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ABSTRACT The carbapenem-hydrolyzing class D �-lactamases (CHDLs) are the
main mechanism of carbapenem resistance in Acinetobacter baumannii. CHDLs
are not effectively inactivated by clinically available �-lactam-type inhibitors. We
have previously described the in vitro efficacy of the inhibitor LN-1-255 in combi-
nation with carbapenems. The aim of this study was to compare the efficacy of
LN-1-255 with that of imipenem in murine pneumonia using A. baumannii strains
carrying their most extended carbapenemases, OXA-23 and OXA-24/40. The
blaOXA-23 and blaOXA-24/40 genes were cloned into the carbapenem-susceptible A.
baumannii ATCC 17978 strain. Clinical isolates Ab1 and JC12/04, producing the en-
zymes OXA-23 and OXA-24/40, respectively, were used in the study. Pharmacokinetic
(PK) parameters were determined. An experimental pneumonia model was used to
evaluate the efficacy of the combined imipenem–LN-1-255 therapy. MICs of imi-
penem decreased between 32- and 128-fold in the presence of LN-1-255. Intramus-
cular treatment with imipenem–LN-1-255 (30/50 mg/kg) decreased the bacterial bur-
den by (i) 4 and 1.7 log10 CFU/g lung in the infection with the ATCC 17978-OXA-23
and Ab1 strains, respectively, and by (ii) 2.5 and 4.5 log10 CFU/g lung in the infec-
tion produced by the ATCC 17978-OXA-24/40 and the JC12/04 strains, respectively.
In all assays, combined therapy offered higher protection against pneumonia than
that provided by monotherapy. No toxicity was observed in treated mice. Imipenem
treatment combined with LN-1-255 treatment significantly reduced the severity of
infection by carbapenem-resistant A. baumannii strains carrying CHDLs. Preclinical
assays demonstrated the potential of LN-1-255 and imipenem therapy as a new anti-
bacterial treatment.
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Acinetobacter baumannii is a nosocomial pathogen that frequently acquires and
easily develops mechanisms of resistance to multiple antibiotics, which are asso-

ciated with an increased risk of clinical failure, prolonging the lengths of hospital stays
and therefore increasing health care costs (1). Drug-resistant infections are currently
responsible for more than half a million deaths worldwide each year. It is expected that,
by 2050, antimicrobial resistance will have caused the death of more than ten million
people, and it is projected that related health care costs worldwide will be greater than
$300 million per year (2). A. baumannii is considered one of the most threatening
opportunistic pathogens for global health, and it has been included in a “critical
priority” category by the World Health Organization (3).

The �-lactams are the most relevant family of antibiotics. In particular, carbapenems
are extensively used for multidrug-resistant (MDR) pathogens such as species in the
genus Acinetobacter, particularly A. baumannii (4, 5). Consequently, the production of
�-lactamase enzymes is the most relevant mechanism of antibiotic inactivation through
the cleavage of the �-lactam ring. The carbapenem-hydrolyzing class D �-lactamases
(CHDLs), such as OXA-23 or OXA-24/40, are the most important carbapenemases
produced by A. baumannii (6–10). The spread of OXA carbapenemases in the last
decade is seriously compromising the use of these antibiotics, threatening the sustain-
ability of carbapenem efficacy against A. baumannii. Few real alternatives against this
pathogen have been commercialized in the last two decades.

Drug discovery has led to the development of �-lactamase inhibitors and to the
rescue of failing �-lactams, combating the clinical challenge given by antimicrobial
resistance. Over the last years, an increasing number of inhibitors have been developed,
including avibactam, relebactam, and several boronic acid �-lactamase inhibitors (11).
These new inhibitors present excellent activity against class A and class C �-lactamases
and against many carbapenemases. It has been demonstrated that OXA-48 from
Enterobacteriaceae can be inactivated by avibactam, which, in combination with cefta-
zidime, ceftaroline or aztreonam, is a very interesting option to treat infections caused
by bacteria carrying this enzyme (12). However, the CHDLs of A. baumannii are not
effectively inactivated by the clinically available �-lactam-type inhibitors and remain
nonsusceptible to the new inhibitor combinations (11, 13). There is a shortage of
relevant literature that describes candidates for new inhibitors of the OXA carbapen-
emases of A. baumannii. Thus, the treatment of Acinetobacter sp. isolates expressing
CHDLs is an increasingly relevant clinical problem (1, 14), and the development of
efficient inhibitors is needed to preserve the efficacy of carbapenems (15).

Our group has previously demonstrated that a series of �-lactam derivatives,
substituted penicillin sulfones, present an exceptional potency against the Acinetobac-
ter sp. CHDL OXA-24/40. Within a series of developed compounds, the compound
LN-1-255 presented affinity in the nM range for all of the A. baumannii CHDLs tested,
including the relevant OXA-23, OXA-24/40, OXA-58, and OXA-143 CHDLs (10, 16–18).
The combination of carbapenems with LN-1-255 led to an important decrease in the
MICs of these antibiotics (10). Similarly, this inhibitor also demonstrated good inhibitory
activity against the CHDL OXA-48, as assessed by both kinetic and microbiological
studies (10, 17). Other OXA or class A noncarbapenemase �-lactamases are also
inhibited by this compound (19).

Since the inhibition potency of LN-1-255 against the major representative enzymes
of all CHDL families described to date in A. baumannii has been previously demostrated
by our group (10), in the present study we propose a new antimicrobial strategy.
Therefore, the objective of this study is the evaluation of a new therapy combining
imipenem and LN-1-255 for the treatment of an experimental murine pneumonia
model caused by carbapenem-resistant A. baumannii transformants and clinical isolates
carrying CHDLs.

RESULTS
Antimicrobial susceptibility assays. In vitro susceptibility to a combined therapy of

imipenem and LN-1-255 was compared to susceptibility to imipenem alone. All trans-
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formants studied were imipenem resistant. As previously described, the inhibitor was
able to reduce imipenem MICs by between 8- and 32-fold at 4 mg/liter and between 32-
and 128-fold at 16 mg/liter (Table 1). Data indicated that a clear synergy occurred when
imipenem was combined with LN-1-255. No antimicrobial activity was observed with
LN-1-255 alone (MIC � 512 mg/liter).

blaOXA-51-like expression analysis. Reverse transcription-quantitative PCR (qRT-
PCR) analyses were performed in order to investigate the effect of a possible overex-
pression of the chromosomal OXA-51-like �-lactamase of the A. baumannii strains,
which could sequester the inhibitor during treatments. Data revealed that blaOXA-51-like

was not overexpressed in any of the tested strains. Taking the relative expression of the
blaOXA-51-like gene in the ATCC 17978 strain as 1, the expression of this gene in ATCC
17978�pET-RA/OXA-23, ATCC 17978�pET-RA/OXA-24/40, Ab1, and JC12/04 strains
was 0.86, 0.91, 0.41, and 0.57, respectively. Therefore, a similar expression pattern of the
blaOXA-51-like gene was observed in the studied strains, and no overexpression was
detected in any case.

Efficacy of the treatment. The 100% lethal dose (LD100) used in the pneumonia
models was 2.1 � 107 CFU/mouse for ATCC 17978 carrying pET-RA/OXA-24/40,
0.7 � 107 CFU/mouse for JC12/04, 2.9 � 107 CFU/mouse for ATCC 17978 carrying
pET-RA/OXA-23, and 3.2 � 107 CFU/mouse for Ab1. After treatment, bacterial concen-
tration in the lungs was consistently reduced when the inhibitor LN-1-255 was used
intramuscularly at 50 mg/kg (Fig. 1, Table 2). Although all strains used that harbored
CHDLs were imipenem resistant, the treatment with imipenem led to a slight decrease
of the bacterial load in the infected lungs compared to that in the untreated control
groups (0.5 to 1.5 log10 CFU/g lung). However, more interestingly, the treatment with
imipenem and LN-1-255 decreased the bacterial load by 4 log10 CFU/g lung and 1.7
log10 CFU/g lung in the infections caused by the ATCC 17978 strain carrying pET-RA/
OXA-23 and by the clinical isolate Ab1, respectively, showing statistical differences from
the results obtained in imipenem monotherapy (P � 0.02). Conversely, the combined
treatment with imipenem and LN-1-255 decreased the bacterial load by 2.5 log10 CFU/g
lung and 4.5 log10 CFU/g lung in the infections caused by the ATCC 17978 strain
carrying pET-RA/OXA-24/40 and by the clinical isolate JC12/04, respectively, and it also
showed statistical differences from the imipenem treatment (P � 0.01).

Other intramuscular dosages of LN-1-255 (20 and 150 mg/kg) in combination with
imipenem also reduced the bacterial load of lungs infected by clinical isolates and
transformants carrying OXA-23 and OXA-24/40 compared to that when treated with
imipenem alone. However, none of these dosages presented a higher bacterial clear-
ance than the dosage of 50 mg/kg. Similarly, neither the intraperitoneal nor subcuta-
neous routes improved on the results obtained using the intramuscular route (data not
shown).

No antimicrobial activity was observed when LN-1-255 was used alone; this inhibitor
in treatments by itself did not decrease the bacterial load compared to that of the
untreated groups. When imipenem combined with LN-1-255 was used to treat the
infection caused by the imipenem-susceptible parental strain ATCC 17978 A. bauman-
nii, no increment of efficacy was observed; the use of imipenem–LN-1-255 did not

TABLE 1 Imipenem susceptibility profile

Laboratory strain or clinical isolate

MIC (mg/liter) fora:

Imipenem
Imipenem � LN-1-255
(4 mg/liter)

Imipenem � LN-1-255
(16 mg/liter)

A. baumannii ATCC 17978 0.5 0.5 0.5
A. baumannii ATCC 17978 � pET-RA/OXA-23 16 2 0.5
A. baumannii Ab1(OXA-23) 32 4 1
A. baumannii ATCC 17978 � pET-RA/OXA-24/40 64 2 0.5
A. baumannii JC12/04 (OXA-24/40) 32 2 0.5
aMICs for LN-1-255 were �512 mg/liter for all tested A. baumannii strains.
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FIG 1 Effect of the combined therapy with imipenem and LN-1-255 on the clearance of A. baumannii strains in mouse lung. Left, each value and means
of total counts in lungs are reflected. Right, values are means, and bars indicate standard deviation of total counts related to the bacterial load of the
infected control mice at 0 h. (A) A. baumannii ATCC 17978 � pET-RA/OXA-23. (B) A. baumannii Ab1. (C) A. baumannii ATCC 17978 � pET-RA/OXA-24/40.
(D) A. baumannii JC12/04. Student’s t test was used to validate the experimental data (*, P � 0.05).
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decrease the bacterial load compared with that in the control treatment (imipenem
alone; data not shown).

Pharmacokinetic parameters in mice. Dosages of 20, 50, and 150 mg/kg of
LN-1-255 inoculated intramuscularly were tested for pharmacokinetic activity. Pharma-
cokinetic curves of the inhibitor serum and epithelial lining fluid (ELF) concentration are
shown in Fig. 2 and Table 3. The inhibitor maximum concentration of drug in serum
(Cmax) obtained in serum and ELF at 50 mg/kg were 5.4 and 5.6 mg/liter, showing a
half-life (t1/2) of 22 and 98 min, respectively. For this dosage, the area under the
concentration-time curve (AUC) was also better in ELF (4.1 mg · h/liter) than in blood
(2.8 mg · h/liter). Pharmacokinetic (PK) parameters were lower at 20 mg/kg than at
50 mg/kg. However, PK results were slightly more favorable at 150 mg/kg, showing a
Cmax value 20% higher in ELF than that for 50 mg/kg.

TABLE 2 Effects of monotherapy and combined therapy on the clearance of strains from mouse lungs

A. baumannii strain

Bacterial load (mean log10CFU/g lung � SEM)

Decrease in bacterial load
compared with that of
nontreated mice (log10CFU/g
lung)

Nontreated Imipenem Imipenem � LN-1-255 Imipenem Imipenem � LN-1-255

ATCC 17978 � pET-RA/OXA-23 10.6 � 4.5 9.1 � 2.4 6.6 � 1.4 1.5 4.0
Ab1 (OXA-23) 10.3 � 1.8 9.6 � 2.6 8.6 � 2.1 0.7 1.7
ATCC 17978 � pET-RA/OXA-24/40 10.0 � 2.3 9.2 � 3.1 7.5 � 1.8 0.8 2.5
JC12/04 (OXA-24/40) 10.7 � 1.9 10.2 � 3.6 6.2 � 1.7 0.5 4.5

FIG 2 Pharmacokinetics of LN-1-255 in mice after intramuscular administration measured in (a) serum
and (b) ELF. Dotted line, 20 mg/kg; solid line, 50 mg/kg; dashed line, 150 mg/kg. Three replicates were
carried out for each time point.
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Using as reference an imipenem-susceptible strain of A. baumannii such as ATCC
17978 (MIC for imipenem, 0.12 mg/liter), the literature shows that the time above the
MIC (T�MIC) parameter of imipenem in murine plasma using 30 mg/kg is ca. 2 h. Thus,
if dosages were administered every 3 h in our study, about 66% of time during the
treatment imipenem concentration in plasma would be over the MIC. For therapeutic
success with carbapenems, it is necessary to reach a concentration over the MIC at least
40% of the time (20, 21). The T�MIC parameter for imipenem against the imipenem-
resistant strains used in this study was minimal or nonexistent (MICs of 16 to 64 mg/
liter). Thus, based on the pharmacokinetic/pharmacodynamic (PK/PD) data of LN-1-255,
it was necessary to establish a pattern between doses that would allow reaching a
compound concentration during the infection capable of inhibiting the carbapen-
emases and to decrease the MICs to imipenem as long as possible to obtain an
appropriate T�MIC parameter. Using the intramuscular dosage for LN-1-55 of 50 mg/kg
every 3 h and taking as reference an effective inhibitor concentration of 4 mg/liter
(minimal effective concentration [MEC]), we can see in Fig. 2 that the time above the
MEC (T�MEC) parameter of LN-1-255 is 1.81 h, ca. 60% of the treatment duration. This
allowed us to match the T�MIC parameter of imipenem, previously described, with the
T�MEC of LN-1-255 during the treatments, in order to maximize the synergy between
both compounds.

Toxicity. LN-1-255 was well tolerated in mice. No mortality was observed in the
groups of uninfected mice treated with a single intramuscular dose of 350 mg/kg of
LN-1-255 or in those groups which received six doses of 150 mg/kg every 3 h. Adverse
effects such as muscle spasms, weight loss, or transitory movement disorders were not
observed at the administered doses over 7 days.

DISCUSSION

The carbapenems remain the most-used antibiotics to treat A. baumannii infections
(22). However, the isolation of carbapenem-resistant strains is increasing globally (23).
Relevant efforts have been made to develop new �-lactamase inhibitors to recover the
activity of �-lactams in species such as Pseudomonas aeruginosa or A. baumannii. The
greatest advances have taken place in the development of non-�-lactam inhibitors,
especially the diazabicyclooctanones (DBOs), such as avibactam (approved for clinical
use) or relebactam (in the late stage of development), which are able to inhibit class A
and class C �-lactamases (24). Avibactam also presents activity against the relevant
carbapenemase OXA-48 but does not present any activity against CHDLs of A. bau-
mannii (17, 25).

A quality leap forward was made on the development of DBOs when compounds
with activity against class A, C, and D �-lactamases (including carbapenemases) were
described. Recently, the new combination of sulbactam and ETX2514 has been able to
restore the activity of sulbactam. The authors demonstrated its activity in a collection
of A. baumannii clinical isolates and in a murine thigh model and a pneumonia model
similar to the one presented in this work (26, 27). Other �-lactamases inhibitors include
the boronates, such as vaborbactam (RPX7009), in combination with meropenem
(phase IV). However, this inhibitor lacks activity against A. baumannii or P. aeruginosa
(28, 29).

LN-1-255, a new �-lactamase inhibitor, is being developed to address growing

TABLE 3 Pharmacokinetic parameters of LN-1-255 in blood and epithelial lining fluid

Dosage (mg/kg)

Pharmacokinetic parameters fora:

Serum Lung

Cmax t1/2 (min) AUC (mg · h/liter) Cmax t1/2 (min) AUC (mg · h/liter)

20 3.3 � 0.45 21 � 2 1.8 2.8 � 0.43 58 � 7 1.8
50 5.4 � 0.65 22 � 2 2.8 5.6 � 0.48 98 � 12 4.1
150 11.3 � 1.45 16 � 1 5.4 7.0 � 0.81 135 � 13 5.1
aCmax, maximum concentration of drug in serum; t1/2, half-life.
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carbapenemase resistance due to CHDLs. It has been previously shown to preserve
imipenem activity against OXA-48-producing strains (17) and against the most relevant
CHDLs of A. baumannii (10). Porin loss seems not to affect this inhibitor, probably due
to its structural similarity with siderophores (17). The significant activity of LN-1-255
against CHDLs is mainly due to its excellent kinetics; it shows a very high affinity for
these �-lactamases (inhibits the OXA carbapenemases with low Ki values in the nM
range), and the turnover number (the time-dependent partitioning of the initial en-
zyme/inhibitor complex between hydrolysis and enzyme inactivation) was remarkable
and similar for all of the CHDLs tested, 2-6 (10). The LN-1-255 inhibitor also demon-
strated an excellent microbiological synergy and a significantly higher activity than
tazobactam and avibactam against all tested CHDLs (OXA-23, OXA-24/40, OXA-58,
OXA-143, OXA-235, and the chromosomally encoded OXA-51) (10). Analyzing the good
results obtained in vitro and these new in vivo results, it is possible to hypothesize that
this inhibitor could be used to treat the lung infections caused by all of the CHDL-
carrying A. baumannii strains. Moreover, in vitro synergy was also observed between
meropenem and LN-1-255, which could be another alternative to treat infections
caused by carbapenem-resistant A. baumannii strains.

The pneumonia model was chosen in this study because the majority of A. bau-
mannii strains are isolated from the respiratory tract of hospitalized patients, this type
of nosocomial infection being the most predominant caused by this pathogen (1).
Usually the dose regimen for treatment is calculated to obtain serum concentrations of
imipenem above the MIC (T�MIC) during 35 to 40% of the interval between doses (30,
31), which means approximately 3 h against imipenem-susceptible strains. In this study,
we have used imipenem-resistant strains, which do not meet the criteria when a
“standard” imipenem dosage is used, and thus the regimen of imipenem 30 mg/kg in
monotherapy will result in a therapeutic failure. Imipenem dosage at 30 mg/kg reaches
a Cmax in serum of 16.9 to 26.7 mg/liter (20, 21), minimally decreasing the bacterial load
in lungs of the imipenem-resistant strains used in this study (MICs, 16 to 64 mg/liter).
Previous literature has defined the Cmax value in plasma only, so there is no information
for murine lungs. The plasma Cmax of imipenem is similar or slightly lower than the MICs
of used strains (1 to 2 dilutions), which may produce the slight observed decrease in
bacterial load (0.5 to 1.5 log10 CFU/g lung), along with the immune response of
nonimmunosuppressed mice. With LN-1-255 in combined therapy with imipenem, we
have tried to recover the effectiveness of the standard regimen, and thus, finally, the
interval between drug doses was 3 h and an intraperitoneal dosage of 50 mg/kg of
LN-1-255 was used to avoid therapeutic failure. The other concentrations and routes
tested were less effectiveness at decreasing the bacterial load of infected lungs. The
Cmax of LN-1-255 at 50 mg/kg obtained in mice lungs was 5.6 mg/liter, which was
enough to decrease by 1.7 to 4.5 log10 the bacterial load in pneumonia when the
inhibitor was used in combination with imipenem. In vitro assays showed a clear
synergy when the inhibitor was used at 4 mg/liter against class D carbapenemase-
producing A. baumannii strains in this and previously published studies (10), a concen-
tration that was maintained for 60% of the time between doses in this study.

The intramuscular administration of 50 mg/kg of LN-1-255 reached in ELF a Cmax and
T�MEC about 20% and 30% lower, respectively, than those obtained using 150 mg/kg.
However, these apparently better PK/PD parameters obtained with the dosage of
150 mg/kg did not increase the clearance in lungs during the infection. We hypothe-
sized that, although LN-1-255 is not toxic at these doses in healthy mice, very high
doses used repeatedly may have some deleterious effect in unhealthy (infected) mice.
Last, �-lactam dosages used in treatments are usually lower than 50 to 100 mg/kg, and
thus 50 mg/kg of the compound LN-1-255 (a penicillin sulfone) was the selected dosage
to study in combination with imipenem for experimental treatments. It is also necessary
to highlight the important role of the immune system (neutrophils) in combating
bacterial infections. The depletion of neutrophils results in deficiency in bacterial
clearance, and severe neutropenia or immunosuppression has been associated with
higher mortality (32). In this study, immunocompetent mice were used, and the
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immune system certainly has a relevant role in decreasing the infection by
carbapenem-resistant A. baumannii strains treated with the studied imipenem–LN-1-
255 combination.

To our knowledge to date, no inhibitors have presented efficacy in preclinical
studies against CHDL-produced A. baumannii strains except for the recently published
DBO ETX2514 and the �-lactam-based inhibitor LN-1-255. The ETX2514 inhibitor was
tested in thigh and pneumonia murine infection models (26). Using different
sulbactam-ETX2514 concentrations, the authors observed a 1- to 5-log10 decrease of
bacterial load in pneumonia caused by a multidrug-resistant strain expressing an
OXA-24/40 variant. Also, when sulbactam-EXT2514 was used at 15/50 mg/kg (similar to
our dosage) in a thigh murine model, the bacterial load decreased by approximately 3.5
log. In the present study, the combination imipenem–LN-1-255 at 30/50 mg/kg in a
pneumonia model infection caused by the clinical isolate with OXA-24/40 decreased
the bacterial load by 3.8 log. Thus, the results obtained here showed similar in vivo
efficacy of both inhibitors against CHDL-producing carbapenem-resistant A. baumannii
strains.

Infections caused by antibiotic-resistant bacteria have increased rapidly in the last
decades, and new therapeutic targets and antimicrobial agents are urgently needed. In
antimicrobial development, PK/PD evaluation in experimental infection models are
essential to design optimal dosing regimens and planning clinical trials, which are
extremely costly. In this work, we have probed the in vivo efficacy of the LN-1-255
inhibitor, using a murine model of infection caused by CHDL-carrying A. baumannii
transformant strains and clinical isolates. We have also described the pharmacokinetic
parameters and demonstrated the lack of toxicity of this compound. The scarce arsenal
against multidrug-resistant (MDR) A. baumannii infection supports the potential clinical
use of the LN-1-255 inhibitor in combination with �-lactams.

MATERIALS AND METHODS
Bacterial strains, culture media, cloning, and susceptibility testing. The recipient strain for the

expression of OXA-23 and OXA-24/40 enzymes was the antibiotic-susceptible A. baumannii ATCC 17978
strain. The A. baumannii clinical isolates used were Ab1 (carrying OXA-23) and JC12/04 (carrying
OXA-24/40), both previously isolated in our hospital (Table 4). All strains were grown in Luria-Bertani (LB)
broth or agar at 37°C. MICs and checkerboard assays were performed by microdilution in Mueller-Hinton
II broth (Becton, Dickinson and Company, Sparks, MD, USA) (33, 34). Bacterial strains were frozen in LB
broth with 15% glycerol and were maintained at – 80°C until analysis. All chemicals were purchased from
Sigma-Aldrich (Madrid, Spain) unless otherwise mentioned. LN-1-255 was synthetized by our group, as
previously reported (Fig. 3) (35).

The cloning procedures for blaOXA genes using the pET-RA-Km vector and the susceptibility testing
of imipenem and LN-1-255 have been previously described by Vázquez-Ucha et al. (10).

RNA extraction and qRT-PCR analysis. RNA extraction from strains grown at an optical density at
600 nm (OD600) of 1.0 was performed using the High Pure RNA isolation kit (Roche, Basel, Switzerland).
Real-time PCR was done using rpoB as the housekeeping gene (36), the LightCycler 480 RNA Master

TABLE 4 Strains and plasmids used in this worka

Strain or plasmid blaOXA gene Features Reference or source

Strains
A. baumannii ATCC 17978 NA A. baumannii type strain ATCC
A. baumannii ATCC 17978 �

pET-RA/OXA-23
OXA-23 A. baumannii ATCC 17978 harboring pET-TRA-KM

plasmid overexpressing OXA-23
10

A. baumannii Ab1 OXA-23 A. baumannii clinical isolate from A Coruña (Spain) 42
A. baumannii ATCC 17978 �

pET-RA/OXA-24/40
OXA-24/40 A. baumannii ATCC 17978 harboring pET-TRA-KM

plasmid overexpressing OXA-24/40
10

A. baumannii JC12/04 OXA-24/40 A. baumannii clinical isolate from A Coruña (Spain) This study
Escherichia coli BL21 OXA-24/40 E. coli type strain GE Healthcare (Chicago, IL, USA)

Plasmids
pET-RA-KM Cloning vector harboring kanamycin and

rifampicin resistance markers
10

pGEX-6P-1 Cloning vector for expressing GST fusion proteins
with a PreScission protease site

GE Healthcare (Chicago, IL, USA)

aNA, not applicable; ATTC, American Type Culture Collection; GST, glutathione S-transferase.
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hydrolysis probe kit (Roche), and the LightCycler 480 RNA instrument (Roche). The following primers
were used: OXA51.FW-3=-GTCGATAATTTTTGGCTGGTG-5= and OXA51.REV-3=-TTAGCCTAGCTTGTAAGCAA
ACTGTG-5=. The relative expression of blaOXA-51-like from the different A. baumannii strains was compared.
All assays were done in triplicate.

Animal infection. Immunocompetent BALB/c male mice from 9 to 11 weeks old and weighing 20 to
25 g were housed in regulation cages with food and water ad libitum. Mice were bred in our colony and
used for all experiments. All mice were maintained in the specific-pathogen-free facility at the Centro
Tecnológico de Formación de la Xerencia de Xestión Integrada A Coruña (CTF-XXIAC). The study was
approved by the Ethics and Clinical Research Committee (CHUAC, project code P2015/82; Spain), in
accordance with the Helsinki Declaration of 1975. This committee follows the recommendations of the
National Committee for the Replacement, Refinement and Reduction of Animal Research (NC3Rs).

An experimental pneumonia model was used to evaluate the efficacy of LN-1-255 and imipenem
against carbapenem-resistant A. baumannii during the course of the infection caused by transformant
and clinical strains.

For bacterial inoculation, the strains were cultured at 37°C until they reached an OD600 of 0.7. The
cultures were centrifuged, and pellets were washed and adjusted in sterile NaCl 0.9% to the required
cellular suspension. The CFU of bacterial inoculums were quantified by colony counting in LB plates.

Briefly, mice anesthetized by inhalation of Sevoflurane (Zoetis, Madrid, Spain) were suspended by
their incisors on a board in a semivertical position. An endoscope was used on the oral cavity to confirm
the intratracheal inoculation. The trachea was accessed using a blunt-tipped needle and a 100-�l
Hamilton syringe for the inoculation of a 40-�l bacterial suspension made in sterile saline solution and
10% porcine mucin (wt/vol) mixed at a 1:1 ratio. Immediately after the inoculation, a solution of ketamine
(500 �g/mouse; Pfizer, Madrid, Spain) and medetomidine (15 �g/mouse; Ecuphar, Barcelona, Spain) was
intraperitoneally injected in order to keep the mice over 10 min in a vertical position and then 20 min in
a 30° inclined position. Antisedan (15 �g/mouse; Ecuphar, Barcelona, Spain) was injected, also intraperi-
toneally, for restoring the state of consciousness and normalizing the physiological variables of mice.
Mice were finally euthanized with an overdose of thiopental sodium (Sandoz, Holzkirchen, Germany)
after 22 h of treatment.

Infections were performed using the LD100 of each strain. In order to calculate the exact LD100,
previous to the treatment, lung inoculations in groups of 4 mice infected with each strain were
performed, using the following inocula: 0.1 � 107, 0.4 � 107, 1 � 107, 4 � 107, and 20 � 107 CFU/mouse.

Treatments. In order to obtain the best results by decreasing the bacterial load in synergy with
imipenem, a screening was performed using different concentrations of LN-1-255 (20, 50, and 150 mg/
kg) and three inoculation routes (intraperitoneal, intramuscular, and subcutaneous). The screening of the
best LN-1-255 dosage was performed using reduced (n � 4 to 6) groups of mice in assays by duplicate.
The optimum imipenem dose was 30 mg/kg, intramuscularly, a dosage previously described as effective
against A. baumannii in experimental pneumonia models (20, 21, 37).

For establishing the best treatment model, groups of 9 to 11 mice were infected following the
optimum dosage and inoculation route. Mice were randomly located in each group, and treatments were
begun 90 min after bacterial inoculation in lungs, where the initial infection took place. For each assay,
the first group (control) did not receive antimicrobial treatment (only sterile phosphate-buffered saline
[PBS]), the second group was treated only with imipenem (30 mg/kg intramuscularly), and the third
group was treated with imipenem (30 mg/kg, intramuscularly) and LN-1-255 at the best dosage and

FIG 3 �-Lactam compounds used in this study.
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inoculation route observed (50 mg/kg, intramuscularly). For final established treatments, the interval
between drug doses was 3 h. Mice were monitored for 22 h, euthanized with an overdose of thiopental
sodium, and analyzed immediately after death. After the treatments, lungs were extracted in aseptic
conditions, homogenized in sterile PBS, and CFU were enumerated by plating 10�2-fold serial dilutions
in LB plates. Results were expressed as means � standard deviations of the log10 CFU per gram of lung.

Two series of assays were used as control to discard the possible specific antimicrobial activity of the
inhibitor, as follows: (i) similarly to that described above, pneumonia infections caused by both
carbapenem-resistant derivatives of ATCC 17978 carrying OXA-23 or OXA-24/40 CHDLs were treated with
only LN-1-255 (50 mg/kg, intramuscularly) and compared with untreated infections, and (ii) pneumonia
infections caused by the susceptible parental strain ATCC 17978 were treated intramuscularly with
imipenem (30 mg/kg) and compared with those treated by the combination of imipenem (30 mg/kg) and
LN-1-255 (50 mg/kg).

LN-1-255 pharmacokinetics. Pharmacokinetics of LN-1-255 were determined after intramuscular
administration of a single dose of 20, 50, or 150 mg/kg of body weight. To obtain pharmacokinetic
parameters in serum, blood samples were collected from submandibular vein of anesthetized mice, or
the animals were euthanized and blood was extracted from the periorbital plexuses. Three mice per time
point (0, 30, 45, 60, 90, 120, and 180 min) were used. Sera were separated from the blood cells by
centrifugation (2,000 � g, 20 min) and stored at �80°C until subsequent analysis. To obtain the phar-
macokinetic parameters in lung, the concentrations of LN-1-255 in epithelial lining fluid (ELF) were
measured following the protocol described by Gotfried et al. (38). Bronchoalveolar lavage was performed
with 2 ml of 0.9% NaCl in three anesthetized mice per time point (0, 30, 90, 150, 220, and 340 min). The
supernatant and cells were separated by centrifugation (400 � g, 5 min) and frozen at �80°C. To
calculate the ELF obtained, curves of urea concentration in plasma and bronchoalveolar lavage (BAL)
fluid were determined using the urea nitrogen colorimetric detection kit (Thermo Fisher, Waltham, MA,
USA) and an Epoch 2.0 spectrophotometer (BioTek, Winooski, VT, USA).

The serum and ELF drug concentrations were calculated using a kinetic assay, which detected the
inhibition of hydrolysis of the reporter substrate nitrocefin (Oxoid, Hampshire, UK) by the purified
�-lactamase OXA-24/40. The enzyme OXA-24/40 was expressed in Escherichia coli BL21 and purified
using the previously described procedures. All assays were performed at 25°C using the proteins under
steady-state conditions on an Epoch 2 spectrophotometer (39). Briefly, 40 ng/ml of carbapenemase was
added to the reaction mixture, which included 200 �M nitrocefin and mice serum diluted to 10% vol/vol.
Final concentrations of inhibitor in serum were estimated by extrapolation from the regression line of
known LN-1-255 concentrations (0.01 to 25 mg/liter). The lower limits of detection were 0.007 mg/liter.

In vivo toxicity. Once the optimum therapeutic dose of LN-1-255 was established, toxicity studies
were performed. The in vivo toxicity was evaluated using the previously described methods (40, 41).
Groups of 4 mice received a single intramuscular dose of LN-1-255 at 350 mg/kg (7-fold normal
treatment). Also, two groups of 4 mice received 6 intramuscular or intraperitoneal doses of 150 mg/kg
(3-fold normal treatment), respectively. Over 7 days, survival and signs of toxicity in mice were monitored.

Statistics. Differences between groups in the presence of imipenem and the inhibitor LN-1-255 were
established using the Student’s t test, carried out using Prism (GraphPad Software, San Diego, CA, USA).
Differences were considered significant at P � 0.05.
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