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The management of Staphylococcus aureus bacteremia is limited by high rates of methicillin resistance and the
paucity of antibiotic agents with proven efficacy in complicated infectious syndromes, such as endocarditis. Van-
comycin is the mainstay of therapy; however, salvage therapy is frequently required due to persistence of infec-
tion or drug toxicity. Daptomycin is FDA-approved for S. aureus bacteremia and right-sided endocarditis, but
controversy exists regarding the role of this agent in the setting of septic pulmonary emboli. Sequestration by
pulmonary surfactant renders daptomycin ineffective in bronchoalveolar pneumonia; however, the impact of

g?gtv;r;d;an this drug property on efficacy in hematogenous pulmonary infections is unclear. Herein we review the available
Septic emboli evidence in order to inform the rationale use of daptomycin in S. aureus infections complicated by septic pulmo-
Endocarditis nary emboli.
© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Septic pulmonary emboli (SPE) are a complication of infective
endocarditis (IE) most commonly associated with right-sided disease
involving the tricuspid or pulmonary valves (Baddour et al., 2015).
Right-sided IE represents 10-20% of all endocarditis cases and is charac-
terized by distinctly different risk factors from left-sided disease
(Murdoch et al., 2009; Remetz and Quagliarello, 1992). Historically,
SPE were primarily associated with intravenous drug use; however,
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healthcare-associated risk factors have been identified, such as central
venous catheters and intravascular devices (Cook et al., 2005; O'Donnell
et al., 1995; Wojda et al., 2016). Staphylococcus aureus is the most
commonly isolated organism in patients with IE and SPE. Due to high
bacterial burden and increasing rates of methicillin-resistant S. aureus
(MRSA), management of this infectious syndrome can be challenging
(Baddour et al., 2015).

Daptomycin is approved by the Food and Drug Association (FDA) for
right-sided IE and is recommended by the American Heart Association
(AHA) and Infectious Diseases Society of America (IDSA) as an alterna-
tive to vancomycin for native valve endocarditis due to S. aureus
(Baddour et al., 2015). While daptomycin appears to be a viable option
for patients with right- or left-sided S. aureus IE, its utility in the treat-
ment of IE complicated by SPE is controversial. Additionally, use of
daptomycin in this setting has been a subject of debate due to known
inactivation by pulmonary surfactant (Silverman et al., 2005). The
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significance of this mechanism is of questionable importance due to the
hematogenous source of infection. No controlled studies have been
designed specifically to evaluate daptomycin in this setting; however,
inrecent years, several reports detailing use of daptomycin for the treat-
ment of IE complicated by SPE have emerged. Because treatment
options for MRSA IE are limited, we sought to evaluate the available
literature in order to determine whether daptomycin is a viable option
for the treatment of IE complicated by SPE.

2. Treatment options for S. aureus infective endocarditis: primary
and salvage therapies

The AHA and IDSA guidelines for the treatment of infective endocar-
ditis in adults recommend antistaphylococcal penicillins and vancomy-
cin as the first line agents for IE due to methicillin-susceptible (MSSA)
and MRSA, respectively (Baddour et al., 2015). Daptomycin is listed as
a first line alternative to vancomycin for native valve MRSA IE; however,
it is not currently recommended in patients with valvular prostheses.
For patients with MSSA IE and a history of penicillin allergy, cefazolin
and vancomycin are the recommended alternatives for non-type I and
type [ hypersensitivity reactions, respectively. Notably, the guidelines
emphasize daptomycin as an alternative to vancomycin for patients
with severe allergies due to the increasing evidence of vancomycin infe-
riority in severe MSSA infections (Baddour et al., 2015).

Clinical outcomes data and therapeutic options for the salvage treat-
ment of MRSA IE are limited. Vancomycin remains the mainstay of ther-
apy; however, its use is complicated by slow bactericidal activity, need
for frequent therapeutic drug monitoring, and risk of significant toxicity
- most notably nephrotoxicity. Daptomycin has numerous additional
advantages, including once daily dosing in normal renal function,
rapid bactericidal activity, few adverse effects, and bacterial biofilm
penetration at high doses (Smith et al., 2014). Linezolid offers the con-
venience of a highly bioavailable oral dosage form, but its use is limited
by bacteriostatic activity, drug-drug interactions, and potential for seri-
ous myelosuppression and neuropathy with prolonged therapy (Zahedi
Bialvaei et al., 2017). Additionally, outcomes with linezolid in patients
with S. aureus IE have been disappointing (Baddour et al., 2015; Britt
et al., 2015; Falagas et al., 2006; Munoz et al., 2007; Schwalm et al.,
2004). Quinupristin-dalfopristin retains activity against MRSA; how-
ever, experience in IE is limited to case reports and therapy is frequently
limited by significant arthralgias/myalgias (Drew et al., 2000; Sander
et al,, 2002). Telavancin, a lipoglycopeptide, has been used in small
case reports and case series for salvage treatment of MRSA IE (Marcos
and Camins, 2010; Nace and Lorber, 2010; Ruggero et al., 2015).
Trimethoprim-sulfamethoxazole is frequently active in vitro against
MRSA; however, it was inferior to vancomycin in a randomized
controlled trial of intravenous drug users with severe staphylococcal
infections (Markowitz et al., 1992). Ceftaroline is a promising new anti-
biotic with preliminary data demonstrating efficacy in complicated
S. aureus infections; however, there are currently insufficient data to
recommend routine use in IE (Casapao et al., 2014; Ho et al., 2012; Lin
et al., 2013; Zasowski et al., 2017). Daptomycin in combination with
beta-lactams, including ceftaroline, or trimethoprim-sulfamethoxazole
may be useful in salvage therapy; however, available outcomes data
are limited.

3. History of daptomycin for pulmonary source infections: animal
models and clinical trials

It is now widely known that daptomycin is ineffective for the treat-
ment of pulmonary source infections due to binding and sequestration
within pulmonary surfactant (Silverman et al, 2005). However,
daptomycin was initially investigated in animal models of S. aureus
lung infection with promising results (Kephart and Esposito, 1988;
Verghese et al., 1988). In a hamster model of MRSA pneumonia, both
daptomycin and vancomycin increased animal survival relative to

placebo (P < 0.01) with no difference in efficacy between the two
drugs (P> 0.05) (Kephart and Esposito, 1988). Additionally, only dapto-
mycin increased pulmonary bacterial clearance over placebo at both
high and low inocula. In another hamster model of pneumonia, dapto-
mycin effectively increased survival of animals infected with one
MRSA strain but failed against a second strain (Verghese et al., 1988).
Finally, in a distinctly different murine pulmonary infection model of
inhalation anthrax, daptomycin improved animal survival to day 43
over placebo (P < 0.01) and demonstrated similar efficacy to ciproflox-
acin (p>0.30) (Heine et al., 2010).

Based on these data, two phase III studies were conducted to assess
the safety and efficacy of daptomycin in the treatment of community-
acquired pneumonia (CAP) (Pertel et al., 2008). These randomized,
double-blind trials enrolled patients with CAP who required hospitali-
zation and at least 5 days of intravenous antibiotic therapy. Patients
were randomized to either daptomycin (4 mg/kg) or ceftriaxone (2 g)
administered with the option to use open-label aztreonam for
suspected or confirmed gram-negative pathogens. The primary
outcome was clinical success measured seven days after completion of
therapy. At the conclusion of the first study, daptomycin failed to
demonstrate non-inferiority and enrollment in the second study was
terminated. The pooled data demonstrated that clinical success with
daptomycin was inferior to ceftriaxone in both the intention to treat
(70.9% vs 77.4%; 95% confidence interval [CI] for difference, —12.4% to
—0.6%) and clinically evaluable populations (79.4% vs 87.9%; 95% CI
for difference, —13.8% to —4.2%).

To investigate the mechanism underlying this unexpected failure of
daptomycin, Cubist conducted multiple in vitro and animal model stud-
ies of daptomycin in pulmonary infections (Silverman et al., 2005). First,
mice were intranasally infected with S. pneumoniae or MRSA to produce
a model of bronchial-alveolar pneumonia. In this model, daptomycin
failed to reduce the pulmonary bacterial load of both S. pneumoniae
and MRSA at 24 hours while ceftriaxone demonstrated bactericidal
activity against S. pneumoniae. Next, a rat model of hematogenous
pneumonia was produced with both MSSA and MRSA and, in this
model, daptomycin led to a numerically greater reduction in pulmonary
bacterial load at day seven than either nafcillin against MSSA or vanco-
mycin against MRSA.

The discrepancy between daptomycin activity in bronchial-alveolar
and hematogenous models of pneumonia led the investigators to
conclude that it was likely a factor specific to the environment of the
interior airway that led to the failure of daptomycin in pneumonia trials
(Silverman et al., 2005). Pulmonary surfactant is a component unique to
the interior airway made up primarily of lipids and protein, similar to a
bacterial cell membrane, which they hypothesized may be able to bind
and sequester daptomycin. To investigate this interaction, daptomycin
susceptibility testing was performed against S. pneumoniae in 1% and
10% surfactant with resulting 16-32- and 100-fold decreases in potency,
respectively. Finally, a fluorescence assay confirmed daptomycin bind-
ing and sequestration in pulmonary surfactant.

The history of the discovery of interaction between daptomycin and
pulmonary surfactant is instructive when considering its clinical use for
pulmonary infections. A notable finding of the animal data summarized
above is that daptomycin was universally effective against pulmonary
infections associated with a hematogenous source or significant pulmo-
nary tissue disruption. The hamster models of S. aureus pulmonary
infection were associated with necrotizing pneumonia, severe tissue
disruption, and bacteremia (Kephart and Esposito, 1988; Verghese
et al.,, 1988). Similarly, early dissemination of infection beyond the inte-
rior of the lungs occurred in the murine model of inhalation anthrax
(Heine et al., 2007). Similarly, daptomycin provided a numerically
greater reduction in the pulmonary burden of S. aureus than either
nafcillin or vancomycin in the hematogenous pneumonia model
performed by Cubist (Silverman et al., 2005). Therefore, it seems
reasonable to conclude that in animal models of hematogenous pulmo-
nary infection or pulmonary infections associated with significant tissue
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disruption, daptomycin was at least as effective as comparator antimi-
crobials. This finding is mechanistically plausible given an infection
that arises from hematogenous dissemination and extension from the
vascular endothelium to the adjacent lung parenchyma accompanied
by only minimal invasion to the alveolar space. The interaction with
daptomycin and pulmonary surfactant, then, should have little bearing
on the efficacy of daptomycin in eradicating the primary foci of
infection. A study designed to test this hypothesis using a murine
model of hematogenous pulmonary infection, created using MRSA
enclosed in agar beads introduced as artificial septic emboli, found
daptomycin to be more effective than either placebo (94% vs 0%,
p <0.001) or vancomycin (94% vs 52.9%, p = 0.008) in improving ani-
mal survival (Harada et al., 2013). These animal model data coupled
with a clear pathophysiologic rationale provide a reasonable basis for
the clinical use and evaluation of daptomycin for hematogenous pulmo-
nary infections.

4. Clinical use of daptomycin in infections complicated by septic pul-
monary emboli: clinical trial data and case reports

Daptomycin has demonstrated efficacy in hematogenous source
pulmonary infections in animals; however, clinical outcomes data in
human patients are less readily available. Infective endocarditis is an
infectious syndrome with a shortage of robust data from well-
designed, controlled, prospective clinical trials to guide practice. As
such, there is only one prospective, randomized, controlled study
which directly compares daptomycin to standard therapy for the treat-
ment of S. aureus bacteremia and endocarditis and includes a subset of
patients with septic pulmonary emboli (Fowler et al., 2006).

The landmark Fowler study was an open-label, randomized, non-
inferiority study of patients with S. aureus bacteremia, including bacter-
emia complicated by right sided endocarditis (Fowler et al., 2006). Left-
sided endocarditis was an exclusion criterion until a protocol amend-
ment in the second to last year of the study period. Eligible patients
were randomized to daptomycin or comparator therapy, which
consisted of vancomycin or an anti-staphylococcal penicillin. Gentami-
cin was added for the first four days of therapy in all patients in the
comparator arm and for patients randomized to daptomycin with left-
sided endocarditis. The primary outcome was clinical success at
follow-up. The study included 120 patients treated with daptomycin
and 115 with comparator therapy in the primary analysis. Of these,
only 35 (14.9%) and 18 (7.7%) had right- and left-sided IE, respectively.
Daptomycin was non-inferior to standard therapy for uncomplicated
(42.7% vs 39.3%; +3.4%, 95% ClI -8.9 to 15.7%) and complicated
S. aureus bacteremia (43.3% vs 37.7%; +5.6%, 95% CI -11.8 to 23.1%),
but failed to meet non-inferiority in any subgroups with IE. Despite
the lack of statistically significant outcomes in S. aureus IE, daptomycin
earned FDA-approval for complicated bacteremia and right-sided IE
based on the pooled results of those two subgroups [34/79 (43%) vs
30/77 (39%); +4.1%, 95% CI -11.3 to 19.5%)].

Given the lack of robust data available for daptomycin in S. aureus
bacteremia and IE, multiple post hoc analyses have been conducted
from the original Fowler trial (Kanafani et al., 2010; Rehm et al.,
2008). One such study analyzed the outcomes all patients with IE, as
defined by the Duke criteria, and specifically assessed the subgroup of
patients with right-sided IE and SPE (Kanafani et al., 2010). This analysis
demonstrated similar outcomes irrespective of treatment assignment,
42% (6/10) success with daptomycin and 44% (6/9) with comparator
therapy, but is limited by the small subset of enrolled patients with SPE.

Clinical experience with daptomycin in patients with IE and SPE has
been mixed (Cunha et al., 2005; Gomez et al., 2010; Hagiya et al., 2013;
Liu et al, 2008; Zainah et al., 2013). Gomez and colleagues describe a se-
ries of four patients treated with daptomycin and rifampin for MRSA
bacteremia complicated by SPE without documented IE (Gomez et al.,
2010). Three of the four patients had a history of intravenous drug
use. All patients were initially treated with vancomycin and were

switched to daptomycin with rifampin due to persistent bacteremia or
leukocytosis. Duration of bacteremia prior to daptomycin was
7-9 days with one patient clearing prior to changing therapy. Bacter-
emia cleared in 2-3 days following initiation of daptomycin and rifam-
pin. All four patients achieved clinical resolution with daptomycin and
rifampin; however, one patient died after discharge, though this was
not believed to be due to infection. The authors did not describe
follow-up imaging to assess for SPE resolution.

Cunha and colleagues describe a 33-year-old pregnant woman who
developed line-associated MSSA bacteremia and endocarditis (Cunha
et al,, 2005). Initial chest radiograph was suggestive of SPE. Echocardi-
ography demonstrated a large tricuspid vegetation and she was man-
aged with cefazolin. Blood cultures cleared after the third week of
therapy but inflammatory markers continued to increase. During the
fourth week of therapy, the patient developed hemoptysis and pleuritic
chest pain; however, imaging demonstrated no change in size of the
vegetation or emboli. The patient was switched to daptomycin and
treated for a total of 7 weeks with normalization of inflammatory
markers and resolution of the echocardiogrphic abnormalities. No fur-
ther information was provided regarding SPE resolution.

Despite the promising results described above, clinical failure of
daptomycin for the treatment of SPE has also been documented. One
case report described an 86-year-old patient who developed cavitary
pulmonary disease while on treatment with daptomycin for right-
sided IE (Liu et al, 2008). The patient initially developed MRSA
bacteremia after central line placement and tip culture obtained from
the line was positive. Bacteremia persisted for the first 18 days of hospi-
talization and echocardiography demonstrated vegetations in the right
atrium and on the tricuspid valve near the implantable cardioverter-
defibrillator (ICD) leads. The ICD was removed and therapy changed
from vancomycin and rifampin to daptomycin and rifampin. The patient
continued to have fevers and a chest CT scan demonstrated multiple
pulmonary cavitary lesions which were not present on previous chest
radiographs. Therapy was changed to linezolid and fusidic acid with
resolution of bacteremia and fevers after 5 days of treatment. This
combination was continued for an additional 10 days followed by
teicoplanin for 2 weeks with complete resolution of lung lesions per
imaging.

A similar case occurred in a 73-year-old male with SPE due to
catheter-related MRSA bacteremia (Hagiya et al., 2013). The patient
was receiving total parenteral nutrition and developed MRSA bacter-
emia. Scans demonstrated cavity-forming consolidations suggestive of
SPE. Bacteremia persisted despite 5 days of vancomycin therapy and
catheter removal; therefore, therapy was escalated to daptomycin.
After over a week of daptomycin therapy, the patient developed respira-
tory failure requiring intubation and intensive care unit admission. He
was found to have a massive pleural effusion which grew MRSA follow-
ing drainage. Given SPE as the suspected source of persistent bacter-
emia, therapy was changed to linezolid. The bacteremia cleared;
however, the patient's condition did not improve. On autopsy the pa-
tient was found to have right internal jugular vein thrombosis and nec-
rotizing pancreatitis with abscess formation, but, notably, all cultures
obtained were sterile. Examination of the lungs did reveal large cavities
which the authors state is indicative of a SPE.

A complicated case of IE is reported in a 24-year-old female intrave-
nous drug user who presented with MRSA bacteremia, multi-valve IE,
and emboli to the lungs and central nervous system (Zainah et al.,
2013). Due to acute kidney injury, the patient was initially managed
with daptomycin. Bacteremia cleared after 6 days of therapy; however,
chest CT imaging demonstrated progression of the pulmonary cavitary
lesions. Despite these findings, the patient continued to improve and
therapy was continued. On hospital day 11, the patient became febrile
and chest radiography demonstrated diffuse airspace disease. Therapy
was switched to ceftaroline. Repeat imaging on hospital day 17 demon-
strated an improvement in pulmonary disease and the patient was suc-
cessfully treated with 6 weeks of therapy.
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5. Discussion and conclusions

The use of daptomycin in patients with infections complicated by
SPE remains controversial. Pre-clinical studies have elucidated the
mechanism underlying the failure of daptomycin in bronchoalveolar
pneumonia and have demonstrated consistent efficacy in models of he-
matogenous source pulmonary infection (Silverman et al., 2005). These
data establish a mechanistic rationale for the use of daptomycin in infec-
tions confined to the pulmonary vasculature and parenchyma. Clini-
cally, the use of daptomycin for right-sided endocarditis complicated
by SPE is supported by a subset of patients from a large, randomized,
controlled trial comparing daptomycin to standard of care (Fowler
et al., 2006). This study led to the FDA-approval of daptomycin for
right-sided S. aureus IE and its inclusion in the 2015 AHA and IDSA
guidelines as an alternative to standard therapy for S. aureus native
valve disease (Baddour et al., 2015). Additionally, these data informed
the guideline panel's strong statement regarding the use of daptomycin
for IE complicated by SPE and “the distinct pathogenesis of this syn-
drome as opposed to traditional pneumonia”.

However, the significant limitations of these data must be acknowl-
edged. The subset of patients in in the Fowler trial with right-sided IE
and SPE was small, 10 treated with daptomycin and 9 with comparator
therapies, which greatly limits the generalizability of the findings
(Kanafani et al., 2010). However, it is important to note that the overall
proportion of patients with right-sided IE include in this trial was small,
19 treated with daptomycin and 16 with comparator therapies, indicat-
ing that over half of the patients with right-sided disease had SPE
(Fowler et al., 2006). Additionally, FDA-approval for right-sided endo-
carditis was obtained based on pooled results of patients with right-
sided IE and those with complicated bacteremia and it should be
noted that large majority of patients in that analysis had bacteremia
without IE. The high clinical cure rates in right-sided IE in the recently
published registry experience with daptomycin for IE should also be
considered as, although not included in the analysis, many of the pa-
tients with right-sided disease likely also had SPE (Guleri et al., 2015).

Case reports and case series have been inconclusive with published
cases both for and against daptomycin for SPE (Cunha et al., 2005;
Gomez et al., 2010; Hagiya et al., 2013; Liu et al., 2008; Zainah et al.,
2013). Taken together, it is difficult to discount the experience
highlighted by the cases of clinical failure presented here. They repre-
sent a cautionary tale, reminiscent of the once promising therapeutic
for pneumonia, which bears consideration. Other treatment consider-
ations, such as optimal dosing and the role of daptomycin combination
therapy for treatment of IE, have not yet been fully elucidated and may
play a role in the success of this agent.

In the era of heightened emphasis on antimicrobial stewardship, dapto-
mycin is generally viewed as an antibiotic of last resort. Most patients
treated with daptomycin for S. aureus IE will have relative or absolute con-
traindications to the standard therapy with an antistaphylococcal beta-
lactam or vancomycin. These contraindications are generally related to ad-
verse effects or concern for treatment failure with the primary therapeutics.
Daptomycin may be viewed as salvage therapy for S. aureus IE, which has
important implications if alternatives or adjuncts require consideration
when SPE are present. The addition of an anti-staphylococcal antibiotics
targeted at pulmonary disease to daptomycin would exposure the patient
to potentially greater adverse effects. The available therapies in this setting
would be linezolid or ceftaroline. Linezolid is not recommended for
S. aureus IE due to poor outcomes as monotherapy and has the theoretical
potential for antagonism with daptomycin due to bacteriostatic activity
(Baddour et al., 2015; Falagas et al.,, 2006; Munoz et al., 2007). Ceftaroline
is a promising therapeutic for MRSA infections but is currently lacking in
outcomes data evaluating its use as monotherapy for IE. Combination ther-
apy with ceftaroline and daptomycin provides potent anti-MRSA activity
but incurs significant cost with the potential for collateral damage owing
to expanded gram-negative spectrum of activity of ceftaroline (Casapao
et al, 2014; Ho et al, 2012; Lin et al., 2013; Zasowski et al., 2017).

Based on the considerations listed above, it is reasonable to con-
sider use of daptomycin as monotherapy for hematogenous source
infections with SPE at the higher doses and durations recommended
by the AHA and IDSA guidelines. However, if daptomycin is used as
monotherapy for the treatment of infections with SPE, there should
be a low threshold to adjust therapy if clinical improvement is not
seen or progression of disease is noted. Further research into better
characterizing SPE as a complication of IE and the role of daptomycin
in the management of these infections is desperately needed.
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