Ala. The addition of a lipophilic side chain anchors
the molecule to the cell membrane and, in the cases of oritavancin and telavancin
(but not dalbavancin), also alters cell membrane permeability by disrupting the bacte-
rial membrane potential.

Oritavancin
A study of greater than 9000MRSA isolates in the United States and Europe from 2008
to 2012 found that 94.6% were inhibited by oritavancin (MIC90 5 0.06 mg/mL).5 Orita-
vancin is able to bind to D-Ala-D-Lac residues, and as a consequence, remains active
against VRSA. The drug achieves very high concentrations within macrophages, a
characteristic that may be of importance given the frequent intracellular residence
of S aureus. Oritavancin therapy was associated with microbiological success in 47
(85%) of 55 patients with uncomplicated S aureus bacteremia, 47% of which were
intravenous (IV) catheter associated.5 The proportion due to MRSA (if any) was, how-
ever, not stated and, further complicating the analysis, the drug was administered in



Tab e 2
Do ng, pricing, and drug characteristics of anti-infective agents for methicillin-resistant Staphylococcus aureus

Ag nt Dosing Regimens
Dose
Adjustment Advantages Disadvantages, Adverse Effects Average Daily Costa

Va omycin 25–30 mg/kg IV load, then
15 mg/kg IV every 8–12 h

Renal Extensive clinical experience,
inexpensive

Red man syndrome, nephrotoxicity
(increased risk with higher doses,
concurrent aminoglycosides, or pre-
existing renal failure)

$15–$55

Da tomycin 6–10 mg/kg IV every 24 h Renal Strong evidence for wide range of
MRSA infections

May be used in septic pulmonary
emboli but not pneumonia;
elevated CPK

<1%: myopathy (increased risk in
those on statins), eosinophilic
pneumonia (onset 2–4 wk),
peripheral neuropathy

$450–$750

Ce aroline 600 mg IV every 8-12 h Renal Active against VISA, VRSA;
exhibits a “see-saw” effect:
inverse correlation between the
MICs of ceftaroline and
vancomycin

Positive Coombs test (without
hemolysis w11%)

$370–$550

Da avancin 1500 mg IV as a single dose Renal Activity against VISA, VRSA;
rapidly bactericidal

Red man syndrome, ALT elevations $5400 (1500 mg
single dose)

Or avancin ABSSSI: 1200 mg IV as a
single dose

Renal Activity against VISA, some VRSA,
and daptomycin nonsusceptible
S aureus; in vitro bactericidal
biofilm activity in both
stationary and growth phases
in S aureus

Artificially prolongs coagulation tests
(INR, PT, aPTT) for w48 h after
administration: use is
contraindicated with heparin IV

$3480 (1200 mg
single dose)

H
o
lu
b
a
r
e
t
a
l

4
9
4

l
si

e

nc

p

ft

lb

it



Telavancin cSSSI, HAP: 10 mg/kg
IV every 24 h

Renal Activity against VISA, VRSA, and
MRSA strains that are resistant
to vancomycin, linezolid, and
daptomycin

Nephrotoxicity (boxed warning), red
man syndrome, QTc prolongation;
interferes with coagulation tests
(INR, PT, aPTT, ACT) for w18 h after
administration: use is
contraindicated with heparin IV. In
those with CrCl �50 mL/min,
decreased clinical response in cSSSI,
increased mortality in HAP/VAP
(boxed warning)

$430

Tedizolid 200 mg IV/PO daily None Excellent tissue penetration, 91%
oral bioavailability

Animal and early clinical studies show
potentially low to no MAO-
mediated drug interactions,
minimal myelosuppression or
neuropathy (<21 d tedizolid
treatment duration)

$300 (IV)
$370 (PO)

Linezolid 600 mg IV/PO every 12 h None Excellent bone and tissue
penetration, >99% oral
bioavailability

Peripheral and optic neuropathy,
reversible myelosuppression (after
14 d, increased risk in those with
underlying hematologic
abnormalities or renal
insufficiency), serotonin syndrome
due to MAO-mediated drug
interactions

$190 (IV)
$370 (PO)

Tigecycline 100 mg IV load, then
50 mg IV every 12 h

Hepatic Widely distributed in tissues
(Vd 500–700 L)

Controversial use in bacteremia due
to low serum concentrations with
standard dosing; nausea/vomiting,
pancreatitis, hepatotoxicity,
treatment-related mortality (US
boxed warning)

$340

Abbreviations: ABSSSI, acute bacterial skin and skin structure infections; ACT, activated clotting time; ALT, alanine aminotransferase; aPTT, activated partial throm-
boplastin time; CPK, creatine phosphokinase; CrCl, creatinine clearance; cSSSI, complicated skin and skin structure infection; HAP, hospital-acquired pneumonia;
INR, international normalized ratio; MAO, monoamine oxidase; PO, oral; PT, prothrombin time; VAP, ventilator associated pneumonia; Vd, volume of distribution.

a Average daily cost assumes patient is 70 kg.
Data from Lexicomp Online, Pediatric and Neonatal Lexi-Drugs Online, Hudson, OH: Lexi-Comp, Inc; 2015; July 20, 2015; Micromedex Healthcare Series (Internet

database). Greenwood Village, CO: Thomson Micromedex.
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doses ranging from 3 to 10 mg/kg daily (in contrast to recommended practice of a
single 1200-mg dose.)

Dalbavancin
In a global surveillance program, 99.6% of 26,975 MRSA isolates were inhibited
by dalbavancin at concentrations less than or equal to 0.12 mg/mL.6 This teico-
planin analogue is not active against VRSA. In an examination of randomized
clinical trials of patients with complicated skin and soft tissue infections
(SSTI), an analysis of the subset with S aureus bacteremia found that blood-
stream clearance occurred in 24 of 24 dalbavancin recipients and in 19 of 20 re-
cipients of comparator agents.7

Telavancin
A study of almost 5000 MRSA isolates in the United States found that 100%were sus-
ceptible to 0.12 mg/mL or less of telavancin, as were isolates with vancomycin MICs of
2 to 4 mg/mL and daptomycin nonsusceptible strains. All 26 VISA strains collected be-
tween 2007 and 2008, 12 of which were also daptomycin nonsusceptible, were
inhibited by telavancin (MIC �1 mg/mL). Separately, telavancin MICs of 13 VRSA iso-
lates (MIC range, 2–8 mg/mL) were above the susceptibility breakpoint.8

In a retrospective analysis, all 9 clinically evaluable patients receiving telavancin for
uncomplicated MRSA bacteremia were cured.8 Fourteen patients, 11 of whom had
endocarditis, received salvage therapy with telavancin after a median duration of
persistent bacteremia of 13 days.9 All 10 with follow-up cultures had clearance of
MRSA of the bloodstream a median of 1 day (range, 1–3 days) after the therapeutic
switch, although only 8 patients survived. A phase 3, multicenter, randomized,
open-label, noninferiority trial of telavancin versus standard IV therapy in the treatment
of patients with S aureus bacteremia and right-sided infective endocarditis is
ongoing.10

DAPTOMYCIN

Daptomycin, a cyclic lipopeptide, is a large (1620-Da) molecule that inserts itself into
the bacterial cell membrane in a calcium-dependent manner, disrupting cell mem-
brane integrity and function.
Daptomycin nonsusceptibility in S aureusmay emerge under the selective pressure

exerted by its administration but may also occur in its absence, possibly as the result
of similar pressure exerted by cationic host defense peptides.11 The most commonly
identified mutations associated with resistance occur in the mprF gene, which
encodes a membrane protein important in phospholipid synthesis causing “gain-of-
function” mutations that result in partial neutralization of the negatively charged bac-
terial cell membrane, thus reducing the binding affinity of the positively charged
calcium-complexed daptomycin molecule.12

Daptomycin and vancomycin MICs may trend together, and a recent review esti-
mated that between 38% and 83% of VISA isolates and 15% of hVISA isolates
were nonsusceptible to daptomycin, although its activity against VRSA is main-
tained.13 Although this has raised concern about the use of daptomycin salvage ther-
apy in patients with persistent infection in the face of vancomycin administration, a
recent retrospective analysis found that previous vancomycin exposure did not affect
the efficacy of daptomycin.14

Although national guidelines recommend 6 mg/kg/d daptomycin dosing for uncom-
plicated MRSA bacteremia, they also indicate that 8 to 10 mg/kg/d dosing may be
considered for complicated and/or persistent bacteremia, although the latter
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recommendation is not based on high-level evidence.15 Higher doses, in addition to
possibly enhancing the antibacterial effect, may also potentially prevent the emer-
gence of resistance, especially in high burden infections. A recent review of persistent
MRSA bacteremia cases, however, found that significant increases in daptomycin
MICs occurred during therapy in 7 of 18 patients despite all 7 having received 8 to
10 mg/kg/d. The daptomycin MIC increase was associated with microbiological
failure.16

Clinical evidence suggesting a benefit of higher doses of daptomycin is limited.
A retrospective case series compared standard (mean 5 mg/kg/d) versus high
(mean 8 mg/kg/d) dosing regimens in 53 patients with S aureus infections (mostly
MRSA), including 37 with bacteremia or endocarditis. Although, in the entire cohort,
high-dose recipients received therapy for a longer duration (mean of 13.5 days vs
19 days), there was no significant difference in outcomes in those with bacteremia
or endocarditis.17

Treatment with high-dose daptomycin has been retrospectively compared with
standard vancomycin administration in MRSA bacteremia. Kullar and colleagues18

reviewed 70 patients with endocarditis, 54 due to MRSA, each with a baseline vanco-
mycin MIC5 2 mg/mL, treated with daptomycin (median dose 9.8 mg/kg/d) alone or, in
one-third, in combination with daptomycin that was added after a median of 4 days of
vancomycin monotherapy. The investigators reported a clinical success rate of
w85%. However, details of the vancomycin dosing were not indicated, a problem
with many relevant studies. Separately, Murray and colleagues reported 85 patients
with MRSA bacteremia due to isolates with vancomycin MICs�1.5 mg/mL whose ther-
apy was switched to daptomycin (median dose 8.4 mg/kg/d after median of 1.7 days
of vancomycin) and compared their outcomes to 85 matched historical controls
treated only with vancomycin (median trough 17.6 mg/mL).19 Patients treated with
daptomycin experienced less frequent clinical failure and had a lower 30-day
mortality.19
FIFTH-GENERATION CEPHALOSPORINS: CEFTAROLINE

Ceftaroline fosamil received approval by the US Food and Drug Administration (FDA)
in 2010. Another cephalosporin with MRSA activity, ceftobiprole medocaril, is not
available in the United States, but has received approval in several European coun-
tries. The activity of ceftaroline against MRSA is the result of its high affinity for
penicillin-binding proteins, but especially to an allosteric site of PBP2a near the trans-
peptidase domain. Binding to this site causes a conformational change that opens the
active site of the molecule, allowing binding of a second ceftaroline molecule with
consequent inhibition of its enzymatic activity. Resistance to ceftaroline results from
mecAmutations that disrupt this allosteric mechanism, although additional mutations
may contribute.20

A survey of 2013 MRSA bloodstream isolates collected at US medical centers from
2009 to 2013 found that 95.4% were susceptible (MIC �1 mg/mL), 4.6% had an
MIC 5 2 mg/mL (intermediate), whereas none were resistant to ceftaroline.21 Ceftaro-
line is active in vitro against hVISA and VISA, as well as against at least one VRSA
strain, and exhibits a “see-saw” effect, with an inverse correlation between the
MICs of ceftaroline and vancomycin observed.22

Like other b-lactams, ceftaroline exerts time-dependent killing and has a relatively
prolonged post-antibiotic effect against S aureus. Pharmacodynamic modeling found
that fT > MIC of 32.1%was associated with a 2 log10 decrease in CFUs, but if fT >MIC
is less than 50%, organism regrowth occurred at 96 hours.23 As a consequence, it has
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been suggested that, in order to diminish the risk of resistance selection, the optimal
pharmacodynamic target should be fT > MIC greater than 50%. This target is readily
achieved in healthy volunteers for isolates with an MIC5 2 mg/mL after administration
of the recommended dose of 600 mg every 12 hours infused over 1 hour.24 This
conclusion is of note because a dose of 600mg every 8 hours has been used in several
patients with MRSA bacteremia reported in the literature, but the added benefit result-
ing from this regimen remains to be demonstrated. A recent Monte Carlo analysis in
adults with cystic fibrosis, however, found that 600 mg ceftaroline administered 1
hour every 8 hours was required to assure a >90% probability of attainment of
�60% T>MIC.25 This is presumably the consequence of the frequent increased renal
clearance of drugs observed in cystic fibrosis patients.
In a phase 4 registry study ofS aureus bacteremia secondary to either acute bacterial

SSTIs or to community-acquired bacterial pneumonia, clinical success in those with
MRSA infection was reported in 18 of 32.26 For many patients (the proportion was
not reported), however, ceftaroline was administered together with a second antibiotic.
Ceftaroline has been used as “salvage” therapy for patients with perceived failure of

treatment of MRSA bacteremia with another antibiotic, but the definition of failure has
been variable and, in some cases, difficult to discern. In one such study, ceftaroline
therapy was reported to achieve clinical success in 101 of the 129 patients with
S aureus (92.5%MRSA) bacteremia, 92.0% of whom had endocarditis.27 An unstated
proportion, however, received ceftaroline in combination with a second antibiotic.
The relative efficacy of continuing the initial therapy (most with vancomycin) or

switching to ceftaroline in patients with ongoing MRSA bacteremia was evaluated in
a small case-control study.28 Microbiological cure was observed in 14 of 16 controls
and in 16 of 16 cases, although the time to resolution of bacteremia was shorter after
the switch to ceftaroline than it was for the total duration of vancomycin in controls.
Ceftaroline was administered to 31 patients after initial therapy with vancomycin or

daptomycin; in 10 patients, it was given in combination with another antibiotic, most
frequently daptomycin.29 Nine of the patients had endocarditis, mostly involving the
tricuspid valve. Overall, microbiological cure was achieved in 64.5% (not all patients
had test of cure) and clinical success in 74.2%, and the median duration of bacteremia
after the switch to ceftaroline monotherapy was 4 days (range, 1–8 days). Finally, after
a change to ceftaroline therapy, blood cultures became negative in 1 to 5 days in 5
patients with persistent MRSA bacteremia, 2 of whom had endocarditis.30 Switching
from initial therapy to ceftaroline in 4 patients with endovascular infection was associ-
ated with clearance of bacteremia in all within 2 to 7 days.31 Rapid clearance of bacter-
emia (day 0 of ceftaroline administration) in 2 of 3 patients occurred after a switch to
ceftaroline therapy, while a third patient, who had been bacteremic for 28 days before
a change to ceftaroline therapy, was still bacteremic on the day of death 7 days later.32
OXAZOLIDINONES

The oxazolidinones inhibit bacterial protein synthesis by binding to the 23S ribosomal
RNA of the 50S ribosomal subunit, preventing the formation of the 70S initiation com-
plex. Tedizolid, the second drug of this class to become available, has key structural
differences that allow additional target binding site interactions, accounting for its
greater potency (with MICs 2- to 8-fold lower than linezolid against staphylococci)
and retained activity despite linezolid resistance in some instances.33

S aureus resistance to linezolid fortunately remains rare, having been detected in
only 2 of 1454 isolates from 60 US centers; both carried cfr.34 Most cfr-positive iso-
lates, however, remain susceptible to tedizolid. Thus, 11 (85%) of 13 S aureus isolates
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were susceptible to tedizolid, whereas none of 17 with 23S rRNA mutations and only 1
(17%) of 6 with L3 or L4 modifications remained susceptible to this antibiotic.35

The FDA approved tedizolid in 2014 for use in acute bacterial SSTI caused by sus-
ceptible organisms, including MRSA. Published information regarding the use of tedi-
zolid for the treatment of bacteremia is exceedingly limited. Bacteremia was present at
enrollment in the ESTABLISH-1 and -2 trials of patients with SSTI in a small proportion
of subjects.35 In the 11 bacteremic patients assigned tedizolid, 4 infections were due
to S aureus (2 MSSA and 2 MRSA), whereas in the 16 assigned linezolid, 9 were
caused by S aureus (3 MSSA and 6 MRSA). All 11 tedizolid recipients and 11 of the
16 given linezolid responded to their assigned therapy.
The experience with linezolid may prove instructive in predicting the potential role of

tedizolid in the treatment of MRSA bacteremia. A pooled analysis of 5 randomized tri-
als found that clinical cure was achieved in 14 (56%) of 25 linezolid recipients, and in
13 (46%) of 28 of the subset with MRSA infection given vancomycin, a difference was
not statistically significant.36 In a prospective open randomized trial, clinical success
at test of cure was achieved in 19 of 24 (79.2%) linezolid recipients and 16 of 21
(76.2%) of those given vancomycin.37 In patients with persistent (�7 days) MRSA
bacteremia while receiving vancomycin for at least 5 days, a switch to linezolid therapy
(half also received a carbapenem) led to similar outcomes as seen in those in whom
vancomycin was continued.38

Like linezolid, tedizolid is bacteriostatic, making its use in endocarditis problematic.
When administered in a dose consistent with human exposure, tedizolid exerted only a
modest bactericidal effect that was inferior to both vancomycin and daptomycin in a
rabbit model of experimental endocarditis, a result similar to that previously observed
with linezolid.39

TIGECYCLINE

The first of a new generation of tetracyclines, glycylcyclines, tigecycline inhibits bac-
terial protein synthesis, specifically by binding the 30S ribosomal subunit and blocking
entry of amino-acyl tRNA to the A site of ribosome. Tigecycline is an analogue of min-
ocycline that carries an added bulky side chain that sterically hinders the drug efflux
and ribosomal protection mechanisms that cause resistance to the tetracyclines.40

The use of tigecycline in bacteremia is controversial because of its low serum levels
with standard dosing.41 In a pooled, retrospective data analysis of phase 3 clinical tri-
als, 91 patients being treated with tigecycline had secondary bacteremia detected.42

In the subset of patients with S aureus infection (n 5 10), cure rates were 83.3% and
75% in the tigecycline and comparator arms, respectively.

COMBINATION THERAPY
Combinations with Vancomycin

Synergistic interactions between vancomycin and a wide variety of penicillinase-
stable b-lactams, including semisynthetic penicillins, cephalosporins, b-lactam/b-lac-
tamase inhibitor combinations, and carbapenems (but not the monobactam,
aztreonam), have been demonstrated in vitro. With at least some b-lactams, this effect
extends to isolates of hVISA, VISA and, at least in one case, VRSA. It has been sug-
gested that synergy results from a reduction in cell wall thickness caused by b-lactam
exposure with a reduction in sequestration of the glycopeptide, allowing increased ac-
cess to its functional target.43

In a retrospective study of patients with MRSA bacteremia, microbiological eradica-
tion was achieved in 48 of 50 (96%) patients who received vancomycin together with a
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b-lactam (piperacillin-tazobactam in 34 of 50) and in 24 of 30 (80%) (P 5 .021) given
vancomycin alone.44 In the subset of patients with endocarditis, clearance of bacter-
emia was achieved in 11 of 11 and in 9 of 11 in the 2 groups, respectively. Separately, a
hemodialysis patient with septic subclavian thrombophlebitis who failed treatment of
relapsed MRSA bacteremia with ceftaroline plus daptomycin experienced clearance
of bacteremia within 24 hours of a change to ceftaroline plus vancomycin.45 In a pilot
randomized study involving a total of 60 patients given vancomycin with or without flu-
cloxacillin, combination therapy was associated with a reduction in mean duration of
MRSA bacteremia from 3.00 to 2.94 days.46 Thus, the mean time to resolution of
bacteremia in those receiving vancomycin plus flucloxacillin was 65% (95% confi-
dence interval, 41%–102%; P 5 .06) of that observed the patients given vancomycin
alone. No differences in clinical endpoints were observed. In contrast to these expe-
riences, there continues to be a lack of evidence of benefit of vancomycin combined
with antibiotics other than b-lactams. Seah and colleagues47 retrospectively reviewed
the cases of 76 patients with persistent MRSA bacteremia for greater than 7 days after
initiation of vancomycin therapy, 50 of whom continued to receive monotherapy
with this glycopeptide, whereas 26 had one or more agents added to their regimen.
These added antibiotics included rifampin plus fusidic acid in 12, rifampin alone in
3, rifampin plus trimethoprim-sulfamethoxazole and doxycycline plus trimethoprim-
sulfamethoxazole in 2 each with 1 each receiving either rifampin plus gentamicin or
rifampin plus ciprofloxacin. There was no evidence of benefit from combination ther-
apy with these diverse agents; the median durations of bacteremia after initiation of
combination therapy were 19 days and 14 days in the combination and continued van-
comycin groups, respectively.
In a retrospective study, 35 patients with persistent (�7 days) MRSA bacteremia

while receiving vancomycin had their therapy altered.48 In 12 cases, vancomycin was
continued, with an aminoglycoside added in 6, rifampin in 4, and both an aminoglyco-
side and a rifampin added in 2, but bacteremia cleared within 72 hours in only 2 (17%).

Combinations with Daptomycin

Daptomycin plus b-lactams
In vitro synergy with daptomycin occurs in combination with any of a broad array of
b-lactam antibiotics, although it is reported that b-lactams that preferentially bind
PBP-1 are more potent in this regard.49 When complexed with calcium at physiologic
concentrations, daptomycin acts as a cation, allowing it to bind to the negatively
charged bacterial cell membrane. b-Lactam antibiotic exposure increases membrane
charge negativity, thus enhancing daptomycin binding and presumably accounting for
synergy. In addition, the combination of daptomycin with a second antibiotic appears
to slow the emergence of nonsusceptibility to the lipopeptide antibiotic.50

The combination of daptomycin and ceftaroline had superior bactericidal activity in
an in vitro hollow fiber model compared with either agent alone against 2 MRSA iso-
lates that were daptomycin nonsusceptible.43 Examination of different potential clin-
ical strategies of administration found that de-escalation from combination to
monotherapy with either agent after 4 or 8 days was equivalent to continued combi-
nation therapy and superior to monotherapy from the start. In addition, a simulated
daptomycin dose of 6 mg/kg/d was not inferior to a 10-mg/kg/d dose in the combina-
tion regimen.
Among patients with MRSA bacteremia enrolled in a daptomycin registry study,

most of whom had received prior antibiotic therapy, clinical or microbiological success
was observed in 18 of 22 (82%) who received daptomycin in combination with a b-lac-
tam antibiotic and in 27 of 34 (79%) who received this lipopeptide antibiotic without a
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b-lactam (many, however, received other antibiotics), a difference that was not signif-
icant.51 The use of daptomycin in combination with rifampin, gentamicin, or vancomy-
cin was not associated with a significant difference in outcome when compared with
monotherapy.
The efficacy of salvage therapy with daptomycin and ceftaroline in combination was

examined in patients at 10 medical centers with persistent staphylococcal bacter-
emia.52 Of the 26 infections, 22 were due to MRSA, including 2 VISA; 4 isolates
were daptomycin nonsusceptible. Fourteen patients had endocarditis with 12 of these
being left sided. The median duration of bacteremia before initiation of daptomycin
plus ceftaroline was 10 days (range, 3–23 days), and this combination was a third-
or fourth-line therapy in 69% of patients. Daptomycin monotherapy had failed in 12.
The median duration of bacteremia after initiation of this combination therapy was
2 days (range, 1–6 days).
Seven patients with persistent or relapsed MRSA bacteremia who had sequentially

failed vancomycin and daptomycin monotherapies cleared their bloodstreams a me-
dian of 1 day (range, 1–2 days) after the addition of a semisynthetic penicillin to
daptomycin.53

Daptomycin plus trimethoprim-sulfamethoxazole
Trimethoprim-sulfamethoxazole given alone did not meet the test of noninferiority
compared with vancomycin monotherapy in the treatment of patients with severe
MRSA infections that included 91 patients with bacteremia,54 but its role as part of
combination regimens suggest possible benefit. The combination of daptomycin
and trimethoprim-sulfamethoxazole was bactericidal against both daptomycin-
susceptible and nonsusceptible strains of MRSA in an in vitro model of endocarditis
using simulated vegetations.55 In a retrospective review of patients with deep-
seatedMRSA infections, 75.0% initially received vancomycin before switching to dap-
tomycin after a median of 4 days with the most frequent reason (60.7%) for change in
therapy being a vancomycin MIC 5 2 mg/mL. Daptomycin was then continued as
monotherapy for a median of 5 days until the addition of trimethoprim-
sulfamethoxazole. In the 20 patients still bacteremic at the time of addition of
trimethoprim-sulfamethoxazole to daptomycin, subsequent bloodstream clearance
occurred within a median of 2.5 days. The median time to clearance after the initiation
of combination therapy in the 6 patients infected with a daptomycin-nonsusceptible
strain was 6.5 days, whereas it was 2 days in those infected with a daptomycin-
susceptible MRSA. Hyperkalemia was a frequent occurrence during combination
therapy.

Daptomycin plus either ceftaroline or trimethoprim-sulfamethoxazole: A comparison
A retrospective analysis of 34 patients with MRSA bacteremia with a median duration
of bacteremia while receiving primary or secondary treatment of 7 to 8 days had res-
olution of bloodstream infection when therapy was changed to daptomycin plus
either ceftaroline or trimethoprim-sulfamethoxazole, after a median of 2 days in
each case.56

Trimethoprim-sulfamethoxazole plus ceftaroline
Twenty-five patients with MRSA bacteremia (65% with endovascular infection)
received combination therapy (trimethoprim-sulfamethoxazole in 23, daptomycin in
2) with ceftaroline after initial administration of another antibiotic, mostly vancomy-
cin.57 In those still bacteremic at the time of the switch, the median subsequent dura-
tion of bacteremia was 3 days, whereas it had been 9.5 days before the change.
Although microbiologic success was achieved in 90%, only 31% were considered



Table 3
Approximate cost of combination therapy for methicillin-resistant Staphylococcus aureus

Weekly Cost
(AWP 2016)

Cefazolin
1 g Q8H

Nafcillin
1 g Q4H

Ceftaroline
600 mg Q12H

Ceftaroline
600 mg Q8H

TMP/SMX
10 mg/kg/day

Daptomycin 700 mg
Q24H (10 mg/kg)

$5400 $5800 $7800 $9000 $5500

Vancomycin 1g Q12H
(15 mg/kg)

$230 $700 $2700 $4000 $350

Abbreviation: TMP/SMX, trimethoprim sulfamethoxazole.
Data from Lexicomp Online, Pediatric and Neonatal Lexi-Drugs Online, Hudson, OH: Lexi-Comp,

Inc; 2015; July 20, 2015; Micromedex Healthcare Series (Internet database). Greenwood Village, CO:
Thomson Micromedex.

Table 4
Investigational drugs with activity against methicillin-resistant Staphylococcus aureus in
clinical trials

Antibiotic Class Status

Debio 1452 (prodrug
of Debio 1450)

FabI inhibitor Phase 1 completed

MRX-1 Oxazolidinone Phase 1

Radezolid Oxazolidinone Phase 2 completed

LCB01-0371 Oxazolidinone Phase 1

BC-3781 Pleuromutilin Phase 2 completed

Fusidic acid (CEM-102) EF-G blocker Phase 2 completed (SSTI)

Omadacycline Tetracycline Phase 2 completed

Eravacycline Tetracycline Phase 3 (cIAI and cUTI)

Brilacidin Mimics CDP Phase 2

AFN-1252 FabI enoyl-(acyl carrier protein) reductase
inhibitor

Phase 2 completed

CG400549 FabI enoyl-(acyl carrier protein) reductase
inhibitor

Phase 2a completed

GSK1322322 Peptide deformylase inhibitor Phase 2a completed

Delafloxacin Fluoroquinolone Phase 2 completed

Nemonoxacin Fluoroquinolone Phase 3 (CAP)

Finafloxacin Fluoroquinolone Phase 2 completed (cUTI)

GSK2140944 Type II topoisomerase inhibitor Phase 1 completed

Avarofloxacin Fluoroquinolone Phase 2 completed

JNJ-32729463 Fluoroquinolone Phase 2

WCK 2349 Type II topoisomerase inhibitor Phase 1 completed

WCK 771 Type II topoisomerase inhibitor Phase 1 completed

TD-1607 Cephalosporin-glycopeptide heterodimer Phase 3

Iclaprim Dihydrofolate reductase inhibitor Phase 3

CBR-2092 Rifamycin-quinolone hybrid Phase 1

WAP-8294A2 Cyclic lipodepsipeptide Phase 1

Abbreviations: CAP, community-acquired pneumonia; cIAI, complicated intra-abdominal infec-
tions; cUTI, complicated urinary tract infections.

From Lexicomp Online, Pediatric and Neonatal Lexi-Drugs Online, Hudson, OH: Lexi-Comp, Inc;
2015; July 20, 2015;MicromedexHealthcare Series (Internet database). Greenwood Village, CO: Thom-
son Micromedex; with permission. Available at: http://www.pewtrusts.org/en/research-and-analysis/
issue-briefs/2014/03/12/tracking-the-pipeline-of-antibiotics-in-development. Accessed June 30, 2015.
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to be clinical successes, but the way in which this was defined is open to challenge.
Thus, only 4 patients were considered by the investigators to be clinical failures,
and in 2, this may have been the result of inadequate source control.

Combinations with Fosfomycin

Fosfomycin, which is not available in a parenteral formulation in the United States, has
been demonstrated to be synergistic with daptomycin in vitro. Two patients with
MRSA left-sided endocarditis were successfully treated with high-dose daptomycin
plus fosfomycin after failure of initial therapy.58 MRSA bloodstream infection cleared
in a patient receiving vancomycin with persistent (>10 days) bacteremia 3 days after
the addition of fosfomycin to the regimen.59

Sixteen patients with persistent (N5 14) or relapsed (N5 2) MRSA bacteremia who
had received a median of 9.5 days of antibiotic therapy (mostly vancomycin, but dap-
tomycin in 2 cases) were treated with the combination of imipenem and fosfomycin
with bloodstream clearance within 72 hours in each case, and the clinical success
rate was 69% (Tables 3 and 4).60

SUMMARY

The lack of high-level evidence precludes definitive conclusions regarding optimal
treatment of MRSA bacteremia. However, based on the available data and experi-
ence, the following can be proposed:

� Vancomycin, appropriately dosed, remains the first-line therapy, with daptomy-
cin an effective, although more costly, alternative.

� Laboratory data suggest that the administration of daptomycin in higher than
approved doses may be superior to lower doses in terms of efficacy and
reducing the risk of selection of resistance, but clinical data to support this hy-
pothesis are largely lacking.

� Ceftaroline may be a promising alternative, but its broad spectrum of activity is
an undesirable quality for use as definitive therapy in the absence of polymicro-
bial infection.

� Combinations of daptomycin or vancomycin with a b-lactam, or daptomycin with
trimethoprim-sulfamethoxazole, may eventually prove to be more effective than
monotherapy, particularly in “salvage” situations, but a definitive answer will
require prospective randomized trials. In vitro modeling with daptomycin and cef-
taroline suggests that, although the combination is superior to either agent alone,
one or the other may be discontinued after 4 days without loss of efficacy; in addi-
tion, a simulated daptomycin dose of 6mg/kg/d is not inferior to 10mg/kg/dwhen
used in combination.
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