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ABSTRACT In vitro MICs and in vivo pharmacodynamics of ceftazidime and cefepime
human-simulated regimens (HSR) against modified carbapenem inactivation method
(mCIM)-positive Pseudomonas aeruginosa isolates harboring different OXA-10-like sub-
types were described. The murine thigh model assessed ceftazidime (2 g every 8 h [q8h]
HSR) and cefepime (2 g and 1 g q8h HSR). Phenotypes were similar despite possessing
OXA-10-like subtypes with differing spectra. Ceftazidime produced $1-log10 killing in all
isolates. Cefepime activity was dose dependent and MIC driven. This approach may be
useful in assessing the implications of b-lactamase variants.

KEYWORDS Pseudomonas aeruginosa, carbapenem resistant, cefepime, ceftazidime, in
vivo, pharmacodynamics, pharmacokinetics

P seudomonas aeruginosa is notorious for having numerous mechanisms that contrib-
ute to phenotypic resistance to first-line antimicrobial agents (1). For example, class D

oxacillinases, which can have a variety of amino acid substitutions and produce a range of
different hydrolytic spectra that result in various phenotypes (2). Of the OXA-10-like
enzymes, some are considered narrow-spectrum b-lactamases (i.e., penicillinases), while
others have extended-spectrum activity (i.e., can hydrolyze third- and fourth-generation
cephalosporins) (3). For example, OXA-35 typically produces a ceftazidime-susceptible,
cefepime-resistant phenotype due to its greater hydrolytic activity against cefepime, while
OXA-10 is considered narrow spectrum because of its inability to hydrolyze any extended-
spectrum cephalosporins (3, 4). This raises the question of how the various amino acid
changes in OXA-10-like variants (i.e., genotypes) translate into phenotypic differences and,
most importantly, differing clinical efficacy in vivo.

The availability of specific genotypic data for resistance genes in P. aeruginosa isolates
from clinical specimens can provide clinicians with more information than just an anti-
biogram to consider when selecting antibiotic therapy. However, data that correlate the
genotype, the phenotype, and the clinical efficacy are needed. Here, we describe the in
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vivo activity of ceftazidime and cefepime, administered at doses that produce exposures
mimicking human exposures, to assess the potential efficacy and clinical implications of
carbapenem-resistant P. aeruginosa isolates harboring OXA-10-like enzymes.

Isolates of P. aeruginosa were collected during the Enhancing Rational Antimicrobials
for Carbapenem-resistant P. aeruginosa (ERACE-PA) Global Study, which includes 17
health care centers worldwide (12 international and five in the United States). The three
P. aeruginosa isolates assessed in this study were evaluated using broth microdilution per
CLSI standards to determine the in vitro activity of ceftazidime, cefepime, ceftazidime-avi-
bactam, ceftolozane-tazobactam, imipenem, and meropenem. Testing was performed in
triplicate, and results were interpreted using both CLSI and EUCAST breakpoints (5, 6).
Isolates were screened using the modified carbapenem inactivation method (mCIM) and
whole-genome sequencing to identify OXA-10-like genotypes (Table 1) (5). Genomic DNA
was prepared with the DNeasy blood and tissue kit (Qiagen, USA) from pure cultures
grown overnight in Trypticase soy broth (Hardy Diagnostics, USA). DNA was quantitated
with the NanoPhotometer system (Implen, Germany). Libraries were prepared with the
Nextera XT DNA library kit (Illumina, USA) and were sequenced on the MiSeq platform
using reagent kit v3 chemistry (Illumina, USA). Paired-end reads were trimmed and de
novo assembled with the CLC Genomics Workbench 21.0.3 tools (Qiagen Bioinformatics,
Denmark) according to the manufacturer’s instructions. Acquired resistance genes were
identified with the CLC Microbial Genomics Module 21.0 “Find Resistance” tool using
the ResFinder database (version 2021-04-06) (Qiagen Bioinformatics) (7). To confirm b-lac-
tamase gene subtypes, the sequences were compared using BLASTn to those published
in GenBank nucleotide database and in the b-Lactamase Database (BLDB) (8).

All animal studies were approved by the local Institutional Animal Care and Use
Committee (IACUC) and conducted per the standards of the National Research Council
of the National Academy of Sciences. Specific-pathogen-free, female, CD-1 mice (20 to
22 g) were acquired from Charles River Laboratories (Raleigh, NC). Animals were
housed and pretreated with cyclophosphamide and uranyl nitrate as previously
described (9, 10). Mice were inoculated as previously described, and antibiotic dosing
began 2 h postinoculation and continued for 24 h (9, 10). Each treatment group con-
tained three mice allocated to 0-h control (baseline bacterial burden), 24-h control
(received normal saline), ceftazidime human-simulated regimen (HSR), cefepime 1 g
HSR, or cefepime 2 g HSR. The HSRs of ceftazidime 2 g intravenously (i.v.) every 8 h (9)
and cefepime 2 g i.v. every 8 h (10), both given as 2-h infusions, were administered as
previously described. Cefepime 1 g i.v. every 8 h was simulated by halving the doses
of the cefepime 2 g regimen. Thighs were aseptically harvested at 24 h and serially
diluted to enumerate CFU/thigh. Bacterial enumeration was described as the mean

TABLE 1 Phenotypic and genotypic profiles of three clinical carbapenem-resistant P. aeruginosa isolates harboring OXA-10-like b-lactamases,
evaluated in vivo

Organism Genotype MLSTh

MIC (mg/liter)

Ceftazidime Cefepime
Ceftolozane-
tazobactam

Ceftazidime-
avibactam Imipenem Meropenem

PSA INT-7-65 blaOXA-56,a blaOXA-50b (OXA-904 by
BLAST), blaOXA-392

c, blaPAO
(blaPDC-117)

260 4d 32f 4 4 16 32

PSA INT-9-5 blaOXA-35,
a blaOXA-488,

b blaPAO
(blaPDC-35)

235 4d 32f 2 2 32 .64

PSA INT-9-11 blaOXA-10,a blaOXA-488,b blaPAO
(blaPDC-35)

235 8e 64g 8 4 16 64

ablaOXA-10-like family. For PSA INT-7-65, blaOXA-56 could not be distinguished from blaOXA-101.
bblaOXA-50-like family. For PSA INT-7-65, blaOXA-50 could not be distinguished from blaOXA-396 or blaOXA-494.
cblaOXA-1-like family.
dCeftazidime 2 g q8h 2-h infusion HSR, 100% fT.MIC (9).
eCeftazidime 2 g q8h 2-h infusion HSR, 87% fT.MIC (9).
fCefepime 2 g q8h 2-h infusion HSR, 38% fT.MIC; cefepime 1 g q8h 2-h infusion HSR, 8% fT.MIC (10).
gCefepime 2 g q8h 2-h infusion HSR, 8% fT.MIC; cefepime 1 g q8h 2-h infusion HSR, 0% fT.MIC (10).
hMLST, multilocus sequence type.
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plus or minus standard deviation log10 CFU/thigh. Changes in log10 CFU/thigh were cal-
culated using the mean result of each group at 24 h minus the mean result at 0 h
result. Achievement of a 24-h decrease of $1-log10 CFU/thigh was utilized as a bench-
mark associated with clinical success and was compared to the cumulative percentage
of 24 h of treatment that the unbound drug concentration exceeded the MIC (fT .

MIC) exposures for each dosing regimen (9–11).
Modal MICs and genotypes for the test isolates are presented in Table 1. All three

isolates were susceptible to ceftazidime but resistant to cefepime, meropenem, and
imipenem per CLSI and EUCAST interpretations. All three isolates tested positive by mCIM
for carbapenemase activity.

The average baseline bacterial burden at 0 h was 5.436 0.24 log10 CFU/thigh.
Untreated controls had a 24-h mean increase in bacterial burden in log10 CFU/thigh of
3.566 0.45. The mean changes in log10 CFU/thigh for each isolate and dosing regimen
are presented in Fig. 1. Ceftazidime produced significant bacterial killing of all isolates,
which reached a $1-log10 reduction in bacterial burden. The cefepime 2 g i.v. every 8 h
regimen produced significant killing in two of the three isolates, achieving a $1-log10

bacterial reduction in CFU/thigh. Conversely, the cefepime 1 g regimen failed to kill
any of the isolates, indicating a cefepime dose-response relationship.

In vivo, the ability of ceftazidime and cefepime HSRs to kill the three OXA-10-like containing
bacterial isolates was consistent with the pharmacodynamic exposures and MICs of the two
drugs. The dose-response relationships noted for the two cefepime dosing regimens are con-
sistent with the elevated cefepime MICs observed, as the 1-g regimen (8% fT . MIC32 mg/liter)

FIG 1 In vivo change in log10 bacterial burden from 0 h in animals treated with sham control, ceftazidime 2 g
every 8 h (q8h) by 2-h infusion human-simulated regimen (HSR), cefepime 1 g q8h by 2-h infusion HSR, or
cefepime 2 g q8h by 2-h infusion HSR in the murine thigh infection model.
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failed to meet the pharmacodynamic target for bacterial kill for cephalosporin agents (i.e., 50
to 70% fT . MIC32 mg/liter) while the 2 g every 8 h regimen as a 2-h infusion achieved
;40% fT. MIC32 mg/liter. It should be noted that when evaluating fT. MIC against a doubling
dilution MIC scale, the actual MIC of the antibiotic may fall between dilution steps. In this case,
the MICs fell between 16mg/liter and 32mg/liter, which may translate to bacterial killing, as
the fT. MIC will be somewhere between 38 and 59% with the cefepime 2 g dose (8 to 38%
fT . MIC for cefepime 1 g HSR) (10, 12). This was not the case for the isolate for which the
cefepime MIC was 64mg/liter, as exhibited by in vivo bacterial growth with the cefepime 2
g HSR in PSA INT-9-11, where the fT. MIC fell to;10%. However, the ceftazidime regimen
reached 100% fT . MIC4 mg/liter and 87% fT . MIC8 mg/liter where bactericidal activity was
expected. Thus, the in vivo findings demonstrate that the exposure-response relationship
was unaltered by OXA-10-like enzymes and the other mechanisms expressed by each
isolate.

Our data indicate that categorization of OXA b-lactamases as narrow spectrum (i.e.,
OXA-10 and OXA-56) versus extended spectrum (i.e., OXA-35) may obscure similarities
within the OXA-10-like subclass (3). Indeed, despite subtle differences in the reported
hydrolytic spectrum of the identified OXA-10-like subtypes determined by whole-ge-
nome sequencing, the isolates produced similar in vitro and in vivo response for the
three clinical P. aeruginosa isolates. Similarly to what Aubert and colleagues noted dur-
ing their study of OXA-35-containing P. aeruginosa, our isolates had lower ceftazidime
MICs than cefepime MICs (4). However, a cefepime-nonsusceptible phenotype is not
consistent with the “narrow spectrum” categorization previously given to OXA-10 and
OXA-56, which are highly related enzymes (3). Indeed, there is between 92.6 and
99.8% amino acid conservation within the subclass, with multiple subtypes categorized
as being “extended spectrum,” defined as the ability to hydrolyze at least one third- or
fourth-generation cephalosporin (3). The phenotypic profiles in the present study
show overall similarity despite three different subclasses being identified. Importantly,
all three isolates were also carbapenem resistant and mCIM positive. Antunes and col-
leagues previously described increases in carbapenem MICs that were outside the sus-
ceptible range when oxacillinase genes that were not traditionally considered carbape-
nemases were placed into a wild-type Acinetobacter strain, in contrast to no increase in
MICs when the gene was inserted into a wild-type Escherichia coli strain (13). These
findings suggest that the background resistance mechanisms, including efflux and/or
porin alterations, contribute to the carbapenem-resistant phenotype. This is also nota-
ble because all three isolates tested positive by mCIM for carbapenemase activity; how-
ever, microbiologic activity was still noted for antipseudomonal cephalosporins in vivo.

In conclusion, in vivo bactericidal activity was noted for ceftazidime HSRs that is
consistent with the MICs of three clinical carbapenem-resistant P. aeruginosa isolates
harboring OXA-10-like enzymes. Responses to two cefepime dosing regimens were
similarly reflective of the MICs of the isolates, suggesting that the elevated in vitro cefe-
pime MICs had in vivo consequence. These data are hypothesis generating, and a simi-
lar in vivo approach may be useful in future scenarios to evaluate the translational
implications of b-lactamase variants in their responses to clinically relevant antibiotic
exposures.
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