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ABSTRACT Penicillin plus ceftriaxone is a promising alternative to ampicillin plus ceftriax-
one for the treatment of Enterococcus faecalis infective endocarditis. Limited data is available
supporting the utilization of penicillin plus ceftriaxone. A total of 20 E. faecalis isolates; one
wild-type strain (JH2-2) and 19 clinical blood strains were assessed for penicillin plus ceftriax-
one and ampicillin plus ceftriaxone synergy using a 24-h time-kill experiment. Susceptibility
was determined by broth microdilution. Differences in bactericidal, bacteriostatic, or inactiv-
ity, as well as synergy between treatments were assessed by chi-square or Fisher exact test.
All E. faecalis isolates were considered susceptible to ampicillin and penicillin. Ampicillin plus
ceftriaxone versus penicillin plus ceftriaxone similarly demonstrated synergy. Bactericidal
activity was more commonly observed for ampicillin plus ceftriaxone versus penicillin plus
ceftriaxone. Among isolates with a penicillin MIC of 4 wg/mL (n = 7), synergistic activity
for both combinations was less common compared to isolates with a penicillin MIC = 2 ug/
mL (n = 13). Ampicillin plus ceftriaxone and penicillin plus ceftriaxone demonstrate similar
synergistic potential against E. faecalis clinical blood isolates, but strains with higher penicillin
and ceftriaxone MICs less frequently demonstrated synergy. Further research is warranted to
determine the role of the penicillin plus ceftriaxone therapy and the penicillin MIC in clinical
practice.

IMPORTANCE Penicillin plus ceftriaxone demonstrates similar synergistic activity against
Enterococcus faecalis to ampicillin plus ceftriaxone. Isolates with a penicillin MIC of 4 mg/L
and a ceftriaxone MIC of 512 or higher, lack penicillin plus ceftriaxone synergy despite the
penicillin susceptibility MIC breakpoint of 8 mg/L.
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nterococcus faecalis is a leading cause of infective endocarditis (IE), with a greater than

30% mortality rate (1-4). Limited treatment options are available due to the intrinsic resist-
ance of E. faecalis to the majority of available antibiotics (5). Penicillins (e.g., penicillin, ampicillin)
are one of the few classes of antibiotics active against E. faecalis. In severe infections such
as IE, a penicillin alone demonstrates only bacteriostatic activity and leads to an increased
rate of treatment failure (6, 7). Therefore, combination therapy is essential to achieve syner-
gistic, bactericidal activity against E. faecalis IE (6). A penicillin plus an aminoglycoside was
the first combination utilized and significantly improved mortality (6). Due to rising amino-
glycoside resistance and associated nephrotoxicity, ampicillin plus ceftriaxone (ampicillin+
ceftriaxone) is emerging as a preferred alternative therapy (1, 6).

Despite E. faecalis intrinsic resistance to all cephalosporins including ceftriaxone, a
synergistic relationship is observed with ampicillin and ceftriaxone via total saturation of
penicillin-binding proteins (PBP) (7). Treatment of E. faecalis |E with ampicillin+ceftriaxone
requires a 6-week course (6), which presents a challenge when coordinating outpatient
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TABLE 1 Enterococcus faecalis isolates MICs (wg/mL)

Ampicillin Penicillin Ceftriaxone
Isolates Broth microdilution Clinical microbiology lab Broth microdilution Clinical microbiology lab Broth microdilution
JH2-2 0.5 2 256-512
2003 1 <2 2 1 128-256
2006 0.5 <2 2 2 16
e2011 1 <2 2 2 512
e2012 0.5 <2 2 2 256
e2014 1 <2 2 4 512
e2015 1 <2 2 1 512-1,024
e2017 1 <2 2 2 512-1,024
€2020 1 <2 2 2 128
e2025 1 <2 2 8 128
e2029 0.5 <2 2 4 128
e2031 0.5 <2 1 2 128
e2032 0.5 <2 2 2 256-512
2008 1 <2 4 8 2,048
€2009 1 <2 4 8 2,048
e2010 2 <2 4 8 512
e2018 1 <2 4 8 >2048
e2024 1 <2 4 4 256
e2027 1 <2 4 16 >2,048
2028 1 <2 4 16 >2,048

parenteral antimicrobial therapy (OPAT) due to ampicillin stability. Historically, ampicillin
was known to be stable (after reconstitution) for approximately 8 h at room temperature,
which led to clinicians prescribing penicillin plus ceftriaxone due to improved penicillin
stability (24 h at room temperature), despite limited evidence of primary support (8-11).
Recent data demonstrates prolonged stability of ampicillin up to 30 h at room temperature
(12, 13); however, ampicillin still lacks stability in an elastomeric pump, which is an advanta-
geous outpatient intravenous medication delivery system that allows patients the freedom to
travel with their medication in their pocket or a pouch without having to have the medication
hung superiorly to the infusion pump (9). Penicillin maintains stability in an elastomeric pump
(9), thus penicillin+ ceftriaxone is a promising alternative to ampicillin+ ceftriaxone.

Penicillin+ ceftriaxone requires further evaluation as penicillin is known to have higher
MICs compared to ampicillin against E. faecalis (14). There are also increasing reports of
E. faecalis isolates with alterations in essential pbp4 that demonstrate penicillin resistance
but are ampicillin susceptible (3, 15). Clinical data is limited in supporting the utilization of
penicillin+ceftriaxone (10, 11, 16, 17). A comparison of penicillin+ ceftriaxone in vitro synergy
to ampicillin+ ceftriaxone has only been assessed in checkboard assays, which are limited due
to the wide variability in result interpretation (17-19). Synergy assessment via in vitro time-kill
experiments have not yet been reported. We hypothesized that penicillin+ ceftriaxone will
have equivalent in vitro synergy to ampicillin+ ceftriaxone against E. faecalis blood isolates.

RESULTS

Susceptibility testing. All isolates were considered susceptible to ampicillin and penicillin
(Table 1). Wild-type isolate, JH2-2, had an ampicillin MIC of 0.5 wg/mL, which was lower
than previously published MIC of 2 wg/mL (20). To confirm findings, we repeated the assay
twice and obtained the same value. The penicillin MIC for JH2-2 was similar to previously
published findings (15).

All ampicillin MICs were concordant with the clinical microbiology laboratory results.
Penicillin MICs were within one to two, 2-fold dilutions of the reported MIC from the clinical
microbiology laboratory. A total of 13 isolates had a penicillin MIC =< 2 ug/mL and seven iso-
lates had a penicillin MIC of 4 wg/mL. All ceftriaxone MICs were elevated as expected due to
intrinsic resistance, except one isolate that had an MIC of 16 ug/mL (€2006). Most isolates
with a penicillin MIC of 4 wg/mL had a ceftriaxone MIC = 2048 wg/mL (n = 5/7, 71%)
compared to most isolates with a penicillin MIC of 2 g/mL had a ceftriaxone MIC = 512 pg/
mL (n = 11/13, 85%) (Table 1).
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TABLE 2 Beta-lactam monotherapies against E. faecalis: Time-kill assay change in log,, CFU/mL from the initial inoculum at 24 h

Microbiology Spectrum

Ceftriaxone alone

Ampicillin alone

Penicillin alone

Isolates 17.2 mcg/mL 0.25 x MIC 0.5 X MIC 1 X MIC 0.25 x MIC 0.5 X MIC 1 X MIC

Isolates with penicillin
MIC = 2 mcg/mL
JH2-2 +1.94 = 0.08 +2.05 £ 0.26 +1.81 =£0.18 -0.08 = 0.18° +2.09 = 0.06 +1.84 = 0.22 -1.26 = 0.43°
€2003 +1.62 £0.13 +2.06 = 0.16 +0.83 + 0.37 -4.05 *+ 0.00° +2.02 = 0.08 +0.50 = 0.10 -3.84 = 0.30¢
2006 -0.44 + 0.54° +1.97 = 0.03 +1.81 =037 -3.31 £0.087 +2.04 = 0.09 +1.98 = 0.06 -3.91 £0.11°
e2011 +2.52 +0.45 +2.21 = 0.07 +1.28 = 0.04 -4.14 £ 0.007 +2.23 +0.21 +2.08 = 0.21 +0.23 £ 0.22
e2012 +1.08 = 0.12 +1.95 = 0.06 +1.58 = 0.04 +0.16 = 0.06 +1.93 = 0.06 +1.32 = 0.21 -3.23 £0.31°
e2014 +1.63 = 0.11 +1.75 £ 0.03 +0.1+0.18 -2.02 + 0.05° +2.00 = 0.10 +1.43 = 0.01 -1.90 + 0.99°
e2015 +1.67 + 0.06 +1.57 + 0.07 -0.58 = 0.51° -4.12 + 0.00° +1.99 £ 0.16 +1.48 + 0.08 273 £0.12b
e2017 +1.72 = 0.06 +1.88 = 0.08 -0.05 + 0.39° -2.62 + 0.54° +1.20 = 0.10 +1.38 = 0.15 -2.58 + 0.02°
2020 +1.37 £0.12 +1.81 £0.12 +1.23 £0.28 -4.09 = 0.007 +2.05 = 0.06 +1.61 = 0.02 -3.04 £1.07°
e2025 +1.27 £ 0.07 +1.81 £ 0.12 +0.90 * 0.01 -4.25 = 0.05° +1.65 = 0.14 +1.21 £ 0.02 -0.60 + 0.20°
€2029 +1.59 £ 0.01 +2.26 + 0.21 +1.77 £ 0.01 +0.54 + 0.04 +1.98 + 0.03 +0.60 + 0.00 -3.36 = 0.76°
e2031 +1.98 £ 0.12 +1.81 £0.11 -2.86 + 0.45° -4.11 £ 0.007 +2.24 = 0.07 +0.95 = 0.34 -3.23 £ 0.05°
€2032 +1.27 £ 0.07 +1.82 = 0.06 +1.50 = 0.00 +0.96 * 0.01 +1.62 +0.17 +0.44 + 0.15 -2.04 +1.07°

Isolates with penicillin
MIC of 4 mcg/mL
€2008 +2.11 £0.03 +0.34 = 0.05 -3.00 = 0.14° -3.32 = 0.05° +1.03 = 0.03 +0.68 = 0.13 -2.69 + 0.03°
ve2009 +2.21+0.13 +1.06 = 0.16 -2.02 + 0.09° -4.08 = 0.00° +1.96 + 0.12 +1.35 = 0.04 +0.09 £ 0.14
e2010 +2.05 = 0.07 +1.46 = 0.05 -2.64 + 0.25° -2.73 +0.08° +1.72 = 0.04 +1.00 = 0.10 -0.28 + 0.04°
e2018 +2.42 = 0.02 +1.87 = 0.01 +1.46 = 0.04 -1.98 = 0.09° +2.22 =0.22 +1.75 = 0.06 -1.24 = 0.15°
e2024 +1.61 + 0.04 +2.05 = 0.04 +1.23 +£0.10 -3.34 +0.027 +1.78 + 0.00 -0.67 +0.81° -3.83 £ 0.12¢
e2027 +2.08 = 0.04 +1.58 £ 0.11 +1.82 = 0.01 +0.29 = 0.28 +1.81 =£0.23 +1.31 =£0.03 -1.80 *+ 0.00°
2028 +2.11 £0.12 +1.34 = 0.06 -0.20 + 0.16° -3.51 £ 0.587 +1.97 = 0.00 +1.63 = 0.00 -1.27 £ 0.23°

9Bactericidal activity was observed, defined as =3-log,, decrease in CFU/mL from initial inoculum.
bBacteriostatic activity was observed, defined as <3-log,, decrease in CFU/mL from initial inoculum.

Time-kill assays. All isolates against ampicillin or penicillin monotherapy at 0.25xMIC
demonstrated inactivity (Table 2). Ceftriaxone monotherapy also demonstrated inactivity
against all isolates, except one isolate which was bacteriostatic (e2006; -0.44 *+ 0.54
log,, CFU/mL). Ampicillin versus penicillin monotherapy at 0.5xMIC less commonly demon-
strated inactivity (n = 13, 65% versus n = 19, 95%; P = 0.04). Ampicillin versus penicillin at
1xMIC similarly did not demonstrate inactivity (n = 4, 20% versus n = 2, 10%, P = 0.66), with
majority of isolates demonstrating bactericidal activity against ampicillin (n = 11, 55%) and
majority of isolates demonstrating bacteriostatic activity against penicillin (n = 11, 55%).

Combination ampicillin+ ceftriaxone versus penicillin+ ceftriaxone similarly demonstrated
synergy at 0.25x, 0.5, and 1 x MIC (n =9, 45% versus n = 7,35%, P=0.52; n =11, 55%
versus n = 12, 60%, P = 0.75; and n = 5, 25% versus n = 5, 25%, P = 1.00; respectively)
(Table 3). Bactericidal activity was more commonly observed for ampicillin+ceftriaxone
versus penicillin+ceftriaxone at 0.25 x MIC (n = 9, 45% versus n = 2, 10%, P = 0.01). Inactivity
was less commonly observed for ampicillin+ ceftriaxone versus penicillin+ ceftriaxone at 0.5 x
MIC (n =1, 5% versus n = 7, 35%, P = 0.04). All other antibacterial activity was similar between
the two combinations.

Among isolates with a penicillin MIC of 4 ug/mL (n = 7), synergistic activity for ampi-
cillin+ceftriaxone and penicillin+ceftriaxone was less common compared to isolates with a
penicillin MIC = 2 wg/mL (n = 13) (Table 3). Bactericidal activity was also more common among
isolates with a penicillin MIC = 2 versus a penicillin MIC of 4 xg/mL. Only one isolate (€2024)
demonstrated bactericidal activity and synergy at 0.25x and 0.5 x MIC for both combinations
and was the only penicillin MIC of 4 wg/mL isolate with a lower ceftriaxone MIC of 256 pg/mL.
All other isolates with a penicillin MIC of 4 wg/mL exposed to penicillin+ ceftriaxone at 0.25x
and 0.5 x MIC were inactive and had a higher ceftriaxone MIC (range 512 to >2,048 wg/mL).

DISCUSSION
Among 20 clinical Enterococcus faecalis blood isolates, similar synergistic activity was
observed for ampicillin+ ceftriaxone and penicillin+ ceftriaxone combinations. More frequent
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TABLE 3 Beta-lactam combination therapies against E. faecalis: Time-kill assay change in log,, CFU/mL from the initial inoculum at 24 h

Ampicillin + ceftriaxone

Penicillin + ceftriaxone

Isolate 0.25 X MIC 0.5 X MIC 1 X MIC 0.25 X MIC 0.5 X MIC 1 X MIC

Isolates with penicillin
MIC = 2 mcg/mL
JH2-2 -2.04 + 0.125¢ -4.13 £ 0.00%¢ -4.13 £ 0.00%¢ +1.12 = 0.08 +0.45 £ 0.82 -3.01 £0.087
€2003 -4.05 + 0.00° -4.05 + 0.00° -4.05 *+ 0.00° +1.90 £ 0.17 -3.7 + 0.25%¢ -4.05 *+ 0.00°
2006 -4.05 = 0.007 -4.05 = 0.00° -4.05 = 0.007 -2.96 + 0.12°¢ -4.05 = 0.00%¢ -4.05 £ 0.007
e2011 -3.68 £ 0.09%¢ -4.14 * 0.00%¢ -4.14 £ 0.007 +1.60 = 0.23 -4.11 = 0.05%¢ -3.95 £ 0.10%¢
e2012 +1.20 = 0.32 -4.01 £ 0.00%< -4.01 £ 0.00%¢ +1.02 = 0.25 -3.94 = 0.00%¢ -3.92 £0.12¢
e2014 -4.05 * 0.00%¢ -4.05 * 0.00%¢ -4.05 + 0.00%¢ -0.38 = 0.24b¢ -3.98 £ 0.00%¢ -4.05 + 0.00%¢
e2015 -4.12 + 0.00%¢ -4.12 * 0.00%¢ -4.12 = 0.00° -1.2 £ 0.12b¢ 2.2 +0.29%¢ -4.12 + 0.00°
e2017 -2.31 + 0.16°¢ -3.99 * 0.00%¢ -3.99 * 0.007 -2.84 + 0.04°¢ -2.61 = 0.11°¢ -3.99 * 0.007
2020 -4.09 £ 0.00%¢ -4.09 = 0.00%¢ -4.09 = 0.007 -0.16 + 0.55° -4.06 £ 0.05%¢ -4.09 = 0.007
e2025 -3.89 * 0.00%¢ -4.28 * 0.00%¢ -4.28 + 0.00° -2.01 % 0.14b¢ -4.06 * 0.00%¢ -4.28 * 0.00%¢
€2029 +1.73 £ 0.01 -3.75 * 0.45%¢ -3.44 + 0.89%¢ +0.97 + 0.68 -1.57 +0.715¢ -4.07 + 0.00°
e2031 -3.16 * 0.449¢ -4.11 £ 0.007 -4.11 £ 0.007 -4.05 * 0.099¢ -3.76 £ 0.25%¢ -4.11 £ 0.007
e2032 +1.63 £0.12 -2.49 * 0.09° -4.14 + 0.00° +1.82 £ 0.24 -0.05 * 0.19° -4.14 * 0.00%¢

Isolates with penicillin
MIC of 4 mcg/mL
€2008 -0.40 * 0.03° -2.56 * 0.12° -3.44 + 0.04° +1.00 = 0.07 +0.46 + 0.10 -2.5 = 0.04°
€2009 -0.57 = 0.25° -2.61 £ 0.07° -4.08 *+ 0.00° +1.73 £ 0.09 +1.12 £0.19 -2.15 * 0.20%¢
e2010 +0.19 = 0.06 -1.51 + 0.06° -3.35 % 0.107 +1.00 = 0.08 +0.70 = 0.03 -0.82 + 0.00°
e2018 +1.46 * 0.00 +0.4 = 0.02 -3.37 £ 0.07° +1.97 £0.23 +1.66 * 0.05 -1.49 = 0.06°
e2024 -3.42 £ 0.71%¢ -3.92 + 0.00%¢ -3.92 + 0.00° -3.51 £ 0.02%¢ -3.92 * 0.00%¢ -3.92 + 0.00°
e2027 +1.18 = 0.19 -0.31 + 0.13%¢ -2.75 + 0.44°¢ +1.66 = 0.02 +0.95 = 0.24 -2.12 +0.11°
2028 +1.26 = 0.20 -1.21 +£0.33° -3.64 £ 0.187 +1.99 = 0.03 +1.56 = 0.08 -1.27 = 0.25°

9Bactericidal activity was observed, defined as =3-log,, decrease in CFU/mL from initial inoculum.
bBacteriostatic activity was observed, defined as <3-log,, decrease in CFU/mL from initial inoculum.

cSynergy was detected as indicated by gray shading, defined as =2-log,, decrease in CFU/mL at 24 h from the most active single agent was observed.

bactericidal activity was demonstrated among isolates treated with ampicillin+ ceftriaxone
versus penicillin+ ceftriaxone. Penicillin+ceftriaxone also demonstrated more bactericidal at
higher penicillin concentrations. Ampicillin+ceftriaxone and penicillin+ ceftriaxone synergy
was less frequently observed among isolates with a higher penicillin MIC of 4 g/mL as well
as higher ceftriaxone MICs. The observed differences in activity may impact clinical outcomes
in patients with E. faecalis IE, especially since B-lactam-based treatment failure has been
shown to occur more frequently in patients infected with a penicillin-resistant ampicillin-sus-
ceptible E. faecalis (3). According to CLSI, the clinical MIC breakpoint for penicillin and E. fae-
calis is = 8 pg/mL, indicating our isolates were still susceptible (21). Interestingly, majority of
our isolates with a penicillin MIC of 4 wg/mL had a higher reported MIC by Vitek 2 (Table 1),
with two isolates having an MIC above the breakpoint (i.e., 16 wg/mL). Our findings of lower
MICs by broth microdilution compared to Vitek 2 are similar to a previous report of 49 peni-
cillin-resistant ampicillin-susceptible E. faecalis isolates, which found that 93.9% of isolate
MICs by Vitek 2 were two, 2-fold dilutions higher than broth microdilution (22).

While the prevalence of penicillin-resistant ampicillin-susceptible E. faecalis remains
unknown in the Unites States (US), B-lactam-based treatments remain the standard of
care. Ampicillin+ceftriaxone is the most commonly used first-line combination to treat
E. faecalis IE due to the improved safety profile compared to aminoglycoside-based
treatments as well as rising aminoglycoside resistance up to 60% (1, 6). However, due
to the challenges of coordinating ampicillin therapy in the outpatient setting patients
often receive penicillin+ceftriaxone (8, 9). Limited clinical data is available supporting
the use of penicillin+ceftriaxone in clinical practice for E. faecalis IE and has only been
assessed in patients who have already received standard of care treatment. The first
discussion was a retrospective review in the US that identified five patients who were
discharged on penicillin+ ceftriaxone after receiving 3 to 8 days of ampicillin+ ceftriaxone
inpatient (11). Two of the five patients were lost to follow-up and the other three achieved
clinical cure with no relapse at 90 days (11). The penicillin MICs were not reported in this
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study (11). Another case series of four patients in the US who received penicillin+ ceftriaxone,
after already receiving standard of care [i.e, ampicillin+ceftriaxone (n = 3) and penicillin plus
gentamicin (n = 1)] treatment for a range of 3 to 32 days, reported no recurrence in infection
at 6 months (10). The authors reported penicillin MICs for three of the four patients by Etest,
where two patients had an MIC of 4 ug/mL, and one had an MIC of 2 wg/mL (10). Etest meth-
odology is found to correlate well to broth microdilution methodology, which perhaps
suggests that a penicillin MIC of 4 ng/mL does not always indicate treatment failure as
we observed with our isolates (22). However, one of the patients received chronic amoxicillin
oral suppression and the other patient received penicillin+gentamicin for 32 days prior
to transitioning to penicillin +ceftriaxone, which may falsely make penicillin+ceftriaxone
appear efficacious.

A larger multicenter case series in New Zealand of 41 patients with enterococcal endocar-
ditis (E. faecalis, n = 40 and Enterococcus faecium, n = 1) compared outpatient treatment with
penicillin plus gentamicin (n = 20) versus penicillin+ ceftriaxone (n = 23), found no difference
in recurrence (11% versus 5%, P = 0.59) but a greater incidence of side effects in patients
receiving gentamicin therapy (35% versus 0%, P < 0.01) (16). Patients received a median
of 15 days (interquartile range [IQR] 9-18.5 days) of inpatient penicillin, amoxicillin, amoxi-
cillin-clavulanic acid, piperacillin, or piperacillin-tazobactam plus a synergy antibiotic (i.e.,
ceftriaxone or gentamicin) prior to discharge (16). The predominant synergy antibiotic received
during the first 14 days of treatment was then selected for the patient on discharge (16).
Penicillin susceptibility was available for 32 of the isolates, with a median MIC of 3 (IQR 2-4),
but methodology was not reported (16). Similar efficacy between the two combinations
may be due to more patients in the penicillin+ ceftriaxone group receiving chronic amoxicillin
oral suppression (5% versus 35%, P = 0.02) (16).

Most recently, a single-center retrospective cohort study in Australia identified 20 patients
with an E. faecalis endovascular infection who received penicillin+ ceftriaxone via OPAT from
their existing OPAT database (17). Six patients (30%) experienced an unplanned readmission,
one patient (5%) had a relapse in bacteremia within 6 months, and 1-year mortality was
15% (17). All isolates were considered susceptible to penicillin by Vitek 2, but MICs were
not reported (17). A random six isolates were selected for testing by broth microdilution
and synergy assessment by checkerboard, which revealed a median penicillin MIC of 1 wg/mL
(IQR 0.5-1 wg/mL) and synergy for four isolates against ampicillin+ceftriaxone and three
isolates against penicillin+ ceftriaxone (17). It is important to note, however, that the interpre-
tation of the fractional inhibitory concentration index (FICl) was not indicated (17). Overall, the
clinical data is limited, and randomized controlled trials are needed to determine the equiva-
lence of penicillin+ceftriaxone to ampicillin+ ceftriaxone and the role of the E. faecalis penicil-
lin MIC in predicting treatment success.

Only one other in vitro study has been published to date, which also compared check-
board synergy of ampicillin+ceftriaxone versus penicillin+ceftriaxone among 28 clinical
E. faecalis blood isolates from Germany and one wild-type isolate (ATCC 29212) (19). The
ceftriaxone concentrations utilized included the free plasma trough concentrations for a
29V gl2h,4 gV g24h, and 2 g IV g24h regimens, which were 4, 1.5, and 1 ng/L, respectively
(19). Conversely, we utilized a free steady-state plasma concentration of 17.2 ug/mL based on
clinical pharmacokinetic data for a 2 g IV q12h regimen, where the extrapolated trough would
be 9.13 pg/mL versus the 4 pwg/mL utilized by Thieme et al. (19, 23). The difference in concentra-
tion is likely due to the variability in patient pharmacokinetics but should be considered when
interpreting the in vitro synergy results (23-25). Additionally, the authors utilized three different
definitions for the FICI, which leads to wide variability in result interpretation (18, 19). When utiliz-
ing an FICl = 0.5 to indicate synergy a total of 22 (75.9%) and 16 (55.2%) isolates were synergis-
tic against ampicillin+ ceftriaxone and penicillin+ ceftriaxone, respectively (19). When utilizing
the median FICI of 0.8 as the synergy threshold, an additional five isolates (n = 21, 72.4%) dem-
onstrated penicillin+ceftriaxone synergy and no additional isolates demonstrated ampicil-
lin+ ceftriaxone synergy (19). We observed comparable rates of synergy between the two com-
binations. We also observed minimal synergy for both combinations in isolates with a penicillin
MIC of 4 wg/mL, whereas Thieme et al. found a strong inverse correlation indicating that the
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higher the penicillin MIC the lower the FICI (r, = -0.61, P = 0.001) (19). However, these results are
difficult to interpret as the lower the FICI does not necessarily mean more synergy.

In addition, among our isolates with a penicillin MIC of 4 ng/mL, the ceftriaxone MICs
were higher compared to isolates with a penicillin MIC = 2 ug/mL. One isolate with a
penicillin MIC of 4 uwg/mL (e2024) had a ceftriaxone MIC of 256 wg/mL and was also the
only isolate with a penicillin MIC of 4 ug/mL that demonstrated synergy against both ampi-
cillin+ceftriaxone and penicillin+ceftriaxone. Similarly, Thieme L et al.’s in vitro checkboard
study found that isolates with a ceftriaxone MIC > 1024 wg/mL (n = 4) did not demonstrate
synergy for either combination, and ceftriaxone concentrations required to reduce the ampi-
cillin or penicillin were frequently unachievable or higher than physiologically achievable
ceftriaxone concentrations (19). Therefore, we chose to utilize the free plasma steady-state
concentrations (fCpss) of ceftriaxone to improve the clinical applicability of our results similar
to previous work (26). Utilization of ceftriaxone at 0.12x, 0.25%, and 0.5 x MIC in a time-kill
assay in previous work with isolate JH2-2 (ceftriaxone MIC 512 ug/mL) also yielded similar
synergistic results (27). The relationship of the ceftriaxone MIC along with the penicillin MIC
to B-lactam synergistic potential may be related to changes in essential penicillin-binding
protein-4 (PBP4). Although alterations in pbp4 have only been reported in penicillin-resistant
ampicillin-susceptible isolates (15), further investigation is warranted to determine if pbp4
mutations are present in isolates with higher penicillin MICs near the breakpoint (i.e, 4 and
8 wg/mL).

The strength of our study was the inclusion of clinical blood E. faecalis strains and utiliza-
tion of time-kill assays which have a clear synergy definition compared to checkboard meth-
odology. While time-kill assays are superior to checkboard methodology, our results are
limited by the static nature of these assays, which limits the applicability to determine
appropriate dosing that maximizes bactericidal activity. To improve applicability to patient
care we utilized physiologic concentrations of ceftriaxone, but unfortunately the physio-
logic steady-state plasma concentrations for ampicillin and penicillin were above the MIC
and would eradicate the organism without ceftriaxone in combination. As a result, we uti-
lized subinhibitory concentrations at 0.25x, 0.5%, and 1 x MIC, which led to variability in
the concentrations utilized across the isolates. Further research is warranted to determine
optimal penicillin+ceftriaxone dosing and the role of the E. faecalis penicillin MIC in predict-
ing treatment success.

Conclusion. Overall, ampicillin +ceftriaxone and penicillin+ ceftriaxone demonstrates
similar synergistic potential but ampicillin+ceftriaxone is more bactericidal. Strains with
higher penicillin and ceftriaxone MICs less frequently demonstrated synergy with both
ampicillin+ceftriaxone and penicillin+ceftriaxone. Higher penicillin concentrations were
warranted to achieve bactericidal activity, but further research is warranted to determine the
appropriate dose to optimize penicillin exposure.

MATERIALS AND METHODS

Bacterial isolates. A total of 20 E. faecalis isolates were included; one wild-type strain (JH2-2) and 19
clinical strains from blood. Most clinical isolates obtained were ampicillin and penicillin susceptible by the clini-
cal microbiology laboratory (Vitek 2, bioMérieux, Inc., Durham, NC). There were two isolates that had a penicillin
MIC of 16 wg/mL, which is one 2-fold dilution above the clinical breakpoint for penicillin is = 8 wg/mL (21). All
isolates were stored in (CryoCare, Stamford, TX; tryptic soy broth plus glycerol) at -80°C and were subcultured
once on brain heart infusion agar for 18-24 h at 35°C prior to each experiment.

Antimicrobials and media. Antibiotic powders were purchased from Sigma-Aldrich, Inc. (St. Louis,
MO): ampicillin sodium (product number: A0166), penicillin G potassium salt (product number: 46609), and cef-
triaxone sodium (product number: PHR1382). Experiments were performed using cation adjusted (calcium,
25 pg/mL; magnesium, 12.5 wg/mL) Mueller-Hinton broth (MHB; BD Difco, Sparks, MD). All viable cell count
samples and subcultures were plated on brain heart infusion agar (BHIA; BD Difco, Sparks, MD) (15, 28, 29).

Susceptibility testing. MICs were performed for ampicillin, penicillin, and ceftriaxone by broth microdilution
to confirm clinical microbiology laboratory results according to CLSI (21). All MICs were performed in duplicate
and were repeated to confirm any discordant MIC values between the clinical microbiology laboratory and our
laboratory.

Time-kill assays. A 24-h time-kill experiment was utilized to detect synergy for ampicillin+ceftriaxone
versus penicillin+ceftriaxone against all 20 isolates. Experiments were performed in duplicate in a 12-well
plate with a final volume of 2 mL. Assays were repeated to confirm findings if a wide standard deviation in
results was observed. The starting inoculum was 10° CFU/mL and plates were placed in the incubator at
35°C at 50 rotations per minute (rpm). Subinhibitory concentrations (0.25x and 0.5 x MIC) of ampicillin
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and penicillin were utilized as previously described (28), and 1xMIC was also tested. Ceftriaxone was tested
at the free plasma steady-state concentration (fCpss = 17.2 ug/mL) based on population pharmacokinetic
data fora 2 g IV gq12h regimen (t,, = 7.2 h, fC_,, = 28.9 ug/mL), as subinhibitory concentrations would not
be physiologically achievable due to the intrinsic resistance of ceftriaxone to enterococcus (23, 30). Each drug
was tested as monotherapy and both ampicillin and penicillin were combined with ceftriaxone. Samples were
obtained at 0, 4, and 24 h and diluted 1:10 in normal saline to obtain viable cell counts. Three 20 mcL samples
of each dilution were plated onto BHIA and incubated for 18-24 h at 35°C, where the average of the three
samples was taken to obtain a log,, CFU/mL viable cell count. Samples were directly obtained from the 12-
well plate if bacterial growth was not visible for a lower limit of detection of 2-log,, CFU/mL. Antimicrobial ac-
tivity was defined as bacteriostatic or bactericidal, which were defined as < 3-log,, CFU/mL or = 3-log,, CFU/
mL decrease from initial inoculum at 24 h. Inactivity was defined as an increase in log,, CFU/mL from initial
inoculum at 24 h. Combination therapy activity was determined to be synergistic if a = 2-log,, decrease in
CFU/mL at 24 h from the most active single agent was observed (18).

Statistical analysis. Differences in bactericidal, bacteriostatic, or inactivity between ampicillin and
penicillin monotherapies, and ampicillin+ceftriaxone and penicillin+ceftriaxone combinations were
assessed by chi-square or Fisher exact test. Differences in synergy between ampicillin+ceftriaxone and
penicillin+ceftriaxone, as well as between isolates with a penicillin MIC = 2 ng/mL and isolates with a
penicillin MIC of 4 ug/mL for each combination were assessed by chi-square or Fisher exact test. All sta-
tistical analyses were performed using R (version 4.1.2).

ACKNOWLEDGMENTS

We would like to sincerely thank Marcus Zervos and his team for providing us with
the clinical isolates utilized in this work. We also thank the American Association of Colleges
of Pharmacy (AACP) for their funding support. AACP played no role in study design, data
collection, result interpretation, or submitting this work for publication.

This work was funded by the American Association of Colleges of Pharmacy, New
Investigator Award.

REFERENCES

Microbiology Spectrum

1. Fernandez-Hidalgo N, Almirante B, Gavalda J, Gurgui M, Pena C, de Alarcon

A, Ruiz J, Vilacosta |, Montejo M, Vallejo N, Lopez-Medrano F, Plata A, Lopez J,
Hidalgo-Tenorio C, Galvez J, Saez C, Lomas JM, Falcone M, de la Torre J,
Martinez-Lacasa X, Pahissa A. 2013. Ampicillin plus ceftriaxone is as effective
as ampicillin plus gentamicin for treating enterococcus faecalis infective en-
docarditis. Clin Infect Dis 56:1261-1268. https://doi.org/10.1093/cid/cit052.

. Pericas JM, Llopis J, Mufioz P, Gélvez-Acebal J, Kestler M, Valerio M,
Hernandez-Meneses M, Goenaga MA, Cobo-Belaustegui M, Montejo M,
Ojeda-Burgos G, Sousa-Regueiro MD, de Alarcén A, Ramos-Martinez A,
Mird JM, Sanchez FF, Noureddine M, Rosas G, de la Torre Lima J, Blanco R,
Boado MV, Campaia Lazaro M, Crespo A, Goikoetxea J, Iruretagoyena JR,
Irurzun Zuazabal J, Lépez-Soria L, Montejo M, Nieto J, Rodrigo D, Rodriguez R,
Vitoria Y, Voces R, Garcia Lépez MV, Georgieva RI, Ojeda G, Rodriguez Bailon |,
Ruiz Morales J, Maria Cuende A, Echeverria T, Fuerte A, Gaminde E, Goenaga
MA, Idigoras P, Antonio lIribarren J, Izaguirre Yarza A, Kortajarena Urkola X,
Reviejo C, Carrasco R, Climent V, et al. 2020. A contemporary picture of entero-
coccal endocarditis. J Am Coll Cardiol 75:482-494. https://doi.org/10.1016/
jjacc.2019.11.047.

. Kim D, Lee H, Yoon EJ, Hong JS, Shin JH, Uh Y, Shin KS, Shin JH, Kim YA,
Park YS, Jeong SH. 2019. Prospective observational study of the clinical
prognoses of patients with bloodstream infections caused by ampicillin-
susceptible but penicillin-resistant Enterococcus faecalis. Antimicrob
Agents Chemother 63. https://doi.org/10.1128/AAC.00291-19.

. Contreras GA, Munita JM, Simar S, Luterbach C, Dinh AQ, Rydell K,
Sahasrabhojane PV, Rios R, Diaz L, Reyes K, Zervos M, Misikir HM, Sanchez-
Petitto G, Liu C, Doi Y, Abbo LM, Shimose L, Seifert H, Gudiol C, Barberis F,
Pedroza C, Aitken SL, Shelburne SA, van Duin D, Tran TT, Hanson BM, Arias CA.
2022. Contemporary clinical and molecular epidemiology of vancomycin-re-
sistant enterococcal bacteremia: a prospective multicenter cohort study
(VENOUS 1). Open Forum Infect Dis 9:0fab616. https://doi.org/10.1093/ofid/
ofab616.

. Hollenbeck BL, Rice LB. 2012. Intrinsic and acquired resistance mechanisms in
enterococcus. Virulence 3:421-433. https://doi.org/10.4161/viru.21282.

. Baddour LM, Wilson WR, Bayer AS, Fowler VG, Jr, Tleyjeh IM, Rybak MJ,
Barsic B, Lockhart PB, Gewitz MH, Levison ME, Bolger AF, Steckelberg JM,
Baltimore RS, Fink AM, O'Gara P, Taubert KA, American Heart Association
Committee on Rheumatic Fever E, Kawasaki Disease of the Council on Car-
diovascular Disease in the Young CoCCCoCS, Anesthesia, Stroke C. 2015. Infec-
tive endocarditis in adults: diagnosis, antimicrobial therapy, and management
of complications: a scientific statement for healthcare professionals from the

July/August 2022 Volume 10 Issue 4

American Heart Association. Circulation 132:1435-1486. https://doi.org/
10.1161/CIR.0000000000000296.

. Beganovic M, Luther MK, Rice LB, Arias CA, Rybak MJ, LaPlante KL. 2018. A

review of combination antimicrobial therapy for Enterococcus faecalis
bloodstream infections and infective endocarditis. Clin Infect Dis 67:303-309.
https://doi.org/10.1093/cid/ciy064.

. Holmes CJ, Ausman RK, Kundsin RB, Walter CW. 1982. Effect of freezing

and microwave thawing on the stability of six antibiotic admixtures in
plastic bags. Am J Hosp Pharm 39:104-108.

. Nakamura T, Enoki Y, Uno S, Uwamino Y, lketani O, Hasegawa N, Matsumoto

K. 2018. Stability of benzylpenicillin potassium and ampicillin in an elastomeric
infusion pump. J Infect Chemother 24:856-859. https://doi.org/10.1016/j jiac
.2018.04.003.

. Suzuki H, Carlson JR, Matsumoto E. 2020. Treatment of Enterococcus fae-

calis infective endocarditis with penicillin G plus ceftriaxone. Infect Dis
(Lond) 52:135-138. https://doi.org/10.1080/23744235.2019.1672888.

. Tritle BJ, Timbrook TT, Fisher MA, Spivak ES. 2020. Penicillin as a potential

agent for dual beta-lactam therapy for Enterococcal endocarditis. Clin
Infect Dis 70:1263-1264. https://doi.org/10.1093/cid/ciz594.

. Maher M, Jensen KJ, Lee D, Nix DE. 2016. Stability of ampicillin in normal

saline and buffered normal saline. Int J Pharm Compd 20:338-342.

. Herrera-Hidalgo L, Lopez-Cortes LE, Luque-Marquez R, Galvez-Acebal J,

de Alarcon A, Lopez-Cortes LF, Gutierrez-Valencia A, Gil-Navarro MV. 2020.
Ampicillin and ceftriaxone solution stability at different temperatures in
outpatient parenteral antimicrobial therapy. Antimicrob Agents Chemother
64. https://doi.org/10.1128/AAC.00309-20.

. Metzidie E, Manolis EN, Pournaras S, Sofianou D, Tsakris A. 2006. Spread

of an unusual penicillin- and imipenem-resistant but ampicillin-susceptible
phenotype among Enterococcus faecalis clinical isolates. J Antimicrob Chemo-
ther 57:158-160. https://doi.org/10.1093/jac/dki427.

. Rice LB, Desbonnet C, Tait-Kamradt A, Garcia-Solache M, Lonks J, Moon

TM, D'Andréa ED, Page R, Peti W. 2018. Structural and regulatory changes
in PBP4 trigger decreased beta-lactam susceptibility in Enterococcus fae-
calis. mBio 9. https://doi.org/10.1128/mBio0.00361-18.

. Briggs S, Broom M, Duffy E, Everts R, Everts G, Lowe B, McBride S, Bhally H.

2021. Outpatient continuous-infusion benzylpenicillin combined with ei-
ther gentamicin or ceftriaxone for enterococcal endocarditis. J Antimi-
crob Chemother 76:2168-2171. https://doi.org/10.1093/jac/dkab132.

. Ingram PR, Ng J, Mathieson C, Mowlaboccus S, Coombs G, Raby E, Dyer J. 2021.

A clinical and in vitro assessment of outpatient parenteral benzylpenicillin and

10.1128/spectrum.00621-22 7


https://doi.org/10.1093/cid/cit052
https://doi.org/10.1016/j.jacc.2019.11.047
https://doi.org/10.1016/j.jacc.2019.11.047
https://doi.org/10.1128/AAC.00291-19
https://doi.org/10.1093/ofid/ofab616
https://doi.org/10.1093/ofid/ofab616
https://doi.org/10.4161/viru.21282
https://doi.org/10.1161/CIR.0000000000000296
https://doi.org/10.1161/CIR.0000000000000296
https://doi.org/10.1093/cid/ciy064
https://doi.org/10.1016/j.jiac.2018.04.003
https://doi.org/10.1016/j.jiac.2018.04.003
https://doi.org/10.1080/23744235.2019.1672888
https://doi.org/10.1093/cid/ciz594
https://doi.org/10.1128/AAC.00309-20
https://doi.org/10.1093/jac/dki427
https://doi.org/10.1128/mBio.00361-18
https://doi.org/10.1093/jac/dkab132
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00621-22

Penicillin plus Ceftriaxone for Enterococcus faecalis

20.

21.

22.

23.

24,

ceftriaxone combination therapy for enterococcal endovascular infections. JAC
Antimicrob Resist 3:dlab128. https://doi.org/10.1093/jacamr/dlab128.

. Bonapace CR, Bosso JA, Friedrich LV, White RL. 2002. Comparison of methods

of interpretation of checkerboard synergy testing. Diagn Microbiol Infect Dis
44:363-366. https://doi.org/10.1016/50732-8893(02)00473-x.

. Thieme L, Briggs S, Duffy E, Makarewicz O, Pletz MW. 2021. In Vitro Syner-

gism of Penicillin and Ceftriaxone against Enterococcus faecalis. Microor-
ganisms 9:2150. https://doi.org/10.3390/microorganisms9102150.
Arbeloa A, Segal H, Hugonnet JE, Josseaume N, Dubost L, Brouard JP, Gutmann
L, Mengin-Lecreulx D, Arthur M. 2004. Role of class A penicillin-binding proteins
in PBP5-mediated beta-lactam resistance in Enterococcus faecalis. J Bacteriol
186:1221-1228. https://doi.org/10.1128/JB.186.5.1221-1228.2004.
Anonymous. Clinical and Laboratory Standards Institute. 2020. Performance
standards for antimicrobial susceptibility testing, 30th edition, (M100). CLSI,
Wayne, PA.

Tan YE, Ng LS, Tan TY. 2014. Evaluation of Enterococcus faecalis clinical
isolates with 'penicillin-resistant, ampicillin-susceptible' phenotype as reported
by Vitek-2 Compact system. Pathology 46:544-550. https://doi.org/10.1097/
PAT.0000000000000146.

Pollock AA, Tee PE, Patel IH, Spicehandler J, Simberkoff MS, Rahal JJ Jr,
1982. Pharmacokinetic characteristics of intravenous ceftriaxone in nor-
mal adults. Antimicrob Agents Chemother 22:816-823. https://doi.org/10
.1128/AAC.22.5.816.

Herrera-Hidalgo L, de Alarcon A, Lopez-Cortes LE, Luque-Marquez R,
Lopez-Cortes LF, Gutierrez-Valencia A, Gil-Navarro MV. 2020. Is once-daily
high-dose ceftriaxone plus ampicillin an alternative for Enterococcus

July/August 2022 Volume 10 Issue 4

25.

26.

27.

28.

29.

30.

Microbiology Spectrum

faecalis Infective endocarditis in outpatient parenteral antibiotic therapy
programs?. Antimicrob Agents Chemother 65. https://doi.org/10.1128/AAC
.02099-20.

Patel IH, Chen S, Parsonnet M, Hackman MR, Brooks MA, Konikoff J, Kaplan SA.
1981. Pharmacokinetics of ceftriaxone in humans. Antimicrob Agents Chemo-
ther 20:634-641. https://doi.org/10.1128/AAC.20.5.634.

Asempa TE, Nicolau DP, Kuti JL. 2019. In vitro activity of imipenem-rele-
bactam alone or in combination with amikacin or colistin against Pseudo-
monas aeruginosa. Antimicrob Agents Chemother 63. https://doi.org/10
.1128/AAC.00997-19.

Cusumano J, Daffinee K, Bodo E, LaPlante K. 2019. Alternatve dual beta-
lactam combinations for Enterococcus faecalis infective endocarditis, abstr
P2804. European Congress of Clinical Microbiology and Infectious Dis-
eases, Amsterdam, the Netherlands.

Mainardi JL, Gutmann L, Acar JF, Goldstein FW. 1995. Synergistic effect of
amoxicillin and cefotaxime against Enterococcus faecalis. Antimicrob Agents
Chemother 39:1984-1987. https://doi.org/10.1128/AAC.39.9.1984.

Munita JM, Panesso D, Diaz L, Tran TT, Reyes J, Wanger A, Murray BE, Arias CA.
2012. Correlation between mutations in liaFSR of Enterococcus faecium and
MIC of daptomycin: revisiting daptomycin breakpoints. Antimicrob Agents
Chemother 56:4354-4359. https://doi.org/10.1128/AAC.00509-12.

Pletz MW, Rau M, Bulitta J, De Roux A, Burkhardt O, Kruse G, Kurowski M,
Nord CE, Lode H. 2004. Ertapenem pharmacokinetics and impact on intestinal
microflora, in comparison to those of ceftriaxone, after multiple dosing in
male and female volunteers. Antimicrob Agents Chemother 48:3765-3772.
https://doi.org/10.1128/AAC.48.10.3765-3772.2004.

10.1128/spectrum.00621-22 8


https://doi.org/10.1093/jacamr/dlab128
https://doi.org/10.1016/s0732-8893(02)00473-x
https://doi.org/10.3390/microorganisms9102150
https://doi.org/10.1128/JB.186.5.1221-1228.2004
https://doi.org/10.1097/PAT.0000000000000146
https://doi.org/10.1097/PAT.0000000000000146
https://doi.org/10.1128/AAC.22.5.816
https://doi.org/10.1128/AAC.22.5.816
https://doi.org/10.1128/AAC.02099-20
https://doi.org/10.1128/AAC.02099-20
https://doi.org/10.1128/AAC.20.5.634
https://doi.org/10.1128/AAC.00997-19
https://doi.org/10.1128/AAC.00997-19
https://doi.org/10.1128/AAC.39.9.1984
https://doi.org/10.1128/AAC.00509-12
https://doi.org/10.1128/AAC.48.10.3765-3772.2004
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00621-22

	RESULTS
	Susceptibility testing.
	Time-kill assays.

	DISCUSSION
	Conclusion.

	MATERIALS AND METHODS
	Bacterial isolates.
	Antimicrobials and media.
	Susceptibility testing.
	Time-kill assays.
	Statistical analysis.

	ACKNOWLEDGMENTS
	REFERENCES

