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Cefazolin and ertapenem combination therapy was used successfully to salvage 11 cases (6 endocarditis) of persistent methicillin-
susceptible Staphylococcus aureus (MSSA) bacteremia, including immediate clearance (≤24 hours) in 8 cases. While in vitro syn-
ergy was modest, cefazolin plus ertapenem exhibited synergistic action in a rat model of MSSA endocarditis. The combination of 
cefazolin and ertapenem provides potent in vivo activity against MSSA beyond what is predicted in vitro and warrants further clin-
ical study in the treatment of refractory MSSA bacteremia and endocarditis.
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Staphylococcus aureus is a major cause of bacteremia, causing 
significant morbidity and mortality in high-risk patients 
[1, 2]. Management of persistent methicillin-susceptible 
Staphylococcus aureus (MSSA) bacteremia is grounded in sur-
gical source control and early initiation of β-lactam therapy 
with classical antistaphylococcal agents (eg, oxacillin, nafcillin, 
flucloxacillin) or cefazolin [3]. While the latter is being increas-
ingly utilized, infections with high MSSA inoculum, as in infec-
tive endocarditis, have been associated with clinical treatment 
failure in patients receiving cefazolin [4–7]. Although subop-
timal therapy against MSSA may have catastrophic clinical con-
sequences, currently there is no guidance on optimal treatment 
regimens for high-inoculum MSSA infections refractory to 
standard treatment regimens.

We previously described that adding ertapenem to cefazolin 
led to in vitro and in vivo synergy against an MSSA blood-
stream isolate from a patient for whom this drug combination 
was used successfully in salvage therapy for persistent bacte-
remia without a surgical focus [8]. We have continued to ex-
perience high success with this salvage regimen for refractory 
MSSA bacteremia. Here we report our clinical experience using 

cefazolin plus ertapenem as salvage therapy for 11 cases with 
refractory MSSA bacteremia, and explore this combination 
therapy in vitro and in an established rat model of endocarditis.

METHODS

Patient Cases

Patients with persistent MSSA bacteremia were identified 
through treating physicians (authors G. S. and F. H.), and the 
following data were collected retrospectively: patient age, source 
of bacteremia, duration of bacteremia, hematology and chem-
istry laboratory tests, and prior antibiotics administered that 
failed to clear bacteremia. Of the 11 patients in the case report, 
9 had daily blood cultures as part of their routine clinical man-
agement, which allowed for bacteremia duration assessment. 
For 2 of the patients, blood cultures were separated by 3 days 
from the time of the last positive to first negative, such that spe-
cific bacteremia duration could not be measured. These details 
are provided in the clinical summary (Table 1). Note that all pa-
tients treated with ertapenem plus cefazolin were included and 
no patients were excluded from the case report. Expedited ap-
proval for data collection was granted by the Sharp Healthcare 
Internal Review Board.

Bacterial Strains and In Vitro Assays

MSSA isolates (isolated and identified by the clinical micro-
biology laboratory via routine workup of clinical specimens 
via MicroScan) from the initial blood culture were obtained 
from 6 clinical cases and evaluated for in vitro susceptibility to 
cefazolin, ertapenem, and nafcillin under both standard Clinical 
and Laboratory Standards Institute (105 colony-forming units 
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[CFU]/mL) and high-inoculum (107 CFU/mL) conditions 
using both standard Mueller-Hinton broth (MHB) bacteriolog-
ical media and Roswell Park Memorial Institute (RPMI) physio-
logical cell culture media supplemented with 5% Luria-Bertani 
(LB) broth [9]. Checkerboard assays were also performed using 
standard and high inoculums in MHB [10]. For kill curve 
studies, bacteria were grown overnight in Todd-Hewitt broth at 
37°C with shaking to stationary phase and diluted in MHB or 
RPMI + 5% LB to an optical density at 600 nm = 0.40. Cultures 
were diluted in MHB or RPMI + 5% LB to an initial inoculum 
of 1 × 107 CFU/mL. Antibiotics were added at one-fourth the 
MIC, and tubes were placed in a shaking incubator at 37°C. 
Aliquots were collected at 6 hours and 24 hours and serially di-
luted for CFU enumeration. These data were collected from at 
least 3 biological replicates performed in at least technical trip-
licate. All antibiotics were purchased from the Sharp Memorial 
Hospital pharmacy (San Diego, California), supplied as vials 
available for clinical use and administration to patients.

Disk diffusion synergy assays between cefazolin and 
ertapenem were performed as previously described [8]. In 
brief, a bacterial suspension of 0.5 McFarland (108 CFU/mL) 
was streaked as a lawn on brain-heart infusion agar plates. 
A cefazolin or ertapenem disk was placed in the center of the 
plate and was replaced with a fresh cefazolin disk 1 hour later. 
Diameter of the zone of inhibition was measured after incuba-
tion at 37°C for 24 hours. Synergy was defined as >3-mm in-
crease in zone size when sequential disks of different agents were 
used, as compared to a single antimicrobial disk. Disks were 
purchased from Hardy Diagnostics (Santa Maria, California).

Rat Aortic Valve Endocarditis Model

The well-characterized MSSA strain TX0117 (harboring a type 
A β-lactamase and exhibiting a cefazolin inoculum effect) [4, 11] 
was studied in an established model of endocarditis using male 
Sprague-Dawley rats (weight ~200 g) [4, 11, 12]. Thirty hours 
after bacterial inoculation, therapy was started with ertapenem 
30 mg/kg SC every 8 hours, cefazolin 50 mg/kg intramuscularly 
every 8 hours, or a combination of cefazolin plus ertapenem at 
the above doses and intervals. Dosages were selected based on 
prior use of this model to assess antimicrobial therapeutics (au-
thors K. V. S., B. E. M.). Antibiotic therapy was administered 
for 3 days, animals were killed approximately 15 hours after the 
last antibiotic dose, and vegetations formed on the aortic valve 
and surrounding tissues were aseptically removed, weighed, 
and homogenized in 1 mL of 0.9% saline solution. Sequential 
dilutions of the homogenized tissues were carried out and sub-
sequently, the entire volume of each dilution (including the un-
diluted sample) was plated onto BHI agar. The geometric mean 
log10 CFU/g and standard deviations were calculated from col-
onies recovered from vegetations, and treatment groups were 
compared to untreated controls. Animals were included in the 
final analysis only if the catheters were found across the aortic 

valve in the left ventricle, and only rats that survived beyond the 
first 24 hours of therapy were included in the treatment group. 
The minimum detection limit of bacteria by this method was 10 
CFU/g of tissue. Results were analyzed as previously described 
[4, 11, 12].

Statistical Analyses

Statistical analyses were performed using GraphPad Prism, ver-
sion 7.0d. P values <.05 were considered significant.

RESULTS

A total of 11 cases of persistent MSSA bacteremia were suc-
cessfully cleared with cefazolin plus ertapenem combination 
therapy (Table 1). All isolates were methicillin susceptible per 
the clinical microbiology laboratory. The first case listed in 
Table 1 is from the previous case report [8]. Median duration 
of bacteremia was 6 days (range, 4–9 days) while on antibiotics 
prior to cefazolin plus ertapenem salvage therapy. Infective en-
docarditis was definitively identified by echocardiography in 6 
of these cases, including 2 cases of tricuspid valve endocarditis 
where cardiac vegetations were ≥2 cm in size. Remarkably, in 
these 2 cases, bacteremia cleared within 24 hours after the ini-
tiation of the salvage regimen. Among the 9 cases where blood 
cultures were drawn daily, bacteremia cleared within 24 hours 
in 8 cases (88%). In 2 cases, blood cultures were not obtained 
until day 3 of salvage therapy, so it was not possible to define 
the exact duration of bacteremia. While the patients included 
in this case report were not enrolled in a clinical trial for which 
outcome metrics were prespecified, all patients survived to hos-
pital discharge.

In vitro assessment of cefazolin, ertapenem, and nafcillin ac-
tivity for the 6 available isolates is shown in Table 2. Three of the 
6 isolates exhibited a significant inoculum effect with cefazolin, 
with MIC >3 dilutions higher when susceptibility testing was 
done using 107 CFU/mL vs 105 CFU/mL (Table 2). The high-
inoculum cefazolin MICs ranged from 8  mg/L to 32  mg/L. 
Nafcillin and ertapenem showed no inoculum effect.

Checkerboard testing revealed general additivity with some 
synergy between ertapenem and cefazolin or nafcillin based on 
fractional inhibitory concentration index calculations (Table 
2). Disk diffusion assays compared zones of inhibition using 
a cefazolin disk with or without agar priming by prior place-
ment of an ertapenem disk for 1 hour (Table 2). All the isolates 
showed at least a 4-mm increase in cefazolin inhibition zone 
with ertapenem priming.

We and others have recently appreciated that susceptibility 
testing results obtained in bicarbonate-buffered bacteriolog-
ical media or physiologically relevant tissue culture–based 
media can be more reflective of antibiotic activity in vivo 
[13–15]. Therefore, susceptibility testing for cefazolin, nafcillin, 
and ertapenem was also performed in RPMI media supple-
mented with 5% LB under both standard and high inoculum 
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conditions (Table 3). For cefazolin and nafcillin, MICs obtained 
in RPMI  +  5% LB under standard inoculum conditions were 
similar to results obtained in standard MHB. Isolates from cases 
2 and 5 showed 8-fold decreased cefazolin MIC in RPMI + 5% 
LB compared to MHB when tested under high inoculum. Only 
the MSSA isolate from case 5, which had a very high cefazolin 
MIC (32 mg/L) in MHB and high bacterial inoculum, showed 
a significant inoculum effect in RPMI + 5% LB (cefazolin MIC 
4 mg/L). However, much higher ertapenem MICs were seen for 
all of isolates under both standard and high inoculum testing 
in RPMI + 5% LB media. Using standard bacterial inocula, the 
ertapenem MICs observed in RPMI + 5% LB were 15–133 times 
higher than in MHB.

To simulate the most challenging high-inoculum MSSA in-
fections, kill curves were performed at a starting inoculum of 107 
CFU/mL in addition to standard inoculum (105 CFU/mL) with 
ertapenem and cefazolin, alone or in combination, against clin-
ical strains from cases 1–6 listed in Table 1. Results are shown in 
Supplementary Figure 1, with data from experiments in MHB 

on the left and those done in RPMI + 5% LB on the right. In both 
MHB and RPMI + 5% LB media, ertapenem and cefazolin pro-
vided heterogenous results across the 6 strains, with some strains 
showing synerg (≥2 log10 killing of the combination as compared 
to the most active antibiotic alone) [16] at the 24-hour time point 
while others did not. Most strains showed regrowth at 24 hours. 
Two of the strains were also examined in a similar fashion using 
ertapenem and nafcillin, alone or in combination in both MHB 
and RPMI  +  5% LB (Supplementary Figure 2). Both strains 
showed synergism with the combination of ertapenem plus 
nafcillin in RPMI + 5% LB, with approximately 2 log10 killing at 
24 hours but only at high inoculums (107 CFU/mL).

The results of cefazolin and ertapenem, alone and in com-
bination, in the endocarditis model are shown in Figure 1. In 
the presence of ertapenem, the bacterial inoculum in all but 1 

Table 2. In Vitro Studies in Mueller-Hinton Broth Under Low or High Inocula Against Nafcillin, Cefazolin, and Ertapenem From Methicillin-Susceptible 
Staphylococcus aureus Obtained From 6 Clinical Cases

Case

MIC, mg/L Checkerboard, FICI Disk Diffusion, mm

NAF CZ ETP CZ + ETP NAF + ETP ETP CZ ETP→CZ Δ

105 107 105 107 105 107 105 107 105 107     

1 0.25 0.50 0.25 1 0.06 0.06 0.56 0.50 0.56 0.75 30 27 32 +5

2 0.50 1 1 16 0.13 0.25 0.50 0.38 0.53 0.50 29 24 29 +5

3 0.25 0.50 0.50 8 0.06 0.06 0.75 0.56 0.38 0.56 29 26 29 +3

4 0.25 0.50 0.25 1 0.06 0.06 0.50 0.63 0.63 0.56 30 28 32 +4

5 0.25 0.50 0.50 32 0.03 0.06 0.75 0.53 0.50 0.63 30 24 28 +4

6 0.25 0.25 0.25 0.50 0.03 0.06 1 0.63 0.75 0.63 30 30 34 +4

Data in bold indicate isolates that exhibited an inoculum effect with cefazolin based on MIC; or synergy between cefazolin or nafcillin + ertapenem based on checkerboard, FICI. FICIs were 
interpreted as follows: synergy, FICI of ≤0.50; additivity, FICI of >0.50 to ≤1.0; no interaction (indifference), FICI of >1 to ≤4; antagonism, FICI of >4. ETP→CZ: ertapenem disk placed for 
1 hour, then replaced by CZ disk for overnight. This was compared to CZ where a blank disk was placed for an hour and replaced with CZ for overnight incubation. The difference (∆in zone 
size between CZ and ETP→CZ was measured (mm) and synergy defined as >3 mm.
Abbreviations: CZ, cefazolin; ETP, ertapenem; FICI, fractional inhibitory concentration indices; MIC, minimum inhibitory concentration; NAF, nafcillin.

Table 3. Minimum Inhibitory Concentration Under Low and High 
Inocula for Nafcillin, Cefazolin, and Ertapenem Across the 6 Clinical 
Isolates of Methicillin-Susceptible Staphylococcus aureus Used in This 
Study in Roswell Park Memorial Institute 1640 Tissue Culture Medium 
Supplemented With 5% Luria-Bertani Broth

Case

MIC, mg/L

Nafcillin Cefazolin Ertapenem

105 107 105 107 105 107

1 0.13 0.25 0.25 1 4 2

2 0.25 0.50 0.50 2 2 4

3 0.25 0.50 1 4 4 2

4 0.25 0.25 0.50 1 2 2

5 0.13 0.13 0.25 4 4 4

6 0.13 0.25 0.25 1 4 1

Data in bold indicate isolates that exhibited an inoculum effect with cefazolin based on 
MIC.

Abbreviation: MIC, minimum inhibitory concentration.

Figure 1. Efficacy of antibiotic therapy in a rat endocarditis model of infec-
tion with methicillin-susceptible Staphylococcus aureus TX0117. The results of 
therapy with cefazolin, ertapenem, and cefazolin-ertapenem for TX0117-infected 
rats are shown. Horizontal bars represent the geometric mean colony-forming unit 
titers. No antibiotics, filled circles; cefazolin, filled asterisks; ertapenem, open 
diamonds; cefazolin + ertapenem, closed diamonds. *P <  .05, by 2-tailed Mann-
Whitney test. **P = .005, ****P < .0001, by Kruskal-Wallis 1-way analysis of vari-
ance. Abbreviations: abx, antibiotics; CFU, colony-forming units; CZ, cefazolin; ETP, 
ertapenem; ns, not significant.
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valve was reduced below the limit of detection. The addition 
of cefazolin to ertapenem trended toward increased activity 
(P  <  .0001) compared to cefazolin (P  =  .0591) or ertapenem 
(P  =  .005) alone. Additionally, the results achieved statistical 
significance when the ertapenem treatment group was com-
pared to the cefazolin plus ertapenem condition (P < .05).

DISCUSSION

Cefazolin has been increasingly used and recommended for 
treatment of serious MSSA infections such as bacteremia, en-
docarditis, and osteomyelitis. In fact, recent studies have shown 
increased tolerability and perhaps better outcomes in patients 
receiving cefazolin compared to classical antistaphylococcal 
β-lactams such as oxacillin and nafcillin [17–19]. These favorable 
data for cefazolin are somewhat limited as they were retrospec-
tively collected and, therefore, vulnerable to bias (eg, higher-
risk patients may be biased toward receiving antistaphylococcal 
β-lactams over cefazolin). Yet, they do speak to the more favorable 
drug tolerability of cefazolin, particularly with longer treatment 
durations of >4 weeks called upon by these more serious infec-
tions, especially in the elderly. For example, myelosuppression 
and acute kidney injury are much less common with cefazolin 
than with the classical antistaphylococcal β-lactams [17–19]. 
However, the inferior activity of cefazolin under high inoculum 
conditions against some MSSA (eg, type A  β-lactamase–pro-
ducing strains) raises concern for treatment failure, which has 
been documented in the literature [4–7]. High-level population 
data may not highlight individual cases caused by MSSA exhib-
iting the cefazolin inoculum effect if such isolates are not very 
common, and recent studies suggest that these isolates may be 
common in some settings but quite rare in other hospital centers 
[20–23]. Staphylococcus aureus inoculum effects have recently 
been shown for additional β-lactam drugs, including β-lactam/β-
lactamase inhibitor combinations [24]. Suboptimal antimicrobial 
therapy against MSSA may have catastrophic clinical conse-
quences in very severe infections such as endocarditis or epidural 
abscess. It is noteworthy that 3 of the 6 MSSA isolates examined 
in this study showed a cefazolin inoculum effect, although only 
case 5 showed a cefazolin inoculum effect in RPMI  +  5% LB 
media. We highlight that the patient from this case experienced 
overt clinical failure requiring readmission to the hospital a few 
days after ertapenem was discontinued and cefazolin remained as 
monotherapy. Whether clinically significant cefazolin inoculum 
effects warrant testing in physiological media such as RPMI is a 
potential topic for future study, especially if cefazolin comes to 
replace classical antistaphylococcal β-lactams as the treatment of 
choice for complex MSSA infections.

In this study, we have shown that cefazolin plus ertapenem 
combination salvage therapy resulted in rapid MSSA bacte-
remia clearance in patients failing standard monotherapy, 
even in cases with large-burden endovascular infections on 
echocardiogram. A  modest synergy or additivity of cefazolin 

plus ertapenem against MSSA was observed in vitro utilizing 
both bacteriologic (MHB) and physiologic (RPMI) media. 
Considerable discordance was seen between in vitro synergy 
testing by the disk diffusion, checkerboard, and time-kill assays, 
overall raising questions as to how clinically relevant results of 
these assays are in assessing what appears to be a strong syn-
ergy between cefazolin and ertapenem in vivo, corroborated 
by significant synergy in the rat model of endocarditis. Based 
on these cumulative results, cefazolin plus ertapenem appears 
to offer a viable salvage regimen option in patients with MSSA 
bacteremia refractory to standard β-lactam therapy, provided 
appropriate surgical source control has been performed. While 
the clinical data and the rat endocarditis model data obtained 
with 1 bacterial strain support the hypothesis that ertapenem 
plus cefazolin combination has greater efficacy, the in vitro data 
were less convincing, with limited correlation between strains 
or assays.

The initial rationale for selecting this combination was to pro-
vide therapy with 2  β-lactam antibiotics with complementary 
penicillin binding protein (PBP)–binding proclivities, thus simul-
taneously targeting multiple steps in cell wall synthesis to provide 
enhanced killing [25]. Specifically, carbapenem antibiotics have 
exceptional affinity to the essential PBP of S. aureus, PBP1, ex-
ceeding even that of the antistaphylococcal β-lactams [25, 26]. 
This would complement the relative PBP2 proclivity of cefazolin 
[27]. A similar rationale has been the basis for use of ampicillin 
plus ceftriaxone to treat Enterococcus faecalis endocarditis and, 
due to its better tolerability, is phasing out toxic aminoglycoside 
therapy in this disease [28]. Our in vitro studies demonstrate 
additivity or synergy, without evidence of antagonism against 
the isolates tested. However, clearing bacteremia in <24 hours in 
patients with cardiac vegetations >2 cm in size far exceeds the 
predicted expectations from the in vitro studies, suggesting that 
additional factors may be involved that require further study.

One possibility for the profound effect in vivo may be the 
sensitization of MSSA exposed to both antibiotics to the innate 
immune system. We illustrated this phenomenon in our prior 
study, wherein MSSA from case 1 was more effectively killed 
by the human cationic host defense peptide, cathelicidin LL-37, 
or by neutrophils that produce many antimicrobial factors, 
when exposed to sub-MIC concentrations of both cefazolin and 
ertapenem compared to either drug alone [8]. Another possi-
bility is that very potent interference of PBP1, the only essen-
tial PBP in S. aureus, by the addition of ertapenem may surpass 
some cellular viability threshold that cannot be compensated 
by the other PBPs, particularly if another β-lactam is also in-
terfering with their functions. Finally, our extensive review of 
the literature has revealed that expression of PBP2, the primary 
target for cefazolin, is diminished in the presence of neutrophils 
[27]. Thus, our assessment of antimicrobial activity in artifi-
cially contrived bacterial media may be ill-equipped to examine 
dynamic changes to cell wall that occur in vivo. In reference 
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to the cefazolin-ertapenem interaction, ertapenem may serve to 
“rescue” the relatively attenuated activity of cefazolin that may 
be occurring in microenvironments such as bacterial endocar-
ditis vegetations. More studies will be needed to examine the 
relative activities of cefazolin in the presence of components of 
innate immunity present in vegetations.

In summary, we present a case series of consecutively treated 
patients with refractory MSSA bacteremia who achieved 
prompt bacteremia clearance with cefazolin plus ertapenem 
combination therapy. Synergy or additivity were observed in 
vitro between cefazolin and ertapenem against MSSA available 
from 6 of the treated patients and corroborated by studies in a 
rat endocarditis model. Based on the potent effects observed in 
vivo beyond what is predicted by in vitro assays, we hypothe-
size that cooperativity with innate immunity in vivo may also 
aid in bacterial killing when cefazolin and ertapenem are used 
together, as previously described [8]. Ertapenem with either 
cefazolin or other anti-staphylococcal β-lactams should be 
more extensively evaluated in the clinical setting to establish the 
role of these combination regimens in refractory cases of MSSA 
bacteremia and endocarditis.
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