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CXA-101, previously designated FR264205, is a new antipseudomonal cephalosporin. The objective of this
study was to determine the penicillin-binding protein (PBP) inhibition profile of CXA-101 compared to that of
ceftazidime (PBP3 inhibitor) and imipenem (PBP2 inhibitor). Killing kinetics, the induction of AmpC expres-
sion, and associated changes on cell morphology were also investigated. The MICs for CXA-101, ceftazidime,
and imipenem were 0.5, 1, and 1 pg/ml, respectively. Killing curves revealed that CXA-101 shows a concen-
tration-independent bactericidal activity, with concentrations of 1x the MIC (0.5 pg/ml) producing a >3-log
reduction in bacterial load after 8 h of incubation. Live-dead staining showed that concentrations of CXA-101
as low as 0.5x the MIC stopped bacterial septation and induced an intense filamentation, which is consistent
with the documented high affinity of PBP3. CXA-101 was found to be a potent PBP3 inhibitor and showed
affinities =2-fold higher than those of ceftazidime for all of the essential PBPs (1b, 1c, 2, and 3). Compared to
imipenem, in addition to the obvious inverse PBP2/PBP3 affinities, CXA-101 showed a significantly higher
affinity for PBP1b but a lower affinity for PBP1c. Furthermore, CXA-101, like ceftazidime and in contrast to
imipenem, was found to be a very weak inducer of AmpC expression, consistent with the low PBP4 affinity

documented.

Pseudomonas aeruginosa is intrinsically resistant to several
antibiotics due to the low permeability of its outer membrane,
the constitutive expression of several efflux pumps, and the
production of antibiotic-inactivating enzymes (8, 15-17). In-
trinsic resistance to B-lactam antibiotics occurs via the induc-
tion of chromosomally encoded AmpC B-lactamase (8-10, 16).

Antipseudomonal penicillins (piperacillin) and cephalospo-
rins (cefepime or ceftazidime) are active against P. aeruginosa
because they are very weak inducers of this chromosomal
B-lactamase, although these compounds are certainly hydro-
lyzed by AmpC (15). Furthermore, mutants hyperproducing
AmpC are frequently selected during treatment with antipseu-
domonal B-lactams, leading to the failure of antimicrobial
therapy with these antibiotics (3, 7, 12).

The activity of B-lactams against P. aeruginosa (and most
other Gram-negative pathogens) will mainly depend in the
overall balance of three key attributes: (i) concentration
reached in the periplasmic space, dependent on the balance
between diffusion through the outer membrane and extrusion
by efflux pumps; (ii) resistance to the chromosomally encoded
AmpC, dependent on whether the B-lactam is stable to hydro-
lysis and/or whether it does or does not prevent the induction
of the B-lactamase; and (iii) most importantly, the affinity
against the main targets of B-lactam antibiotics, the essential
penicillin-binding proteins (PBPs), which are PBP1b, PBPlIc,
PBP2, and PBP3 in the case of P. aeruginosa (25). The PBP
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inhibition profile is therefore crucial for establishing the qual-
itative and quantitative dimensions of B-lactam bactericidal
activity.

Although high-molecular-weight PBPs (1b, 1c, 2, and 3)
carry essential functions, the low-molecular-weight penicillin-
binding proteins function as pp-carboxypeptidases and/or DD-
endopeptidases and are not essential for cell viability (4, 21, 25,
27). Antipseudomonal cephalosporins such as ceftazidime or
cefotaxime bind preferentially to PBP3 (1, 4, 23), leading to
filament formation, while carbapenems bind to PBP2 (5, 30),
ultimately leading to the conversion of rod-shaped cells into
spherical cells.

Recent works, however, show that it might not be wise to
inhibit all PBPs, since at least one of them, PBP4, is shown to
be a trap target for B-lactams that is connected to the AmpC
induction pathway (19).

CXA-101, previously designated FR264205, is a new ceph-
alosporin currently under clinical development that shows
promising characteristics for the treatment of P. aeruginosa
infections. Several recent surveys have revealed a potent in
vitro activity of CXA-101 against P. aeruginosa, including cystic
fibrosis and multidrug-resistant strains (2, 13, 18, 20, 28, 31). In
addition, in vitro studies have shown that CXA-101 appears to
be stable against the most common resistance mechanisms
driven by mutation in this species, particularly noteworthy the
overexpression of the chromosomal cephalosporinase AmpC
driven by ampD and/or dacB (PBP4) mutations (18, 20, 28, 29).
Recent studies have shown that, consistent with this observa-
tion, rates of P. aeruginosa mutation to CXA-101 resistance are
extremely low (<5 X 10, sharply contrasting with the high
mutation rates documented for other antipseudomonal ceph-
alosporins or carbapenems (24). Only certain transferable
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B-lactamases, such as extended-spectrum B-lactamases or class
B carbapenemases, which are still infrequent in P. aeruginosa,
appear to compromise CXA-101 activity (6, 13, 18). Thus far,
no study has been performed to evaluate the binding affinity of
CXA-101 to its target PBPs in P. aeruginosa or other patho-
gens. The objective of the present study was to determine the
PBP inhibition profile of CXA-101 compared to those of ceftaz-
idime (a PBP3 inhibitor) and imipenem (a PBP2 inhibitor).
Killing kinetics, associated changes on cell morphology, and
AmpC-inducing properties were also investigated.

MATERIALS AND METHODS

Susceptibility testing and Killing kinetics. The MICs of CXA-101, ceftazidime,
and imipenem for strain PAO1 were determined by standard CSLI broth mi-
crodilution (M100-S18). CXA-101 (lot 3F02) was provided by Calixa Therapeu-
tic, Inc. Other antibiotics were purchased from commercial sources. For killing
kinetics studies, overnight Mueller-Hinton broth (MHB) cultures of PAO1 were
diluted (1/100) in fresh medium and incubated (37°C, 180 rpm) to an optical
density at 600 nm (ODgq) of 0.2 (mid-log-phase growth). Killing curves were
then initiated by inoculating 1 ml in flasks with 20 ml (initial inoculum ODyy
0.01, ca. 107 CFU/ml) of MHB containing concentrations of 0, 0.5X, 1X, 2X, or
4x the MIC of CXA-101, ceftazidime, and imipenem. Killing kinetics were then
monitored during 8 h and were analyzed by ODy, quantification, CFU enumer-
ation (plating serial dilutions in MH agar [MHA]) and live-dead staining with the
Live/Dead BacLight bacterial viability kit (Molecular Probes/Invitrogen, Carls-
bad, CA), following the manufacturer’s instructions and using a Nikon Eclipse
E400 fluorescence microscope at 1,000X magnification. All experiments were
performed in triplicate.

Quantification of AmpC induction. The induction of AmpC production by
CXA-101, ceftazidime, and imipenem was determined measuring the level of
expression of ampC by real-time reverse transcription-PCR (RT-PCR) in strain
PAOI, with or without incubation (3 h) in the presence of subinhibitory con-
centrations (1/2 and 1/4 MIC concentrations). Cefoxitin at 50 pg/ml, a potent
AmpC inducer commonly used in induction experiments (11, 19), was also
included for comparative purposes. Total RNA from logarithmic-phase-grown
cultures (LB broth) was obtained with the RNeasy minikit (Qiagen, Hilden,
Germany) and treated with 2 U of TURBO DNase (Ambion) for 30 min at 37°C
to remove contaminating DNA. The reaction was stopped by the addition of 5 .l
of DNase inactivation reagent, and the samples were adjusted to a final concen-
tration of 50 ng/ul. A 500-ng sample of purified RNA was then used for one-step
reverse transcription and real-time PCR amplification using the QuantiTect
SYBR green RT-PCR kit (Qiagen, Hilden, Germany) in a SmartCycler IT (Ceph-
eid, Sunnyvale, CA). The previously described primer pairs ACrnaF/ACrnaR
(11) and rpsL-1/rpsL-2 (22) were used for amplification of ampC and rpsL,
respectively (used as references to normalize the relative amount of mRNA). In
all cases, the mean values of relative mRNA expression obtained in at least three
independent duplicate experiments were considered.

PBP assays. Membranes containing the PBPs of P. aeruginosa PAO1 were
obtained according to described protocols (4, 5, 26, 32). Briefly, 500-ml late-log-
phase (ODg, = 1) Luria-Bertani (LB; Sigma-Aldrich, St. Louis, MO) cultures of
PAO1 were collected by centrifugation (4,400 X g, 10 min) and then washed and
suspended in 50 ml of 20 mM KH,PO,-140 mM NaCl (pH 7.5) (buffer A). Cells
were then sonicated by using a Digital Sonifier Unit model S-450D (Branson
Ultrasonics Corp., Danbury, CT) at 20 W for three 30-s bursts (while immersed
in an ice bath) and centrifuged at 12,000 X g for 10 min. Membranes containing
the PBPs were isolated from the supernatant through two steps of ultracentrif-
ugation at 150,000 X g for 1 h at 4°C using an Optima L-XP Series Preparative
Ultracentrifuge (Beckman Coulter, Inc., Palo Alto, CA) and suspension in buffer
A. Total protein content was measured through the Bradford method using the
Quick Start Bradford protein assay kit with bovine serum albumin as a standard
(Bio-Rad Laboratories, Hercules, CA), according to the manufacturer’s instruc-
tions. Portions (20 wl, final volume) of PBPs (P. aeruginosa) containing solution
were then incubated (30 min, 37°C) in the presence of increasing concentrations
of CXA-101, ceftazidime, or imipenem (range of concentrations tested, 0.0156 to
2 pg/ml) and were afterward labeled with a 25 pM concentration of the fluo-
rescent penicillin Bocillin FL (32). The reaction mixtures were then denatured
with 20-pl portions of sodium dodecyl sulfate (SDS) denaturing solution (14) at
100°C for 3 min. PBPs were then separated through 10% SDS-polyacrylamide gel
electrophoresis (Bio-Rad). The protein gels were rinsed in water immediately
after electrophoresis. Labeled PBPs were visualized using a Bio-Rad Molecular
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Imager FX Pro (Bio-Rad; excitation at 488 nm and emission at 530 nm) and 50%
inhibitory concentrations (ICsy) of CXA-101, ceftazidime, and imipenem for the
different PBPs were determined from triplicate experiments using the Quantity-
One software (Bio-Rad).

RESULTS AND DISCUSSION

MICs for CXA-101, ceftazidime, and imipenem were 0.5, 1,
and 1 pg/ml, respectively. The results for killing kinetics ex-
periments are shown in Fig. 1; Figure 1A shows the results of
the killing curves measured in terms of reduction of viable
CFU/ml over time, whereas Fig. 1B shows the results in
terms of ODy,, change. Figure 2 shows the results for Live/
Dead staining at concentrations 0.5X and 4X the MIC of
each antibiotic.

As shown in Fig. 1A, CXA-101 displayed a concentration-
independent bactericidal activity; concentrations of 1X MIC
(0.5 pg/ml produced a sharp reduction of bacterial load [>3
log]) during the 8 h of incubation, but bactericidal activity was
not increased at higher antibiotic concentrations. Ceftazidime
bactericidal activity was much lower at 1X MIC and required
at least 2X MIC concentrations (2 pg/ml) to reach a bacteri-
cidal activity equivalent to that of CXA-101. On the other
hand, imipenem bactericidal activity was similar to that of
CXA-101 at 1X MIC (1 pg/ml) concentrations, although in
contrast to that documented for CXA-101, imipenem bacteri-
cidal activity was still increased further at 2X MIC concentra-
tions.

As shown in Fig. 1B, CXA-101 and ceftazidime did not
modify OD increase, compared to control without antibiotic,
during the first 2 to 3 h of incubation at any of the tested
concentrations. This apparent discrepancy between CFU enu-
meration and OD measurement has been previously docu-
mented for ceftazidime and is a consequence of filamentation
(filaments increase the OD but not CFU) driven by PBP3
inhibition (1). Nevertheless, after 3 h of incubation, a 1X MIC
of CXA-101 concentration sharply reduced the OD, and again
this activity was concentration independent. Ceftazidime re-
quired a 2X MIC concentration to reduce the OD. In contrast
to CXA-101 and ceftazidime, imipenem produced a sharp re-
duction of OD since the initiation of the killing curves. Live/
Dead staining results were consistent with these findings, since
CXA-101, as previously described for ceftazidime, inhibited
cell septation, producing long filaments even at subinhibitory
concentrations (0.5X MIC, 0.25 pg/ml) (Fig. 2A), and most of
them were killed after prolonged incubation at concentrations
above the MIC (Fig. 2B).

The results of AmpC induction are shown in Table 1. As
expected, imipenem produced an extremely high AmpC induc-
tion, increasing the ampC expression, even at 1/4 MIC concen-
trations, by 200-fold. In contrast, CXA-101, like ceftazidime,
had very little effect on ampC expression, either at 1/4 or 1/2
MIC concentrations.

Results for PBPs IC;, of CXA-101, ceftazidime, and imi-
penem are shown in Table 2, whereas Fig. 3 shows a represen-
tative example of the SDS-polyacrylamide gels labeled with
Bocillin FL and incubated in the presence of CXA-101, cefta-
zidime, or imipenem (range, 0.0156 to 2 pg/ml). CXA-101 was
found to be a very potent PBP3 inhibitor and showed affinities
=2-fold higher than those of ceftazidime for all of the essential
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FIG. 1. Results for killing kinetics experiments. (A) Results of the killing curves measured in terms of reduction of viable CFU/ml over time.
(B) Results of the killing curves in terms of the ODy,, change. The concentrations tested were 0X, 0.5X, 1X, 2X, and 4X the MICs (0.5 pg/ml
for CXA-101 and 1 pg/ml for ceftazidime [CAZ] and imipenem [IMP]). Mean values for three experiments * the standard deviation are shown.

PBPs (1b, 1c, 2, and 3). Compared to imipenem, in addition to
the obvious inverse PBP2/PBP3 affinities, CXA-101 showed a
significantly higher affinity for PBP1b but a lower affinity for
PBPlc. There are few studies addressing binding affinities of
B-lactams to P. aeruginosa PBPs. It is worth mentioning,
among these studies, the results for the recently introduced
carbapenem doripenem, which was found to show higher af-
finities than imipenem for PBP2 and PBP3 but lower affinities

for PBP1b and PBP1c (5). The affinity of CXA-101 against the
nonessential PBP4, recently shown to be a trap target for
B-lactams involved in AmpC induction (19), was 15-fold lower
than that of imipenem (the most potent AmpC inducer). Al-
though the affinity of CXA-101 against PBP4 was 4-fold higher
than that of ceftazidime, the data above from the induction
experiments suggest that the affinity may still be too low to
significantly affect AmpC expression.

A. Live/dead staining (2h incubation) B. Live/dead staining (8h incubation)

Control

25um

IMP 0.5 pg/ml (0.5X MIC) CXA 0.25 pg/ml (0.5X MIC)

25um

Control

CAZ 4 pg/mi (4X MIC)

CXA 2 pg/ml (4X MIC)

IMP 4 pg/mi (4X MIC)

CAZ 0.5 ng/ml (0.5X MIC)

FIG. 2. Results of Live/Dead staining. (A) Images obtained at 2 h of incubation with 0.5X MIC concentrations of CXA-101 (CXA), ceftazidime
(CAZ), or imipenem (IMP). (B) Images obtained at 8 h of incubation with 4 X MIC concentrations of each antibiotic. Live cells are green stained,
and dead cells are red stained.



3936 MOYA ET AL.

TABLE 1. Levels of ampC expression after incubation of
P. aeruginosa PAO1

. " Mean ampC
Condition (conen [pg/ml]) expression = SD
Basal (N0 antibiotiC) .......ccoccceureicurineeierreeerenneerenreeenenne 1
FOX (50) 50 = 14
CAZ

1/4 MIC (0.25) 1.2+02

1/2 MIC (0.5) 1.2+03
CXA

1/4 MIC (0.125) 1.6 =13

1/2 MIC (0.25) 1.3+0.7
IMP

1/4 MIC (0.25) 193.2 £ 20.2

1/2 MIC (0.5) 269.5 = 73.1

“ P. aeruginosa PAO1 was incubated in the presence of subinhibitory concen-
trations of CXA-101 (CXA), ceftazidime (CAZ), imipenem (IMP), and cefoxitin
(FOX) as indicated.

® The relative amount of ampC mRNA compared to the PAO1 basal level is
given.

Concluding remarks. In the present study, a comprehensive
evaluation of the bactericidal mode of action of CXA-101 was
performed. CXA-101 was found to show a 2- to 4-fold-higher
potency than ceftazidime based on all of the parameters ex-
amined, including MICs, killing kinetics, and binding affinities
to essential PBPs. Among the essential PBPs, CXA-101 was
the most potent inhibitor of PBP3 and PBP1b, whereas imi-
penem was the most potent inhibitor of PBP2 and PBPlc.
CXA-101 showed a 2-fold-lower MIC than imipenem, and
both antibiotics showed a similar killing kinetics at 1X MIC
concentrations. Furthermore, in contrast to imipenem, CXA-
101 was found to be a very weak inducer of AmpC expression,
a valuable property, added to previous data showing its high
stability against hydrolysis by AmpC, in contrast to ceftazidime
(20, 28, 29). Interestingly, CXA-101 showed a totally concen-
tration-independent bactericidal activity, while ceftazidime
and imipenem required a 2-fold MIC concentration for maxi-
mum bactericidal activity. These results further validated the
mechanism of CXA-101 bactericidal activity against P. aerugi-
nosa by targeting essential PBPs and inhibiting bacterial cell
wall synthesis featured by cell filamentation. Altogether, these
data show that CXA-101 is a potent antipseudomonal agent in
vitro and, in conjunction with other studies showing its low

TABLE 2. ICs, of CXA-101, ceftazidime, and imipenem for
P. aeruginosa PAO1 PBPs

Mean ICsq (ng/ml) = SD*

PBP

CAZ CXA IMP
1b 0.12 = 0.03 0.07 = 0.01 0.13 £ 0.01
1c >2 0.64 = 0.17 0.08 = 0.005
2 >2 1.36 = 0.56 0.08 £ 0.01
3 0.04 £ 0.01 0.02 = 0.007 012 0.2
4 1.23 = 0.49 0.29 = 0.05 0.02 £ 0.01
5/6 >2 >2 0.2 = 0.09

“1Csq, 50% inhibitory concentration; CXA, CXA-101; CAZ, ceftazidime;
IMP, imipenem.
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FIG. 3. Representatlve example of the SDS- polyacrylamlde gels
labeled with Bocillin FL and incubated in the presence of CXA-101,
ceftazidime (CAZ), or imipenem (IMP). Range of concentrations test-
ed: 0.0156 to 2 pg/ml.

MICs against diverse collections of clinical isolates, including
multidrug-resistant strains (2, 13, 18, 20, 31), and its stability
against B-lactam, carbapenem, and fluoroquinolone resistance
mechanisms (2, 13, 18, 20, 28, 29), suggest that CXA-101 could
be, if successfully developed, a valuable alternative for the
treatment of P. aeruginosa infections, one that needs to be
further evaluated in pertinent clinical trials.
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