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Gram-negative bacteria are evolving to produce �-lactamases of increasing diversity that challenge antimicrobial chemotherapy.
OP0595 is a new diazabicyclooctane serine �-lactamase inhibitor which acts also as an antibiotic and as a �-lactamase-indepen-
dent �-lactam “enhancer” against Enterobacteriaceae. Here we determined the optimal concentration of OP0595 in combination
with piperacillin, cefepime, and meropenem, in addition to the antibacterial activity of OP0595 alone and in combination with
cefepime, in in vitro time-kill studies and an in vivo infection model against five strains of CTX-M-15-positive Escherichia coli
and five strains of KPC-positive Klebsiella pneumoniae. An OP0595 concentration of 4 �g/ml was found to be sufficient for an
effective combination with all three �-lactam agents. In both in vitro time-kill studies and an in vivo model of infection,
cefepime-OP0595 showed stronger efficacy than cefepime alone against all �-lactamase-positive strains tested, whereas OP0595
alone showed weaker or no efficacy. Taken together, these data indicate that combinational use of OP0595 and a �-lactam agent
is important to exert the antimicrobial functions of OP0595.

The global increase in antibiotic-resistant Gram-negative bac-
teria in recent years is posing a serious medical problem. In

many cases, the mechanism underlying bacterial resistance in-
volves the production of �-lactamase. As of 2012, roughly 1,300
�-lactamases had been identified, including many that are not
inhibited by established �-lactamase inhibitors such as tazobac-
tam and clavulanic acid and several that hydrolyze carbapenems,
which were previously regarded as “�-lactamase stable” (1).

�-Lactamases can be classified according to several schemes.
The most fundamental one is the Ambler classification, which is
based on amino acid sequence and subdivides the serine �-lacta-
mases into class A, including the common TEM, SHV, CTX-M,
and KPC types, class C (e.g., AmpC, CMY, etc.), and class D
(OXA). Class B comprises metalloenzymes (e.g., IMP, NDM, etc.)
that require divalent cations, generally zinc, for substrate hydro-
lysis (2).

The spread of extended-spectrum TEM, SHV, and CTX-M
�-lactamases has led to increased clinical dependence on carbap-
enems; however, carbapenemase-producing Enterobacteriaceae
spp. are spreading rapidly worldwide (3). The most prevalent
types of carbapenemase vary geographically; for example, KPC
types are dominant in North and South America, China, Israel,
and parts of southern Europe, whereas OXA-48 is prevalent in the
Middle East (except Israel) and NDM is common in south Asia
(4). Bacteria expressing these enzymes can cause severe infections,
and the fatality rate in cases of bloodstream infections involving
carbapenemase-producing Klebsiella pneumoniae is high (5).

As a result, new and effective �-lactamase inhibitors are ur-
gently needed, and diazabicyclooctanes such as avibactam, rele-
bactam (MK-7655), and OP0595 are under clinical development
for this role (6, 7). Diazabicyclooctanes represent a new class of
�-lactamase inhibitor and show strong inhibitory activity against
both class A �-lactamases, including KPC types, and class C
AmpC enzymes. The initial partner �-lactam agents for avibactam
and relebactam have been identified as ceftazidime and imi-

penem, respectively, whereas that for OP0595 has not been de-
cided. Essentially, avibactam and relebactam restore the antibiotic
activity of substrate antibiotics against strains producing serine
�-lactamases (8–11).

Differing from avibactam and relebactam, OP0595 acts in
three ways: (i) as a �-lactamase inhibitor, (ii) as an antibiotic agent
against Enterobacteriaceae, and (iii) as an “enhancer” of the activ-
ity of various �-lactam agents (7). As a first approach to charac-
terization of OP0595, its antibacterial activity, alone and in com-
bination with other �-lactam agents, was evaluated here to
determine the optimal concentration of OP0595 for combination
use. The effect of OP0595 at this concentration was then tested in
in vitro time-kill studies and an in vivo model of infection; in these
studies, cefepime was selected as the main partner �-lactam agent
for OP0595 because the three actions of OP0595 are known to be
effective in this combination (7). CTX-M-15-positive Escherichia
coli and KPC-positive Klebsiella pneumoniae were tested as key
examples of problematic serine �-lactamase-expressing Entero-
bacteriaceae.

MATERIALS AND METHODS
Compounds. OP0595 was synthesized by Meiji Seika Pharma Co., Ltd.
(Tokyo, Japan), and was evaluated as an anhydride. The antibacterial
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compounds were obtained from the following sources: piperacillin from
Sigma-Aldrich (St. Louis, MO); meropenem from U.S. Pharmacopeial
Convention (Rockville, MD); and cefepime from U.S. Pharmacopeial
Convention and GlaxoSmithKline K. K. (Tokyo, Japan).

Bacterial strains. Five strains of CTX-M-15-positive E. coli,
MSC20613, MSC20627, MSC20653, MSC20662, and MSC20670, which
tested positive for blaCTX-M-15 (GenBank accession number AY044436)
by PCR, were clinical isolates from Japan. Screening was conducted to
detect the CTX-M type using the method of Yagi et al. (12). CTX-M-15
genes were amplified for sequencing purposes by using in-house-designed
primers CTXM15-1 (5=-GTTACAATGTGTGAGAAGCA) and CTXM15-2
(5=-GGAACCACGGAGCTTATGGC) from heat-denatured cells and
were detected by using CTXM15-1, CTXM15-2, and CTXM15-3 (5=-TA
CAGCGGCACACTTCCTAA). PCR products were purified with a Mul-
tiScreenHTS (Merck, Darmstadt, Germany), and sequence identification
was conducted with a 3730 DNA Analyzer (Applied Biosystems, Carlsbad,
CA). Five KPC-positive K. pneumoniae strains, ATCC BAA-1705, ATCC
BAA-1898, ATCC BAA-1899, ATCC BAA-1900, and ATCC BAA-1904,
were obtained from the American Type Culture Collection.

Susceptibility testing. The MIC of each compound was determined
by broth microdilution, performed according to CLSI guidelines (13, 14).
The test inoculum was approximately 5 � 104 CFU/well. The MIC was
defined as the lowest concentration to prevent visible growth after incu-
bation at 35°C for 18 to 20 h.

Time-kill experiments. Time-dependent bactericidal activity was de-
termined with the time-kill method standardized by CLSI guidelines as
follows (15). Well-isolated bacterial colonies were added to cation-ad-
justed Mueller-Hinton broth (CAMHB; Becton, Dickinson and Com-
pany, Franklin Lakes, NJ) and cultured for approximately 16 h at 35°C.
The cultured bacterial suspensions were diluted with CAMHB and cul-
tured for 2 h while being shaken by 100 rpm at 35°C. An aliquot of 4.9 ml
of bacterial suspension was added to a test tube and mixed with 0.1 ml of
the test compound solution. The suspension was then cultured at 35°C
with shaking at 100 rpm. At time points of 0, 2, 4, 6, and 24 h after addition
of the test compound, a sample was collected from the culture medium,
serially diluted, spread on a Mueller-Hinton agar (MHA; Becton, Dickin-
son and Company) plate, and cultured at 35°C. The number of colonies
grown on the plate was counted after approximately 24 h. The detection
limit was set at �1.3 log10 CFU/ml; if no colonies were detected, the value
of 1.3 log10 CFU/ml was adopted. The data were expressed as means �
standard deviations (SD) of log10 CFU per milliliter. A bactericidal effect
was defined as a decrease of �3 log10 CFU/ml relative to the level seen with
the control sample obtained at 0 h.

Neutropenic murine thigh infection model. All animal studies and
protocols were approved by the Animal Experiment Management Com-
mittee, Pharmaceutical Research Center, Meiji Seika Pharma Co., Ltd.,
and were based on Guidelines on the Management of Animal Experi-
ments established by the Pharmaceutical Research Center. Four-week-
old, specific-pathogen-free, male Crlj:CD1 (ICR) mice (Charles River
Laboratories Japan, Inc., Kanagawa, Japan) weighing 18 to 22 g were used
for all tests. These mice were used because a murine model of thigh infec-
tion with E. coli and K. pneumoniae has been established for this species
(16). The mice were kept in an animal room under controlled conditions
(temperature, 21 to 25°C; humidity, 50% to 70%; lighting times, 07:00 to
19:00) and were allowed to acclimatize for 1 week before the study. During
the acclimation and study periods, feed (CRF-1; Oriental Yeast Co., Ltd.,
Tokyo, Japan) and water were available ad libitum.

The mice were rendered neutropenic by intraperitoneal administra-
tion of cyclophosphamide (Sigma-Aldrich) 4 days before infection (150
mg/kg of body weight) and the day before infection (100 mg/kg of body
weight). Six mice per group were infected with E. coli or K. pneumoniae by
the injection of �105– 6 CFU into the thigh. The mice were treated by
subcutaneous administration of the test compound at 1, 3, and 5 h after
infection and were euthanized 24 h after infection by cervical dislocation.
The thigh was then removed and homogenized. Each homogenate was

diluted 10-fold serially with physiological saline solution, and an aliquot
of each initial homogenate and dilution series was smeared onto a plate of
MHA, which was then cultured at 35°C. The number of colonies grown on
the plate was counted after approximately 22 h. The detection limit was set
at �2.15 log10 CFU/thigh; if no colonies were detected in the initial ho-
mogenate, the value of 2.15 log10 CFU/thigh was adopted. The data were
expressed as means � SD log10 CFU/thigh. The numbers of viable cells in
the vehicle and administration groups were compared by using Steel’s test.

RESULTS
In vitro combinational concentration determination. To assess
the functional concentration of OP0595 for use with �-lactam
agents, the MICs of piperacillin, cefepime, and meropenem in
combination with different concentrations of OP0595 were deter-
mined against five strains of CTX-M-15-positive E. coli and five
strains of KPC-positive K. pneumoniae. The log averages of MICs
were plotted as the geometric mean MICs (Fig. 1). For all �-lactam
agents, the geometric mean MICs decreased as the OP0595 con-
centrations increased, regardless of the type of partner �-lactam
agent or the bacterial species. In each case, the MIC reached a

FIG 1 Antimicrobial activity of �-lactam agents in combination with various
concentrations of OP0595 against five strains of CTX-M-15-positive E. coli (A)
and five strains of KPC-positive K. pneumoniae (B). A MIC of �128 �g/ml was
counted as 256 �g/ml in calculating the geometric mean and a MIC of �0.008
as 0.008 �g/ml.

Morinaka et al.

3002 aac.asm.org May 2016 Volume 60 Number 5Antimicrobial Agents and Chemotherapy

http://www.ncbi.nlm.nih.gov/nuccore?term=AY044436
http://aac.asm.org


plateau at 2 to 4 �g/ml of OP0595. These results suggest that a
concentration of 4 �g/ml of OP0595 against these strains is suffi-
cient to result in maximal MIC reduction in in vitro studies.

Bactericidal activity against �-lactamase-positive Entero-
bacteriaceae. Because OP0595 shows antibacterial activity against
several strains of Enterobacteriaceae, the MIC of a �-lactam agent
is easily masked by its combination with OP0595 (7). To clarify
the combinational antibacterial activity of cefepime and OP0595,
an assay of bactericidal activity was performed using five strains of
CTX-M-15-positive E. coli and five strains of KPC-positive K.
pneumoniae. The MICs of OP0595, cefepime, and cefepime-
OP0595 against these strains are summarized in Table 1, the
bactericidal activities are summarized in Tables 2 and 3, and the
time-kill curves of E. coli MSC20653 and K. pneumoniae ATCC
BAA-1904 are shown as examples in Fig. 2. The MIC of cefepime-
OP0595 was found to be �0.004 for all strains at 4 �g/ml of
OP0595, but the OP0595 MIC of 4 �g/ml is the MIC value against
many strains of Enterobacteriaceae except for K. pneumoniae
ATCC BAA-1899. It is difficult to distinguish the antibacterial
activity of OP0595 alone from the cefepime-OP0595 combination
MIC; as a result, the concentrations of cefepime in this assay were
fixed at 0.25/ml and 1 �g/ml, which are 1/16 and 1/2 of the CLSI-
designated cefepime susceptibility concentration against Entero-
bacteriaceae (2 �g/ml) (13). And the concentrations of OP0595
were fixed at 1 and 4 �g/ml.

With regard to the MIC of cefepime, neither 0.25/ml nor 1
�g/ml of cefepime reduced the viable cell counts of the test strains.
When OP0595 was combined with cefepime, however, a bacteri-
cidal effect was observed. In particular, 4 �g/ml of OP0595
showed a strong bactericidal effect in combination with 0.25/ml

and 1 �g/ml of cefepime. All five strains of CTX-M-15-positive E.
coli and four of the five strains of KPC-positive K. pneumoniae
showed a decrease of 3 log10 CFU/ml after 24 h compared with the
starting inoculum. The regrowth strain was K. pneumoniae ATCC
BAA-1900, but the number of such regrowth cells was 1 log10

CFU/ml lower than the initial cell number. Therefore, further
studies were not conducted on this regrowth strain. This bacteri-
cidal activity was stronger than that observed for 1 �g/ml of
OP0595 in combination with cefepime.

OP0595 showed antibacterial activity against these strains of
�-lactamase-positive Enterobacteriaceae, but incubation with 4
�g/ml of OP0595 did not lead to a reduction in counts of viable
cells. The viable cell count decreased for 4 or 6 h, and then re-
growth occurred (Fig. 2). The cells that regrew were resistant to
the antibacterial activity of OP0595, and the MIC of OP0595
was �32 �g/ml. Furthermore, a combination using 1 �g/ml of
OP0595 did not reduce the viable cell count, and the growth
curves were similar to those in the control.

Neutropenic murine thigh infection model. A neutropenic
murine model of thigh infection was used to clarify the efficacy of
OP0595 alone and in combination with cefepime in vivo. The
strains tested were CTX-M-15-positive E. coli MSC20653 and
MSC20662 and KPC-positive K. pneumoniae ATCC BAA-1705
and ATCC BAA-1904, which have been confirmed to grow in the
thigh of neutropenic Crlj:CD1 (ICR) mice.

The viable cell counts of CTX-M-15-positive E. coli MSC20653
or MSC20662 in control mice and in mice after administration of
the test compounds are shown in Fig. 3A. The viable cell count in
mice treated with cefepime (10 mg/kg) or OP0595 (2.5 mg/kg)
was not significantly lower than that in mice treated with vehicle at

TABLE 1 In vitro antibacterial activity of cefepime and OP0595 against CTX-M-15-positive E. coli and KPC-positive K. pneumoniae

Organism �-Lactamase

MIC (�g/ml)

OP0595 Cefepime Cefepime-OP0595a

E. coli MSC20613 CTX-M-15 2 �64 �0.004
E. coli MSC20627 CTX-M-15 2 �64 �0.004
E. coli MSC20653 CTX-M-15, OXA-1 2 �64 �0.004
E. coli MSC20662 CTX-M-15 2 �64 �0.004
E. coli MSC20670 CTX-M-15, OXA-1 1 �64 �0.004
K. pneumoniae ATCC BAA-1705 KPC-2 2 �64 �0.004
K. pneumoniae ATCC BAA-1898 KPC-2 2 64 �0.004
K. pneumoniae ATCC BAA-1899 KPC-2 16 �64 �0.004
K. pneumoniae ATCC BAA-1900 KPC-3 2 64 �0.004
K. pneumoniae ATCC BAA-1904 KPC-3 4 �64 �0.004
a The combined concentration of OP0595 was fixed at 4 �g/ml.

TABLE 2 Effect of OP0595 on the bactericidal activity of cefepime against CTX-M-15-positive E. coli

Concn of cefepime
(�g/ml)

Concn of OP0595
(�g/ml)

No. of strains reaching the indicated decrease in CFU/ml after the period shown

2 h 4 h 6 h 24 h

90% 99% 99.9% 90% 99% 99.9% 90% 99% 99.9% 90% 99% 99.9%

Growth control 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0
0.25 4 3 3 1 5 5 5 5 5 5 5 5 5
1 1 4 2 1 5 5 4 5 5 5 4 4 4
1 4 4 2 1 5 5 5 5 5 5 5 5 5

1 0 0 0 0 0 0 1 1 0 0 0 0
4 1 0 0 2 0 0 4 2 0 0 0 0

Activity of OP0595 against �-Lactamase Producers

May 2016 Volume 60 Number 5 aac.asm.org 3003Antimicrobial Agents and Chemotherapy

http://aac.asm.org


23 h after the start of treatment. However, mice in the cefepime-
OP0595 groups (5/1.25 mg/kg and 10/2.5 mg/kg) had significantly
(P � 0.05) lower bacterial counts than those in the saline vehicle
group.

The viable cell counts of KPC-positive K. pneumoniae ATCC
BAA-1705 or ATCC BAA-1904 in control mice and in mice after
administration of the test compounds are shown in Fig. 3B. The
viable cell count in mice treated with cefepime (10 mg/kg) or
OP0595 (2.5 mg/kg) was not significantly lower than that in the
saline vehicle group at 23 h after the start of treatment. However,
mice in the cefepime-OP0595 groups (5/1.25 mg/kg and 10/2.5
mg/kg) had significantly (P � 0.05) lower bacterial counts than
those in the saline vehicle group. As a result, the therapeutic effect
of cefepime-OP0595 coadministration was found to be consider-
ably superior to that of saline vehicle in all tests.

DISCUSSION

The worldwide spread of potent �-lactamases, including extend-
ed-spectrum �-lactamases (ESBLs) and carbapenemases, is creat-
ing the need and opportunity for new �-lactamase inhibitors. In
this study, we demonstrated that OP0595, a new diazabicy-
clooctane molecule, has potency in both in vitro time-kill studies
and an in vivo model of infection when used in combination with
cefepime against CTX-M-15-positive E. coli and KPC-positive K.
pneumoniae strains.

Recently, �-lactamase inhibitors have been tested at a concen-
tration of 4 �g/ml in combinational studies of ceftazidime-avibac-
tam, imipenem-relebactam, and ceftolozane-tazobactam, among
other combinations (6, 9, 17). Here, to confirm the optimal com-
binational concentration of OP0595, the effects of different
concentrations of OP0595 in combination with piperacillin,
cefepime, or meropenem were evaluated. The antibacterial activ-
ity of each �-lactam agent against CTX-M-15-positive E. coli and
KPC-positive K. pneumoniae increased with the rising combina-
tional concentration of OP0595, reaching a plateau at 2 to 4 �g/ml
of OP0595. These results are similar to those of Livermore et al.
(18) and suggested that a combinational concentration of 4 �g/ml
of OP0595 was sufficient for in vitro tests. Clearly, the in vitro tests
were conducted under stationary conditions and this concentra-
tion would not be suitable for in vivo studies; nevertheless, these
data are needed for appropriate selection of a suitable drug in the
clinical setting. They also raise a further issue about the antibac-
terial activity of the combination of the �-lactam agent and
OP0595. It is known that OP0595 at a concentration of 4 �g/ml or
under has antibacterial activity against several strains of Entero-
bacteriaceae caused by the inhibition of PBP2 (7). This fact adds
complexity to evaluating the antibacterial activity of the combina-
tion of an �-lactam agent and OP0595.

Time-kill studies were used to gather information on the activ-
ity of OP0595 combined with �-lactam agents. In these studies,
cefepime was used as a partner �-lactam agent. Cefepime is one of
the best partner �-lactam agents, because OP0595 can show �-lac-
tamase inhibitory activity and a �-lactam enhancer effect in com-
bined use with cefepime against CTX-M-15-positive E. coli and
KPC-positive K. pneumoniae (7, 18). Time-kill studies are usually
done as a multiple of the MIC. But OP0595 itself has antibacterial
activity, and MIC basis concentrations in combination with
OP0595 at 4 �g/ml were not possible to determine. CLSI desig-
nates that the cefepime susceptibility concentration against Enter-
obacteriaceae is 2 �g/ml (13). If the cefepime-OP0595 combina-
tion showed bactericidal activity at lower concentrations than the

TABLE 3 Effect of OP0595 on the bactericidal activity of cefepime against KPC-positive K. pneumoniae

Concn of cefepime
(�g/ml)

Concn of OP0595
(�g/ml)

No. of strains reaching the indicated decrease in CFU/ml after the period shown

2 h 4 h 6 h 24 h

90% 99% 99.9% 90% 99% 99.9% 90% 99% 99.9% 90% 99% 99.9%

Growth control 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0
0.25 4 5 5 2 5 5 5 5 5 5 5 5 4
1 1 5 5 3 5 5 4 5 5 5 3 3 2
1 4 4 4 3 5 5 5 5 5 5 5 4 4

1 0 0 0 0 0 0 0 0 0 0 0 0
4 1 0 0 5 2 1 3 1 0 0 0 0

FIG 2 Time-kill curve of a combination of OP0595 and cefepime against
CTX-M-15-positive E. coli MSC20653 (A) and KPC-positive K. pneumoniae
ATCC BAA-1904 (B). Abbreviation: FEP, cefepime. The detection limit was
1.30 log10 CFU/ml.
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cefepime susceptibility concentration, we thought that the efficacy
of cefepime-OP0595 could be confirmed. Accordingly, the con-
centration experiment was set up using the cefepime susceptibility
concentration basis. When OP0595 was combined with cefepime,
a bactericidal effect was observed against CTX-M-15-positive E.
coli and KPC-positive K. pneumoniae strains, which were resistant
to cefepime in terms of MIC and bactericidal activity. These re-
sults suggested that OP0595 restored the bactericidal effect of
cefepime by its antibacterial activity, �-lactamase inhibitory activ-
ity, and �-lactam agent enhancer effect. In contrast, OP0595 alone

showed some antibacterial activity against these �-lactamase-pos-
itive Enterobacteriaceae, but the reduction in viable cell count was
not bactericidal and cells that were resistant to the antibacterial
activity of OP0595 regrew. These findings suggested that some
strains of Enterobacteriaceae were resistant to the antibacterial ac-
tivity of OP0595 due to PBP2 inhibition and that these OP0595-
resistant strains of Enterobacteriaceae subsequently became the
major population. This resistance to PBP2 inhibitors occurs read-
ily, but the fitness cost for the resistant clones that survive is high,
as shown by a study by Doumith et al. and a study of mutants with
resistance to amdinocillin, another PBP2 inhibitor (19, 20). In
addition, OP0595-resistant Enterobacteriaceae spp. show high sus-
ceptibility to the combination of the �-lactam agent and OP0595,
owing to both the �-lactamase inhibitory activity and the �-lac-
tam agent enhancer effect of OP0595, neither of which is influ-
enced by resistance to the antibacterial activity of OP0595 (21).
Taken together, these results indicate that the antibacterial activity
of OP0595 is insufficient on its own but that it contributes to the
bactericidal activity of cefepime. The �-lactamase inhibitory ac-
tivity and the �-lactam agent enhancer effect of OP0595 also
strongly contributed to the bactericidal activity of cefepime in the
time-kill studies against �-lactamase-positive Enterobacteriaceae.

This article presents the first in vivo data for OP0595, where
cefepime was used as the partner �-lactam agent against CTX-M-
15-positive E. coli and KPC-positive K. pneumoniae infection.
Treatment with either cefepime alone or OP0595 alone did not
decrease the bacterial count in the murine thigh; however, com-
binational treatment with cefepime-OP0595 decreased the count
to 2.5 to 4 log10 CFU per thigh. This bacterial count was signifi-
cantly lower than that seen with mice treated with saline vehicle.
These results suggested that the antibacterial activity of OP0595
alone was insufficient but that its �-lactamase inhibitory activity
and �-lactam agent enhancer effect were exerted in vivo when it
was combined with cefepime. To clarify the features of OP0595 in
the in vivo study, dose and administration settings for reproduc-
ible human pharmacokinetics (PK) and pharmacokinetic/phar-
macodynamic (PK/PD) studies are needed. However, the MIC
value of the �-lactam agent–OP0595 combination against many
strains of Enterobacteriaceae would be difficult to determine for
calculation of the PK/PD parameters because the antibacterial ac-
tivity and �-lactam agent enhancer effect of OP0595 were ob-
served at a concentration of 4 �g/ml, which is the combined con-
centration for MIC (7, 18). Recently, several PK/PD studies of
�-lactam agent–�-lactamase inhibitor combinations, such as cef-
taloline-avibactam, aztreonam-avibactam, and ceftolozane-tazo-
bactam, have been carried out in vitro and in vivo (16, 22–24).
These studies clarified the influence of the �-lactamase inhibitory
activity by using the stationary concentration of the �-lactamase
inhibitor with the human PK value of the �-lactam agent in an in
vitro hollow-fiber infection model. However, the use of OP0595 is
difficult for this type of experiment due to its antibacterial activity
and �-lactam agent enhancer effect (7), which overrides the �-lac-
tamase inhibitory activity. These issues must be solved in future
research.

In conclusion, the antibacterial activity of OP0595 alone was
found to be insufficient but a cefepime-OP0595 combination
showed stronger efficacy than cefepime alone in both in vitro
time-kill studies and an in vivo model of infection. These data
indicate that combinational use of OP0595 and �-lactam agents is
important to exert the antimicrobial functions of OP0595.

FIG 3 Comparison of the efficacies of sole and combined administration of
�-lactam agents in a neutropenic murine model of thigh infection with CTX-
M-15-positive E. coli (A) and KPC-positive K. pneumoniae (B). Abbreviations:
FEP, cefepime; TID, three times a day. Six mice per group were rendered
neutropenic, and 6.28 log10 CFU/mouse of E. coli MSC20653, 6.10 log10 CFU/
mouse of E. coli MSC20662, 5.60 log10 CFU/mouse of K. pneumoniae ATCC
BAA-1705, or 5.49 log10 CFU/mouse of K. pneumoniae ATCC BAA-1904 was
injected into the thigh, followed by subcutaneous administration of the test
compounds at 1, 3, and 5 h after infection. The mean log10 CFU per thigh
recovered from the infected thigh after 24 h is shown; error bars represent the
SD. A P value of �0.05 indicates significance relative to the untreated control
(vehicle) and is indicated by an asterisk (*) or a hash mark (#).
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