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The usefulness of �-lactam antimicrobial agents is threatened as never before by �-lactamase-producing bacteria. For this rea-
son, there has been renewed interest in the development of broad-spectrum �-lactamase inhibitors. Herein we describe the re-
sults of dose fractionation and dose-ranging studies carried out using a one-compartment in vitro infection model to determine
the exposure measure for CB-618, a novel �-lactamase inhibitor, most predictive of the efficacy when given in combination with
meropenem. The challenge panel included Enterobacteriaceae clinical isolates, which collectively produced a wide range of
�-lactamase enzymes (KPC-2, KPC-3, FOX-5, OXA-48, SHV-11, SHV-27, and TEM-1). Human concentration-time profiles were
simulated for each drug, and samples were collected for drug concentration and bacterial density determinations. Using data
from dose fractionation studies and a challenge Klebsiella pneumoniae isolate (CB-618-potentiated meropenem MIC � 1 mg/
liter), relationships between change from baseline in log10 CFU/ml at 24 h and each of CB-618 area under the concentration-time
curve over 24 h (AUC0 –24), maximum concentration (Cmax), and percentage of the dosing interval that CB-618 concentrations
remained above a given threshold were evaluated in combination with meropenem at 2 g every 8 h (q8h). The exposure measures
most closely associated with CB-618 efficacy in combination with meropenem were the CB-618 AUC0 –24 (r2 � 0.835) and Cmax

(r2 � 0.826). Using the CB-618 AUC0 –24 indexed to the CB-618-potentiated meropenem MIC value, the relationship between
change from baseline in log10 CFU/ml at 24 h and CB-618 AUC0 –24/MIC ratio in combination with meropenem was evaluated
using the pooled data from five challenge isolates; the CB-618 AUC0 –24/MIC ratio associated with net bacterial stasis and the 1-
and 2-log10 CFU/ml reductions from baseline at 24 h were 27.3, 86.1, and 444.8, respectively. These data provide a pharmacoki-
netics-pharmacodynamics (PK-PD) basis for evaluating potential CB-618 dosing regimens in combination with meropenem in
future studies.

The usefulness of �-lactam antimicrobial agents is threatened as
never before by �-lactamase-producing bacteria (1). Today,

the �-lactamase enzymes that are of greatest clinical concern in-
clude Ambler class A extended-spectrum �-lactamases (ESBL)
(e.g., CTX-M), class A serine class carbapenemases (e.g., KPC-
type), class B metallo-�-lactamases (e.g., NDM-type and VIM-
type), class C cephalosporinases (e.g., AmpC-type), and class D
serine oxacillinases (e.g., OXA-type cephalosporinases and OXA-
type carbapenemases) (2). Among Enterobacteriaceae, ESBL- and
AmpC-type are common �-lactamases (3, 4, 5). The CTX-M-type
�-lactamases, which were first reported in the late 1980s (6), have
become one of the most globally dominant groups (7, 8). KPC-
type �-lactamases were first identified in the United States in 1996
(9) and have since increased in prevalence and become a global
concern (10). Increases in the prevalence of OXA-type �-lactama-
ses are also of concern due to variable inhibition of investigational
�-lactamase inhibitor agents (2), with OXA-48 being among the
most problematic given the rapid recent dissemination observed
(11, 12).

Given the above-described diversity of �-lactamases, the in-
creasing number of �-lactamases produced by each pathogen, and
the potential for different enzymes to increase in prevalence in
different regions, there has been renewed interest in the develop-
ment of novel broad-spectrum �-lactamase inhibitors (13, 14).
CB-618 is a novel non-�-lactam �-lactamase inhibitor that be-
longs to the diazabicyclooctane class and that is structurally re-
lated to avibactam (data on file at Merck & Co., Kenilworth, NJ,

USA). Like avibactam, CB-618 inhibits predominantly Ambler
class A and C �-lactamases but also select class D �-lactamases
(15; data on file at Merck & Co., Kenilworth, NJ, USA).

One-compartment and hollow-fiber in vitro infection models
have emerged as important tools for evaluating the adequacy of
candidate �-lactam–�-lactamase inhibitor dosing regimens (16,
17, 18, 19, 20). These models allow for evaluation of the relation-
ship between �-lactamase inhibitor exposure in the context of a
given �-lactam exposure and change in bacterial burden (17, 18).
The resultant exposure-response relationships for both the �-lac-
tamase inhibitor and �-lactam agent can be used as inputs in
subsequent analyses to support dose selection.

As described herein, a one-compartment in vitro infection
model was used to simulate a clinically applicable meropenem
dosing regimen administered in combination with a range of CB-
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618 dosing regimens to characterize the pharmacokinetics-phar-
macodynamics (PK-PD) relationship for CB-618 efficacy against
�-lactamase-producing Enterobacteriaceae. The specific objec-
tives were 2-fold. The first objective was to identify the CB-618
exposure measure most closely associated with CB-618 efficacy.
The second objective was to determine the magnitude of the CB-
618 PK-PD index associated with net bacterial stasis and 1- and
2-log10 CFU/ml reductions from baseline at 24 h.

MATERIALS AND METHODS
Bacteria, antimicrobial, and �-lactamase inhibitor. A total of five serine
carbapenemase-producing clinical isolates, one Escherichia coli isolate and
four Klebsiella pneumoniae isolates, were utilized in these studies (JMI
Laboratories, North Liberty, IA). These isolates were selected based upon
their elevated MIC values to meropenem alone and meropenem in the
presence of CB-618 at a fixed concentration of 4 mg/liter (i.e., the CB-618-
potentiated meropenem MIC values), both of which were required to
span the upper margin of their respective MIC distributions. The presence
of �-lactamases was confirmed by JMI Laboratories using PCR, sequenc-
ing, and isoelectric focusing using standard methodologies. Meropenem
and CB-618 were provided by Cubist Pharmaceuticals (Lexington, MA).

Media and in vitro susceptibility studies. Susceptibility studies were
completed in triplicate over a 2-day period in accordance with Clinical
and Laboratory Standards Institute (CLSI) guidelines (21). The suscepti-
bility of each isolate to meropenem and CB-618 was determined by broth
microdilution methodology using cation-adjusted Mueller-Hinton
growth medium (BD Laboratories, Franklin Lakes, NJ). The susceptibili-
ties of each clinical isolate to meropenem and CB-618 alone and mero-
penem in combination with CB-618 using a fixed CB-618 concentration
(4 mg/liter), following CLSI recommendations for the beta-lactamase in-
hibitor tazobactam (21), were determined. The modal MIC values were
utilized in all analyses.

PK-PD in vitro model and sample processing. A previously described
one-compartment PK-PD in vitro infection model was utilized in the
single-isolate dose-ranging, dose fractionation, and multiple-isolate dose-
ranging studies (17, 18). The in vitro model consisted of a central infection
compartment containing a suspension of the challenge isolate in Mueller-
Hinton II broth which was set upon a magnetic stir plate. Within the
central infection compartment, the challenge isolate was exposed to
meropenem and CB-618. Through the use of computer-controlled sy-
ringe pumps, selected free-drug concentration-time profiles were simu-
lated for each study drug. The PK-PD in vitro model was placed within a
temperature- and humidity-controlled incubator at 35°C. Specimens for
determination of bacterial density and drug concentration were collected
from the central infection compartment at predetermined time points.

In these experiments, bacterial suspensions of 1.0 � 106 CFU/ml were
prepared for each challenge isolate. These suspensions were generated
from a culture grown overnight on Trypticase soy agar supplemented with
5% sheep blood (BD Laboratories). Isolated colonies were taken from the
overnight cultures and grown to mid-logarithmic phase in Mueller-Hin-

ton broth at 35°C and 125 rotations per minute in a shaking water bath.
The bacterial concentration within the flask was determined by optical
density for each challenge isolate. Bacteria were then exposed to changing
free-drug concentrations of meropenem and CB-618, simulating human
half-lives of 1 h for meropenem (22) and 1.8 h for CB-618 (data on file at
Merck & Co., Kenilworth, NJ, USA) using computer-controlled syringe
pumps. At baseline and 2, 4, 8, 12, and 24 h after therapy initiation, 1-ml
samples were collected for bacterial density determination. Each sample
was centrifuged, washed, and resuspended with sterile normal saline twice
to prevent drug carryover. The washed samples were serially diluted in
sterile normal saline and cultured onto drug-free Trypticase soy agar en-
riched with 5% sheep blood. Plated samples were placed in a humidified
incubator at 35°C for 24 h, and subsequently, the bacterial density was
determined. In addition, 1-ml samples were collected for drug concentra-
tion determination at 1, 3, 5, 7, 9, 11, 13, and 23 h after initiation of
therapy for each study. All samples collected for drug concentration de-
termination were immediately frozen at �80°C until assayed using liquid
chromatography-tandem mass spectrometry (LC-MS/MS).

Single-isolate dose-ranging studies. Duplicate CB-618 dose-ranging
studies, for which 0.03 to 2 g of CB-618 was administered every 8 h (q8h)
for 24 h, were conducted using the PK-PD one-compartment in vitro
infection model, a single KPC-3-producing challenge isolate (K. pneu-
moniae 79), and a fixed meropenem dosing regimen (2 g q8h). The activ-
ities of all treatment regimens were compared to that of the no-treatment
control group.

Dose fractionation studies. The CB-618 dosing regimens selected for
use in the 24-h dose fractionation PK-PD in vitro infection model studies
were guided by results of the single-isolate dose-ranging studies. The CB-
618 dosing regimens selected were those which bracketed and included
one-half the maximal effect seen in the dose-ranging study. In these stud-
ies, the same KPC-3-producing challenge isolate as evaluated for the sin-
gle-isolate dose-ranging studies (K. pneumoniae 79) was utilized. The
same total daily CB-618 dose was fractionated and administered as equal
divided doses every 6, 8, or 12 h in combination with a fixed meropenem
dosing regimen (2 g q8h). All studies were completed in duplicate and
included a no-treatment control group.

Multiple-isolate dose-ranging studies. After the dose fractionation
studies, 24-h CB-618 dose-ranging studies for which 0.008 to 3 g of CB-
618 was administered q8h in the context of a fixed meropenem dosing
regimen (1 or 2 g q8h) were conducted utilizing an expanded carbapen-
emase-producing clinical isolate challenge panel. The expanded challenge
panel included one E. coli isolate and three additional K. pneumoniae
isolates (Table 1). All studies were completed in duplicate and included a
no-treatment control group.

PK-PD analysis. Data from the dose fractionation studies were eval-
uated using Hill-type models and nonlinear least-squares regression. Data
were weighted by the inverse of the estimated measurement variance.
Relationships between change from baseline in log10 CFU/ml at 24 h and
the ratio of the CB-618 area under the concentration-time curve over 24 h
(AUC0 –24), maximum CB-618 concentration (Cmax), and percentage of
the dosing interval that CB-618 concentrations remained above a given

TABLE 1 Known �-lactamase profiles and susceptibility results for the five Enterobacteriaceae isolates utilized in the PK-PD in vitro infection model
studies

Isolate �-Lactamase(s)a

MIC (mg/liter)

Meropenem CB-618
Meropenem � CB-618
at 4 mg/liter

K. pneumoniae 79 KPC-3, SHV-11, TEM-1, FOX-5 128 256 1
K. pneumoniae 908 KPC-2, SHV-27, TEM-1 64 256 0.5
K. pneumoniae 6501 KPC-3, SHV-11, TEM-1 512 256 2
K. pneumoniae 4192 OXA-48 64 �512 0.25
E. coli 4189 OXA-48 16 �512 0.5
a Boldface indicates carbapenemase enzymes.
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threshold (%Time�threshold) were characterized. The CB-618 concen-
tration threshold was identified through an iterative process previously
described (16). In brief, a range of candidate CB-618 concentration
thresholds (0.5 to 4 mg/liter) were evaluated. Discrimination of can-
didate concentration thresholds was accomplished by evaluating the
dispersion of data along the %Time�threshold axis and optimizing r2

values for the relationship between change from baseline in log10

CFU/ml at 24 h and %Time�threshold.
Using a Hill-type model, nonlinear least-squares regression, the data

from the four clinical isolates utilized in the multiple-isolate dose-ranging
studies, and those from the single isolate used in dose fractionation stud-
ies, the relationship between change from baseline in log10 CFU/ml at 24
h and the CB-618 PK-PD index most associated with efficacy based on the
dose fractionation studies was evaluated. The CB-618 AUC0 –24/MIC ratio
and Cmax/MIC ratio were determined by indexing each exposure measure
to the CB-618-potentiated meropenem MIC value for each challenge iso-
late. Data were weighted by the inverse of the estimated measurement
variance. Using this relationship, the magnitudes of the CB-618 PK-PD
index in combination with meropenem that was associated with net bac-
terial stasis and 1- and 2-log10 CFU/ml reductions from baseline at 24 h
were determined.

Analytical method. All samples were assayed by liquid chromatogra-
phy-mass spectrometry (AB Sciex, Framingham, MA). Standard curves
ranged from 0.025 to 50 mg/liter for meropenem and CB-618. The mero-
penem and CB-618 standard curves were linear over their respective
ranges (r2 � 0.994 and 0.998, respectively). The lower limit of quantifica-
tion was 0.025 mg/liter for both compounds, and the average interday
coefficients of variation were 4.4 and 4.7% for the meropenem and CB-
618 standard curves, respectively (data on file at Merck & Co., Kenilworth,
NJ, USA).

RESULTS
In vitro susceptibility testing. The MIC values for meropenem
and CB-618 alone and in combination are presented in Table 1 for
the five clinical Enterobacteriaceae isolates evaluated. Collectively,
these clinical isolates produced a wide range of �-lactamase en-
zymes, including carbapenemases (KPC-2, KPC-3, and OXA-48)
as well as other �-lactamases (FOX 5, SHV 11, SHV 27, and TEM
1), with corresponding meropenem MIC values varying from 16
to 512 mg/liter. However, when meropenem was potentiated with
4 mg/liter of CB-618, the MIC values decreased markedly (0.25 to
2 mg/liter). As evidenced by MIC values of 256 or �512 mg/liter,
CB-618 displayed a minimal antibacterial effect alone.

PK. The simulated meropenem and CB-618 pharmacokinetic
(PK) profiles matched the targeted profiles well in the PK-PD in
vitro infection model for all dosing regimens evaluated (Fig. 1), as
evidenced by the agreement between observed and predicted con-
centrations of each drug (for meropenem, r2 � 0.957, slope �
0.933, and intercept � 0.4368; for CB-618, r2 � 0.9616, slope �
1.004, and intercept � 0.0284).

Given that meropenem MIC values for the challenge isolates
ranged from 16 to 512 mg/liter, the percentage of the dosing in-
terval that meropenem concentrations remained above the MIC
(%T�MIC) for meropenem active control regimens were low (0
to 29.5%). For the meropenem/CB-618 combination regimens
and the meropenem MIC values of the challenge isolates, which
were determined in the presence of 4 mg/liter of CB-618 and
which ranged from 0.25 to 2 mg/liter, the meropenem %T�MIC
ranged from 69.9 to 100% across challenge isolates.

Single-isolate dose-ranging studies. Bacteria in the no-treat-
ment control groups grew well, reaching a bacterial density of
greater than 1.0 � 108 CFU/ml by 8 h (Fig. 2). The range of CB-
618 exposures, used in combination with the fixed meropenem

regimen of 2 g q8h, provided a full spectrum of effect. Low CB-618
exposures (31.3 to 62.5 mg) demonstrated magnitudes of bacterial
burden relatively similar to that of the no-treatment control group
by 24 h, while high exposures (500 mg and greater) resulted in
�1-log10 CFU/ml reductions from baseline at 24 h. Intermediate
exposures (125 to 250 mg) resulted in net bacterial stasis at 24 h.
The results of these single-isolate dose-ranging studies were suffi-
cient to select exposures for use in the dose fractionation studies.
The total daily CB-618 exposures selected for the dose fraction-
ation studies were 0.188, 1.5, and 6 g.

PK-PD analyses. The relationships between change from base-
line in log10 CFU/ml at 24 h and the CB-618 AUC0 –24, Cmax, and
%Time�threshold based on the data from the dose fractionation
studies for the challenge isolate (K. pneumoniae 79) are presented
in Fig. 3. As demonstrated by the dispersion of the data around the
fitted functions based on the Hill-type models for each exposure
measure, the CB-618 AUC0 –24 (r2 � 0.835) and Cmax (r2 � 0.826)
were most closely associated with CB-618 efficacy in combination
with meropenem. It should be noted that while the association for
%Time�threshold using a CB-618 concentration threshold of 1
mg/liter was reasonably high (r2 � 0.792) compared to that for the
other thresholds evaluated (0.5, 2, and 4 mg/liter), this exposure
measure was not selected for further evaluation using the data
from the multiple-isolate dose-ranging studies due the variability
in effect (approximately a 3-log10 CFU/ml range) at the 100%
Time�threshold.

Figure 4 shows the relationships between change from baseline
in log10 CFU/ml at 24 h and the CB-618 AUC0 –24/MIC ratio across
all five clinical isolates. As demonstrated by the dispersion of the

FIG 1 Relationships between observed and predicted meropenem and CB-
618 concentrations simulated within the one-compartment PK-PD in vitro
infection models.

PK-PD of CB-618

July 2016 Volume 60 Number 7 aac.asm.org 3893Antimicrobial Agents and Chemotherapy

http://aac.asm.org


data around the fitted function, the CB-618 AUC0 –24/MIC ratio
(r2 � 0.721) described the relationship between drug exposure
and response well. The CB-618 AUC0 –24/MIC ratio in combina-
tion with meropenem that was associated with net bacterial stasis
and 1- and 2-log10 CFU/ml reductions from baseline at 24 h were
27.3, 86.1, and 444.8, respectively. The parameter estimates (stan-
dard error) for the Hill-type model describing the relationship
between change from baseline in log10 CFU/ml at 24 h and CB-618
AUC0 –24/MIC shown in Fig. 4 were 3.3 (1.0), 6.12 (1.77), 0.61
(0.26), and 21.2 (9.4) for change from baseline in log10 CFU/ml at
24 h in the absence of drug (E0), the maximum change in log10

CFU/ml from E0 (Emax), Hill coefficient, and the CB-618
AUC0 –24/MIC ratio associated with half-maximal effect (EC50),
respectively.

DISCUSSION

There were two objectives of these studies; the first was to identify
the CB-618 exposure measure in combination with meropenem
that was most closely associated with efficacy, and the second was
to determine the magnitude of the CB-618 PK-PD index in com-
bination with meropenem associated with net bacterial stasis and
1- and 2-log10 CFU/ml reductions from baseline at 24 h.

The results of dose fractionation studies determined the CB-
618 AUC0 –24 to be the exposure measure that was most closely

associated with CB-618 efficacy. Although the associations for
each CB-618 exposure measure were high, we emphasized the
CB-618 AUC0 –24/MIC ratio over the CB-618 Cmax/MIC ratio
due to the transient nature of Cmax and the CB-618 AUC0 –24/
MIC ratio over the CB-618%Time�threshold due the variabil-
ity in effect (approximately a 3-log10 CFU/ml range) at 100%
Time�threshold.

Based on data from dose-ranging studies, the next step was to
index the CB-618 exposure measures to the CB-618-potentiated
meropenem MIC values for each of the five carbapenemase-pro-
ducing clinical isolates evaluated and determine the magnitude of
the CB-618 AUC0 –24/MIC ratio associated with efficacy. This was
accomplished by evaluating the relationship between change from
baseline in log10 CFU/ml at 24 h and the CB-618 AUC0 –24/MIC
ratio using the pooled data from these isolates. Based on the Hill-
type model, which described these data well, the magnitudes of the
CB-618 AUC0 –24/MIC ratio in combination with meropenem as-
sociated with net bacterial stasis and 1- and 2-log10 CFU/ml re-
ductions from baseline at 24 h were 27.3, 86.1, and 444.8, respec-
tively.

It is apparent that the exposure measure associated with �-lac-
tamase inhibitor efficacy can vary among agents. Previously, we
identified the %Time�threshold as the tazobactam PK-PD index
most closely associated with efficacy in combination with ceftolo-

FIG 2 Single-isolate dose-ranging study results for meropenem at 2 g q8h in combination with CB-618 exposures ranging from 31.3 mg to 2 g q8h.

FIG 3 Relationships between CB-618 AUC0 –24, Cmax, and %Time�threshold and the change from baseline in log10 CFU/ml of K. pneumoniae 79 at 24 h
(CB-618-potentiated meropenem MIC value � 1 mg/liter). The colors of the symbols represent the different dosing intervals.
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zane, piperacillin, or cefepime (18, 23, 24), while herein we iden-
tified the AUC0 –24 as the exposure measure most associated with
efficacy for CB-618 when used in combination with meropenem.
The basis for this observation is unknown. One possible explana-
tion involves differences in the stability of the �-lactamase inhib-
itor–�-lactamase complex among �-lactamase inhibitors. While
both tazobactam and CB-618 bind covalently to the �-lactamase
target, tazobactam binds irreversibly (25) and CB-618 binds re-
versibly in a manner similar to that for avibactam (26; data on file
at Merck & Co., Kenilworth, NJ).

There are a number of limitations to the studies described
herein. First, five clinical isolates (4 K. pneumoniae and 1 E. coli),
producing a small subset of clinically relevant �-lactamase en-
zymes, were studied. Thus, the results may not be reflective of the
entirety of the Enterobacteriaceae family. However, the challenge
organisms represented clinical isolates producing serine carbap-
enemase enzymes relevant to carbapenem therapy and are likely
representative of isolates encountered in clinical settings.

Second, CB-618 was studied in combination with a single
�-lactam, meropenem, which is intrinsically stable to all of the
beta-lactamase enzymes produced by these isolates other than car-
bapenemase enzymes KPC-2 and KPC-3. While it is likely that the
CB-618 exposure measure that is most closely associated with ef-
ficacy would be consistent across �-lactam partner agents as well
as other �-lactamases, the magnitude of the PK-PD index neces-
sary for a given level of bactericidal activity may vary among agents
and across clinically relevant �-lactam partner agent dosing regi-
mens. Additional studies are required to address these limitations.

In conclusion, we successfully identified the CB-618 exposure
measure in combination with meropenem that was most closely
associated with CB-618 efficacy and determined the magnitude of

the CB-618 PK-PD index associated with net bacterial stasis and 1-
and 2-log10 CFU/ml reductions from baseline at 24 h. The PK-PD
index most closely associated with CB-618 efficacy in combina-
tion with meropenem was the CB-618 AUC0 –24/MIC ratio. These
findings demonstrated a PK-PD index associated with efficacy
that differed from that identified for tazobactam in combination
with either piperacillin, ceftolozane, or cefepime. These data pro-
vide a PK-PD basis for evaluating potential CB-618 dosing regi-
mens in combination with meropenem in future studies.
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