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Combination therapy is an attractive option for the treatment of
multidrug-resistant (MDR) Pseudomonas aeruginosa infections; however, limited data
are available on combinations with ceftolozane-tazobactam (C-T). The in vitro pharmacodynamic chemostat model was employed to compare human-simulated exposures of C-T at 3 g every 8 h alone or in combination with amikacin at 25 mg/kg of
body weight daily or colistin at 360 mg daily against four MDR P. aeruginosa isolates. C-T alone resulted in 24-h changes in the number of CFU of ⫺0.02 ⫾ 0.21,
⫺1.81 ⫾ 0.55, ⫺1.44 ⫾ 0.40, and ⫹0.62 ⫾ 0.05 log10 CFU/ml against isolates with
C-T MICs of 4, 4, 8, and 16 g/ml, respectively. Amikacin and colistin monotherapy
displayed various results. The addition of amikacin to C-T resulted in ⫺2.00 ⫾ 0.23
(P ⬍ 0.001, additive)-, ⫺1.50 ⫾ 0.83 (P ⫽ 0.687, indifferent)-, ⫺2.84 ⫾ 0.08 (P ⫽
0.079, indifferent)-, and ⫺2.67 ⫾ 0.54 (P ⬍ 0.001, synergy)-log10 CFU/ml reductions,
respectively. The addition of colistin to C-T resulted in ⫺3.02 ⫾ 0.22 (P ⬍ 0.001,
additive)-, ⫺3.21 ⫾ 0.24 (P ⬎ 0.05, indifferent)-, ⫺4.6 ⫾ 0.11 (P ⫽ 0.002, synergy)-,
and ⫺3.01 ⫾ 0.28 (P ⬍ 0.001, synergy)-log10 CFU/ml reductions, respectively, against
the MDR P. aeruginosa isolates with these MICs. Greater overall reductions in bacterial burden, including additive or synergistic interactions at 24 h, with C-T plus amikacin or colistin were observed against 3 out of 4 MDR P. aeruginosa strains tested,
particularly those strains that were intermediate or resistant to C-T. Further studies
assessing combination regimens containing C-T against MDR P. aeruginosa are warranted.
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P

seudomonas aeruginosa is a nonfermenting, Gram-negative, rod-shaped bacterium
commonly associated with the four most frequent types of hospital-acquired
infections, including pneumonia and skin and soft tissue, urinary tract, and bloodstream
infections (1, 2). In 2009, the Infectious Diseases Society of America (IDSA) deﬁned the
ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) group of pathogens, in which P. aeruginosa is represented; these pathogens portray a high level of
multidrug resistance (MDR) with few antibiotic options for treatment (3). Antibiotic
resistance in P. aeruginosa can be caused by a number of mechanisms (4). For most
␤-lactam antibiotics, resistance is secondary to stable derepression of AmpC cephalosporinases in combination with active efﬂux pumps or loss of porins that permit
entry through the outer membrane into the periplasmic space. Extended-spectrum
␤-lactamases (ESBLs) and carbapenemases (e.g., metallo-␤-lactamases) can also be
present but more rarely cause resistance in P. aeruginosa. Unfortunately, ␤-lactam
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resistance is often associated with reduced susceptibility to other antimicrobials as well,
including ﬂuoroquinolones and aminoglycosides (4). Recent surveillance in Europe
reported that 17.8% (range by country, 0 to 66.3%) of P. aeruginosa isolates are resistant
to carbapenems and 12.9% are resistant to at least 3 of the 5 primary antibiotic classes
used clinically (5). The Centers for Disease Control and Prevention (CDC) reported
similar rates (13%) of MDR P. aeruginosa (6), and the rate of carbapenem resistance is
frequently observed to be 20 to 30% among U.S. surveillance studies (7, 8).
As a result of multiple global efforts, the antimicrobial pipeline addressing ESKAPE
pathogens has only recently become bountiful (9). One of these new compounds
is ceftolozane-tazobactam (C-T; Zerbaxa; Merck & Co, Inc., Kenilworth, NJ), a novel
antipseudomonal cephalosporin combined with tazobactam, a well-established ␤lactamase inhibitor (10). This combination has demonstrated potent in vitro activity
against Gram-negative bacteria, with particular activity against MDR strains of P.
aeruginosa and ESBL-producing strains of some Enterobacteriaceae (11, 12). Of interest
is C-T’s ability to retain activity against most (76.9 to 84.9%) MDR P. aeruginosa strains,
including strains nonsusceptible to ceftazidime, cefepime, piperacillin-tazobactam, and
meropenem (13). C-T is approved for the treatment of complicated intra-abdominal and
urinary tract infections, including acute pyelonephritis, at a dose of 1.5 g every 8 h
(q8h); furthermore, clinical trials of C-T for hospital-acquired bacterial pneumonia are
under way using a higher dose of 3 g every 8 h (10). As a result of its in vitro potency
and to preserve its future effectiveness, C-T is often reserved by hospitals for use
against MDR or extensively drug resistant (XDR) P. aeruginosa infections (14–18).
Because C-T is used in the direst clinical situations for resistant P. aeruginosa
infections, it is natural to question whether to optimize its utility by adding a second
drug with activity. Studies addressing the beneﬁts of combination therapy have rarely
found a clinical beneﬁt, as long as at least one antibiotic with activity was prescribed;
however, only a few studies with MDR P. aeruginosa have been conducted, and none
have included newer, potent antibiotics, such as C-T (19, 20). Nonetheless, many
patients described in case series and isolated reports receive combination therapy
(14–17), presumably because this reduces the trepidation associated with using a
newer agent when few other options remain. Munita and colleagues (16) presented
retrospective data on 35 patients treated with C-T for carbapenem-resistant P. aeruginosa infections. Although not statistically signiﬁcantly different, the rate of clinical
success was 70% versus 87% in patients receiving mono- versus combination therapy,
respectively. Furthermore, the authors observed clinical failure in all patients harboring
a C-T-nonsusceptible isolate (MIC ⬎ 4 g/ml).
Of the available antibiotics with activity against P. aeruginosa, the combination of an
antipseudomonal ␤-lactam with an aminoglycoside or a ﬂuoroquinolone is among the
most frequently recommended. Combinations including colistin are also more widely
used due to increasing MDR prevalence; furthermore, such combinations are now
recommended in the treatment of critically ill patients with ventilator-associated
pneumonia in the most recent IDSA guidelines (21). This study aimed to evaluate the
antibacterial efﬁcacy of C-T alone and in combination with amikacin or colistin, two
antipseudomonal antibiotics often reserved for MDR isolates, in an in vitro pharmacodynamic model simulating the free drug concentration proﬁles of aggressive dosing
regimens for each antibiotic.
RESULTS
P. aeruginosa susceptibility. The four isolates selected for this experiment were all
meropenem, ceftazidime, cefepime, and piperacillin-tazobactam resistant and susceptible to amikacin and colistin. Two of the four isolates were susceptible to C-T, one was
intermediate, and one was resistant (Table 1).
Antibiotic exposures. The observed concentrations and the calculated pharmacokinetic parameters for all antibiotic regimens over the 24-h experiments are represented in Table 2. Overall, the target concentrations were achieved for all antibiotics.
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TABLE 1 Antibiotic MICs against the four P. aeruginosa isolates
Modal MIC (g/ml)a
Isolate
PSA C8-21
PSA C28-5
PSA C45-10
PSA C14-22

C-T
4
4
8
16

AMK
8
8
2
8

CST
1
1
1
2

MEM
32
32
8
16

CAZ
128
128
128
128

FEP
64
64
64
32

TZP
256
512
512
256

aC-T,

ceftolozane-tazobactam; AMK, amikacin; CST, colistin; MEM, meropenem; CAZ, ceftazidime; FEP,
cefepime; TZP, piperacillin-tazobactam.
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Antibacterial results. The mean bacterial density of the starting inoculum was
6.42 ⫾ 0.12 log10 CFU/ml for all experiments. For controls, the isolates grew to 7.90 ⫾
0.27 log10 CFU/ml over 24 h. Time-kill curves are presented in Fig. 1 for each P.
aeruginosa isolate and each regimen studied. Additionally, the observed difference in
bacterial density at 24 h by isolate is provided in Fig. 2. All treatment regimens reduced
the number of CFU at 24 h to a level signiﬁcantly greater than that for the controls, with
the exception of colistin monotherapy against PSA C14-22. Overall, no antagonism was
observed with any of the combinations.
Both PSA C8-21 and PSA C28-5 were C-T susceptible with an MIC of 4 g/ml. C-T
monotherapy resulted in ⫺0.02 ⫾ 0.21- and ⫺1.82 ⫾ 0.55-log10 CFU/ml reductions for
the two strains at 24 h, respectively. The addition of amikacin to C-T against PSA C8-21
demonstrated a signiﬁcant reduction in the number of CFU compared with the
reductions achieved with C-T and amikacin alone (P ⬍ 0.001 for both); the additional
⫺1.27-log10 CFU/ml difference over the reduction achieved with the more active
antibiotic (i.e., amikacin) was sufﬁcient to classify this combination as additive. The
addition of colistin to C-T against PSA C8-21 demonstrated a signiﬁcant reduction in the
number of CFU compared with that achieved with C-T and colistin alone (P ⬍ 0.001 for
both); the additional ⫺1.58-log10 CFU/ml difference over the reduction achieved with
colistin alone was additive. The addition of amikacin or colistin to C-T against PSA C28-5
resulted in indifferent interactions for both combinations.
PSA C45-10 was intermediate resistant to C-T with an MIC of 8 g/ml. Despite this
phenotypic classiﬁcation, C-T monotherapy resulted in a ⫺1.44 ⫾ 0.40-log10 CFU/ml
reduction at 24 h. The addition of amikacin to C-T did not demonstrate any signiﬁcant
increase in activity compared with that of C-T or amikacin alone (P ⫽ 0.079 and 0.805,
respectively), and this combination was indifferent. The addition of colistin to C-T
demonstrated a signiﬁcant reduction in the number of CFU compared with the
numbers achieved with both C-T and colistin monotherapy (P ⫽ 0.002 and P ⬍ 0.001,
respectively). The additional ⫺3.17-log10 CFU/ml difference compared with the reduction achieved with C-T alone qualiﬁed this combination as synergistic.
PSA C14-22 was C-T resistant with an MIC of 16 g/ml. C-T monotherapy resulted in
regrowth to 0.62 ⫾ 0.05 log10 CFU/ml. Both amikacin and colistin also demonstrated
little antibacterial efﬁcacy by 24 h (Fig. 1). The C-T plus amikacin and C-T plus colistin
combinations resulted in signiﬁcant increases in the reduction in the number of CFU
compared with the number of CFU achieved with each of the antibiotics alone (P ⬍
TABLE 2 Observed versus target concentration pharmacokinetic parameters achieved in the in vitro modelc

Antibiotic
Ceftolozanea
Amikacin
Colistinb

Free peak concn (g/ml)

Free trough concn
(g/ml)

Free AUC0–24
(g · h/ml)

Target
55.6
63.6
0.73

Target
11.2
0.9
NC

Target
679
348
NC

Observed
65.9 ⫾ 5.7
62.5 ⫾ 4.0
0.72 ⫾ 0.12

Observed
12.3 ⫾ 1.9
0.9 ⫾ 0.3
NC

t1/2 (h)
Observed
779 ⫾ 35
358 ⫾ 11
NC

Target
3.7
NC
NC

Observed
3.5 ⫾ 0.4
NC
NC

aConcentration

and pharmacokinetic data were targeted only for the ceftolozane component of ceftolozane-tazobactam.
was administered as a continuous infusion during the experiments; therefore, the free peak concentration is the mean concentration over the 24-h
experiment.
cData are presented as the mean ⫾ standard deviation. AUC
0 –24, area under the curve for the 24-h experiment; t1/2, half-life; NC, not calculated.
bColistin
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FIG 1 Mean number of CFU over 24 h by P. aeruginosa isolate and for each antibiotic regimen. Data are plotted as the mean number of
CFU from two experiments for each treatment regimen and the mean number of CFU for all growth controls for each isolate. (A) PSA C8-21
(MICs, C-T, 4 g/ml; amikacin [AMK], 8 g/ml; colistin [CST], 1 g/ml); (B) PSA C28-5 (MICs, C-T, 4 g/ml; amikacin, 8 g/ml; colistin, 1 g/ml);
(C) PSA C45-10 (MICs, C-T, 8 g/ml; amikacin, 2 g/ml; colistin, 1 g/ml); (D) PSA C14-22 (MICs, C-T, 16 g/ml; amikacin, 8 g/ml; colistin,
2 g/ml). Straight line/no symbol, growth control; dashed line/no symbol, C-T monotherapy; straight line/square, amikacin monotherapy;
straight line/triangle, colistin monotherapy; dashed line/square, C-T plus amikacin combination; dashed line/triangle, C-T plus colistin
combination; dotted line, lowest limit of detection (LLOD).

0.001 for all comparisons). Notably, both of these combinations were synergistic, with
additional reductions of ⫺2.24 and ⫺3.64 log10 CFU/ml, respectively, compared with
the reduction achieved with the most active single antibiotic.
AUCFU. The log ratio (LR) for the area under the curve for CFU (AUCFU) data are
presented in Table 3. This method provides the log difference in the total bacterial
burden over the duration of the study for the test method (e.g., combination therapy)
relative to that for the reference treatment (e.g., control or single antibiotic alone) (22).
A 1-log reduction is equivalent to a 10-fold, or 90%, reduction in the bacterial burden
over time relative to that achieved with the reference, a 2-log reduction is equivalent
to a 100-fold reduction (i.e., 99%), etc. Relative to control isolate growth, all monotherapy antibiotic regimens achieved substantial reductions in the bacterial burden
over time (⫺1.62 to ⫺3.18), with the exception of colistin alone against PSA C14-22
(⫺0.46, or an ⬃3-fold reduction). Combination regimens were compared with each
May 2018 Volume 62 Issue 5 e02384-17
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FIG 2 Mean change at 24 h in the number of CFU from that at 0 h by P. aeruginosa isolate and for each antibiotic regimen. (A) PSA
C8-21 (MICs, C-T, 4 g/ml; amikacin, 8 g/ml; colistin, 1 g/ml); (B) PSA C28-5 (MICs, C-T, 4 g/ml; amikacin, 8 g/ml; colistin, 1
g/ml); (C) PSA C45-10 (MICs, C-T, 8 g/ml; amikacin, 2 g/ml; colistin, 1 g/ml); (D) PSA C14-22 (MICs, C-T, 16 g/ml; amikacin, 8
g/ml; colistin, 2 g/ml). The results for all antibiotic regimens were signiﬁcantly different from the results for the control (P ⬍ 0.05)
except CST monotherapy against PSA C14-22. Statistical results between monotherapy and combination therapy regimens are
provided in the upper left corner of each panel.

antibiotic alone as a reference. Compared with the reduction achieved with C-T alone,
the combination of C-T plus amikacin achieved greater than 1-log reductions against
PSA C8-21 and PSA C14-22. Referenced to the reduction achieved with amikacin alone,
the reductions were ⫺0.24 and ⫺0.53 against these isolates, respectively. The combination of C-T plus colistin also achieved greater than 1-log reductions against PSA
C8-21 and PSA C14-22 compared with those achieved with C-T alone. AUCFU reductions with this combination were ⬍1 log relative to the reduction achieved with colistin
alone for all isolates, except PSA C14-22, where the combination resulted in more than
a 99% reduction (i.e., 2.36 logs) relative to that achieved with colistin alone.
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TABLE 3 LR of AUCFU for each antibiotic alone (test) compared with the control (reference) and for each antibiotic combination (test)
compared with each antibiotic alone (reference)
Log difference in AUCFUa
Isolate
PSA C8-21
PSA C28-5
PSA C45-10
PSA C14-22

C-T/control
⫺2.25
⫺2.55
⫺2.26
⫺1.58

AMK/control
⫺3.13
⫺1.62
⫺3.16
⫺2.44

CST/control
⫺3.12
⫺3.18
⫺2.54
⫺0.46

C-T ⴙ AMK/
C-T alone
⫺1.02
⫺0.48
⫺0.77
⫺1.42

C-T ⴙ AMK/
AMK alone
⫺0.24
⫺1.23
⫺0.10
⫺0.53

C-T ⴙ CST/
C-T alone
⫺1.01
⫺0.62
⫺0.78
⫺1.16

C-T ⴙ CST/
CST alone
⫺0.11
0.11
⫺0.50
⫺2.36

aThe

log difference is presented as the log ratio (LR), which is equal to the number of log10 CFU(test/reference). AUCFU, area under the curve for CFU; C-T,
ceftolozane-tazobactam; AMK, amikacin; CST, colistin.
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DISCUSSION
C-T is a recent addition to our antibiotic armamentarium targeting MDR Gramnegative bacteria, most notably, P. aeruginosa. The majority of the real-world use of C-T
has been for treatment of off-label infections (predominantly pneumonia) caused by P.
aeruginosa strains resistant to most currently available ␤-lactams (14–18). Although
reported outcomes have generally been favorable, many patients received combination therapy; furthermore, the MIC for those MDR P. aeruginosa strains tended to be
well below the current susceptibility breakpoint of 4 g/ml. The rate of clinical success
was 70% versus 87% in patients receiving mono- versus combination therapy, respectively, in the case series by Munita and colleagues; furthermore, the authors observed
clinical failure in all patients harboring a C-T-nonsusceptible isolate (16). Observations
such as these beseech the question of whether combination therapy with newer
antibiotics, such as C-T, should be advocated. Herein, we used an in vitro pharmacodynamic model to evaluate the antibacterial efﬁcacy of C-T monotherapy compared
with that of combination regimens of amikacin or colistin. Although no antagonism was
observed with any combinations, varied results were achieved by isolate; synergistic
interactions were noted for 2 of the 4 isolates.
The four P. aeruginosa isolates selected for this experiment were resistant to all
␤-lactams tested, including carbapenems, ceftazidime, cefepime, and piperacillintazobactam. Two isolates had C-T MICs at the susceptibility breakpoint, which account
for ⬃5% of P. aeruginosa isolates in surveillance studies (23). The other two strains
selected were nonsusceptible with MICs of 8 and 16 g/ml, which each accounted for
⬃1% of isolates. Thus, although still rare in the Unites States, isolates with this level of
resistance are exactly the types to which combination therapy would be targeted.
An additional reason for selection of these four isolates was the availability of
time-kill synergy results for comparison (24). Using a ceftolozane concentration of 7.5
g/ml (roughly a free trough concentration) and reported trough concentrations of
other antipseudomonal antibiotics, synergy was observed with colistin against PSA
C28-5, PSA C45-10, and PSA C14-22; additivity was observed against PSA C8-21. In
contrast, when combined with the trough concentrations of amikacin, indifference was
observed for all isolates, except PSA C45-10, against which synergy was demonstrated.
Those observations varied signiﬁcantly from our ﬁndings using the in vitro pharmacodynamic model. When using a human-simulated free concentration proﬁle of 3 g q8h
of C-T, 25 mg/kg of body weight once daily amikacin, and 360 mg daily of colistin base
activity, synergy was observed with the C-T plus colistin regimen only against the two
C-T-nonsusceptible isolates, PSA C45-10 and PSA C14-22. The addition of colistin
resulted in additivity or indifference against the two susceptible strains. The combination of C-T plus amikacin resulted in synergy only against PSA C14-22, whereas
additivity or indifference was observed against all other strains. The most practical
reason for these differences lies in the drug concentration proﬁles used during each
experiment. Unless administered as continuous infusions, the concentration proﬁles
simulated in time-kill synergy studies cannot be replicated in vivo. Notably, no antagonism by C-T and amikacin or colistin against any of these P. aeruginosa isolates was
observed in either study.
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When assessed using the LR difference in AUCFU method (22), similar conclusions
could be made for both combinations against most isolates (Table 3). We used C-T as
the primary reference for combination regimens since the clinical intent would be to
add the other agents to the ␤-lactam backbone; furthermore, monotherapy with an
aminoglycoside or colistin against P. aeruginosa would be strongly discouraged. Compared with the reduction achieved with C-T alone, combination therapy with amikacin
and colistin resulted in an additional ⫺1.42- and ⫺1.16-log reduction in the overall
bacterial burden against PSA C14-22, respectively. Against PSA C8-21, where the 24-h
CFU-per-milliliter reduction endpoint resulted in additivity for both combinations,
relative agreement was observed, as the AUCFU method identiﬁed additional ⫺1.02
and ⫺1.01 log reductions, respectively, compared with the reduction achieved with C-T
alone. Finally, agreement was also observed against PSA C28-5; ⫺0.48- and ⫺0.62-log
reductions were achieved with combination therapy, which was concordant with the
24-h CFU-per-milliliter reduction results for indifference. In contrast, a ⱖ1-log AUCFU
reduction was not observed for C-T plus colistin against PSA C45-10, whereas the 24-h
data suggested synergy. This was likely due to an observed bump in the number of CFU
at 18 h for the C-T plus colistin combination (Fig. 1C), which contributed to the AUCFU
of this regimen, followed by a reduction approaching the lower limit of detection
at 24 h.
As a ␤-lactam, ceftolozane’s pharmacodynamic proﬁle is similar to that of other
cephalosporins and best correlated with the percentage of the dosing interval that the
free plasma concentrations exceed the MIC (fTMIC). The fTMIC required for 1-log kill in the
classic neutropenic murine thigh infection model was 39% (range, 20 to 47%) against
14 P. aeruginosa strains, although this level of kill was unachievable for 2 of the included
strains (25). Bulik and colleagues (26) simulated ceftolozane exposures of 37.5 to 100%
fTMIC in an immunocompetent murine thigh infection model against 8 diverse P.
aeruginosa strains. At least 1-log10 CFU/ml reductions were observed against all strains
at 24 h, including those with ceftolozane MICs of 8 and 16 g/ml. The mean free drug
trough concentration observed in critically ill patients receiving C-T at 3 g q8h and
simulated herein was ⬃11.2 g/ml (27), thereby resulting in a 100% fTMIC for the three
isolates with MICs of ⱕ8 g/ml and an ⬃90% fTMIC for the isolate with an MIC of 16
g/ml. Despite these high exposures in the in vitro pharmacodynamic model, C-T
monotherapy resulted in a ⱖ1-log10 CFU/ml kill against only PSA C28-5 and PSA
C45-10. The results of the in vitro and in vivo murine studies should not be directly
compared due to a number of differences, including the use of different isolates, the
presence of a fully or partially active immune system in animals, as well as the
simulation of ideal growth conditions for P. aeruginosa in vitro. Indeed, the in vitro
pharmacodynamic chemostat model is perhaps among the most challenging test of
antibacterial activity, and therefore, it is promising to observe antibacterial effects at
least up to the MIC of 8 g/ml with the 3-g-q8h dosing regimen.
All four P. aeruginosa strains selected were susceptible to amikacin, an observation
consistent with observations from contemporary surveillance studies. With the exception of colistin and now C-T, amikacin often remains the most active antibiotic against
P. aeruginosa. Among 236 meropenem-resistant P. aeruginosa strains in the United
States, the strains displayed the greatest susceptibility to amikacin at a rate of 91%,
whereas the rate of susceptibility to tobramycin was 74% (28). Amikacin was simulated
in the model as a high-dose, extended-interval regimen consistent with a 25-mg/kg
daily dose (29). When tested alone, amikacin displayed the greatest antibacterial effect
against PSA C45-10 (a ⫺3-log10 CFU/ml reduction at 24 h and a ⫺3.16 log reduction in
AUCFU relative to the values for the control), the isolate against which it was most
active (MIC ⫽ 2 g/ml). When combined with C-T, additivity was observed against one
C-T-susceptible isolate, indifference was observed against the remaining susceptible
isolate as well as PSA C45-10, and synergy was observed against the resistant C-T isolate
(PSA C14-22) (Fig. 2). Although synergy at 24 h was not observed with all isolates, it
should be noted that this combination provided rapid killing to the lower limit of
detection by 4 to 8 h against all strains (Fig. 1), whereas C-T alone never reached this
aac.asm.org 7
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level of kill over the 24-h experiment. Drusano and colleagues have proposed that
achievement of rapid kill (ⱖ2 log10 CFU/ml) early after starting antibiotic therapy
permits attainment of the saturable threshold needed for granulocytes to contribute
optimally to bacterial clearance (30). As a result, there may be value to combining the
two antibiotics clinically even in the absence of synergy. The addition of aminoglycosides to ␤-lactams has demonstrated additivity, synergy, as well as the suppression of
resistance emergence in several studies (31, 32).
Lastly, colistin was selected for this study due to its utility as an agent of last resort
against MDR Gram-negative bacteria. All four isolates were susceptible to colistin with
MICs of 1 to 2 g/ml. Consistent with the ﬁndings of other in vitro pharmacodynamic
studies (33), colistin simulated at an aggressive dose of 360 mg daily attained rapid
bactericidal activity against all P. aeruginosa strains, followed by the regrowth of three
of the four strains. The combination of C-T plus colistin resulted in synergy at 24 h
against two of the four strains (notably, the C-T-nonsusceptible ones) and indifference
or additivity against the two C-T-susceptible isolates. This combination also resulted in
rapid early killing (Fig. 1) and numerically the largest reductions in the number of CFU
against each isolate over 24 h (Fig. 2). These observations are again consistent with
those in the in vitro combination therapy literature when colistin is added to other
␤-lactams against P. aeruginosa (33). No clinical studies have ever identiﬁed a beneﬁt to
administering colistin in combination with a ␤-lactam against MDR P. aeruginosa;
however, dosing may not have been optimized for the individual agents in these
studies (33). Nonetheless, the potential beneﬁt of its use must be weighed against its
well-described toxicity.
Some limitations of this study should be noted. These experiments were conducted
in vitro, although we would argue that the use of human-simulated concentration
proﬁles gets closer to what might be observed in the clinic than the use of time-kill or
checkerboard studies. These studies are conducted in the presence of ideal growth
conditions for the organism with no contribution of any immune system. Studies were
conducted only over 24 h; longer-duration experiments are needed to assess the
emergence of resistance or the ability of combination therapy to suppress this endpoint. Only four P. aeruginosa strains were included, and all of the strains had C-T MICs
much higher those for than the majority of isolates seen clinically; therefore, these
observations may not apply to isolates with lower MICs. Finally, aggressive dosing
regimens for all three antibiotics were simulated. The use of lower doses may result in
different conclusions, including additional observations of synergy, because it is easier
to meet the ⬎2-log10 CFU/ml threshold if the monotherapy regimens perform poorly.
However, for the treatment of MDR P. aeruginosa infections with few other options, we
believe that the pharmacokinetics and pharmacodynamics should be optimized for
each individual antibiotic administered so as to achieve a maximum contribution.
In summary, we observed greater overall reductions in bacterial burdens, including
additivity or synergy at 24 h, with C-T plus amikacin and C-T plus colistin combination
regimens against 3 out of 4 MDR P. aeruginosa strains tested, particularly those strains
that were intermediate or resistant to C-T, compared to the reductions achieved with
monotherapy. These data suggest that combination therapy could prove useful in the
treatment of MDR P. aeruginosa infections. Further studies are justiﬁed to fully evaluate
the clinical beneﬁts of these regimens.
MATERIALS AND METHODS
Bacterial strains. Four clinical P. aeruginosa isolates with an MDR resistance pattern isolated during
a surveillance study in the United States were used in this study (PSA C8-21, PSA C28-5, PSA C45-10, PSA
C14-22). The isolates were selected on the basis of meropenem, ceftazidime, cefepime, and piperacillintazobactam resistance and the presence of a C-T MIC at or within 2 dilutions above the susceptibility
breakpoint of 4 g/ml. The MICs of C-T, amikacin, colistin, meropenem, ceftazidime, cefepime, and
piperacillin-tazobactam were determined by broth microdilution according to Clinical and Laboratory
Standards Institute (CLSI) recommendations, as described previously by Sutherland and Nicolau (23).
Antibiotics. Ceftolozane-tazobactam (Zerbaxa; lot number SP1348; expiration date, December 2017)
was obtained from Merck & Co., Inc. (Kenilworth, NJ). Amikacin analytical powder (amikacin sulfate, USP;
lot number 115837/B; expiration date, April 2017) was obtained from Medisca (Plattsburgh, NY). Colistin
May 2018 Volume 62 Issue 5 e02384-17

aac.asm.org 8

Ceftolozane-Tazobactam Combinations versus Pseudomonas

Antimicrobial Agents and Chemotherapy

May 2018 Volume 62 Issue 5 e02384-17

Downloaded from http://aac.asm.org/ on November 24, 2020 by guest

analytical powder (colistin sulfate; lot number SLBN5158V-SLBT0851; expiration date, March 2021) was
obtained from Sigma-Aldrich (St. Louis, MO). Before all in vitro pharmacodynamic experiments, antibiotic
stock solutions were prepared according to the pharmaceutical instructions and immediately frozen in
cryovials. The amount of solution needed for each experiment was defrosted just prior to commencement of daily experiments.
Simulated drug exposures. C-T was administered to simulate the peak and trough free ceftolozane
concentrations achieved in the plasma of critically ill patients with suspected pneumonia receiving the
3-g (2 g ceftolozane, 1 g tazobactam)-every-8-h (q8h) dosage regimen (27). After applying a protein
binding of 16%, the target ceftolozane concentration was a free peak concentration of 55.6 g/ml with
a half-life (t1/2) of 3.7 h, thereby resulting in an 8-h trough concentration of 11.2 g/ml. Although present
in the pharmaceutical formulation, we did not humanize or consider tazobactam exposure since it has
a limited role in ceftolozane’s activity against P. aeruginosa (10). Amikacin was simulated to achieve a free
peak concentration and a free drug area under the curve for the 24-h experiment (fAUC0 –24) consistent
with that achieved with a 25-mg/kg daily dose in a 70-kg critically ill patient with severe sepsis (29). After
considering a protein binding of 11%, these values were 63.6 g/ml and 348.0 g · h/ml, respectively.
The elimination rate was set to be consistent with that of C-T; a supplemental amikacin bolus dose was
administered at 8 h to raise the concentration from 12.8 to 22.0 g/ml in order to achieve the target
fAUC0 –24. Colistin was simulated as a continuous infusion to achieve the mean steady-state average
concentration (Css,avg) for adult critically ill patients receiving the currently recommended European
Medicines Agency (EMA) dosing regimen of 360 mg daily of colistin base activity (34). Assuming a protein
binding of 50%, the target free Css,avg was 0.73 g/ml.
In vitro pharmacodynamic model. A one-compartment in vitro chemostat model was used for all
experiments. Brieﬂy, each bug-drug combination experiment consisted of three independent glass
reactor models studied simultaneously; two of them contained experimental treatments in duplicate, and
one was an antibiotic-free growth control. The reactors were placed in a water bath with a temperature
modulator set for 35°C, and magnetic stirrers were placed inside to ensure consistent mixing. All reactors
were ﬁlled with 300 ml of cation-adjusted Mueller-Hinton broth (CAMHB; Becton Dickinson and Company, Sparks, MD). The reactors were inoculated with 106 log10 CFU/ml of each isolate 30 min prior to the
administration of the antibiotic(s) to allow the bacteria to enter the log phase of growth. After the bolus
of the antibiotic(s) at 0 h to achieve the target free peak concentration(s) was added, fresh broth was
infused into the models via a peristaltic pump (Masterﬂex model 7519-05 and Masterﬂex L/S model
7519-15; Cole-Palmer Instrument Company, Vernon Hills, IL), which was set to achieve the humansimulated half-life of C-T. During colistin experiments, the infused broth contained the target free Css,avg
of 0.73 g/ml to maintain this concentration in the reactor while simulating the C-T t1/2. Each experiment
was conducted over 24 h.
To assess bacterial density over time, samples were taken from each reactor at a series of time points
(0, 1, 4, 8, 10, 18, and 24 h) and serially diluted in normal saline. To perform quantitative culture, the
diluted samples were immediately plated into Trypticase soy agar with 5% sheep blood plates (BBL
Stacker Plate; 90-mm diameter; Becton Dickinson and Company, Sparks, MD) and incubated at 37°C for
16 to 24 h, after which the colony counts were read. The lower limit of quantiﬁcation was 1.7 log10
CFU/ml.
Antibiotic concentrations and exposure determination. The antibiotic concentrations obtained
inside the reactors were measured at established time points (0, 2, 8, 10, 16, 18, and 24 h). All samples
were immediately stored at ⫺80°C until analysis. The concentration of the ceftolozane component of C-T
was assessed by a high-performance liquid chromatography (HPLC) method at the Center for AntiInfective Research and Development (Hartford, CT, USA) (35). The ceftolozane assay was linear over a
concentration of 0.5 to 50 g/ml. Any concentrations above the upper limit of the assay were diluted
accordingly to ﬁt within the standard curve range. The mean intraday coefﬁcients of variation (CVs) for
low (1 g/ml) and high (40 g/ml) quality control samples were 4.57% and 2.10%, respectively. For the
interday quality control samples, the CVs were 3.69% and 4.78%, respectively. Amikacin samples were
analyzed by Quest Diagnostics (Chantilly, PA, USA) using an enzyme multiple-immunoassay technique
(EMIT; on an AU680 analyzer using the Syva 2000 reagent kit from Beckman Coulter). Colistin samples
were analyzed through a validated liquid chromatography-tandem mass spectrometry (LC/MS-MS) assay
by Keystone Bioanalytical, Inc. (North Wales, PA, USA). Both colistin A and colistin B concentrations were
measured and summed to equate colistin concentrations. Observed concentrations were reported for
free peak and trough values for all antibiotics; for colistin this was the Css,avg. The fAUC0 –24 was calculated
for ceftolozane and amikacin using the log trapezoidal rule. The terminal half-life (t1/2) was calculated for
ceftolozane as 0.693/k, where k was the estimated elimination rate constant between the measured
concentrations.
Statistical analyses. To evaluate the antibiotic activity of each regimen, bacterial density was
measured by the change in the number of log10 CFU per milliliter between 0 and 24 h for each simulated
regimen. Time-kill curves were constructed by plotting the mean bacterial density (number of CFU per
milliliter) for each isolate and regimen against time. The observed change in the number of log10 CFU per
milliliter over 24 h was compared between antibiotic regimens for each isolate using analysis of variance
(ANOVA) with the Holm-Sidak method for multiple comparisons on SigmaPlot (version 13.0) software
(Systat Software Inc., San Jose, CA, USA). Statistical signiﬁcance was deﬁned a priori as a P value of ⬍0.05.
Synergy for combination regimens was deﬁned as a difference of ⬎2 log10 CFU/ml at 24 h from the
reduction achieved with the most active agent of the combination administered alone; additivity was
deﬁned as a 1- to 2-log10 CFU/ml difference at 24 h from the reduction achieved with the most active
agent of the combination (36, 37). Indifference was deﬁned by log10 CFU-per-milliliter changes of less
aac.asm.org 9

Rico Caballero et al.

Antimicrobial Agents and Chemotherapy

than 1. Finally, antagonism was deﬁned as a statistically signiﬁcant difference resulting in a worsening
log10 CFU-per-milliliter value from the value achieved with the least active agent alone.
As an alternative endpoint, the LR difference in AUCFU (22) was calculated for each antibiotic
alone referenced to the control isolate and for each antibiotic combination relative to the antibiotic
alone as LR ⫽ log10(AUCFUtest/AUCFUreference), where AUCFUtest is the AUCFU for the test isolate and
AUCFUreference is the AUCFU for the reference isolate, No deﬁnitions for synergy, additivity, etc., have
been established for the LR of the AUCFU method; however, one may consider the additional
difference in the total bacterial burden reduction that is observed. Therefore, a 1-log reduction
would be a 10-fold (or 90%) reduction in the overall bacterial burden. For combination therapies, we
considered those regimens achieving a ⱖ1-log difference in AUCFU compared with that achieved
with C-T alone to be noteworthy (i.e., the combination results in a 10-fold further reduction in the
overall bacterial burden compared with that achieved with C-T alone), since, clinically, amikacin or
colistin would be added to the ␤-lactam backbone and monotherapy with amikacin or colistin
against P. aeruginosa is strongly discouraged.
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