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ABSTRACT The rise in infections caused by antibiotic-resistant bacteria is outpacing the
development of new antibiotics. The ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species) are a group of clinically important bacteria that have developed
resistance to multiple antibiotics and are commonly referred to as multidrug resistant
(MDR). The medical and research communities have recognized that, without new anti-
microbials, infections by MDR bacteria will soon become a leading cause of morbidity
and death. Therefore, there is an ever-growing need to expedite the development of
novel antimicrobials to combat these infections. Toward this end, we set out to refine
an existing mouse model of pulmonary Pseudomonas aeruginosa infection to generate
a robust preclinical tool that can be used to rapidly and accurately predict novel anti-
microbial efficacy. This refinement was achieved by characterizing the virulence of a
panel of genetically diverse MDR P. aeruginosa strains in this model, by both 50% le-
thal dose (LD50) analysis and natural history studies. Further, we defined two antibiotic
regimens (aztreonam and amikacin) that can be used as comparators during the future
evaluation of novel antimicrobials, and we confirmed that the model can effectively
differentiate between successful and unsuccessful treatments, as predicted by in vitro
inhibitory data. This validated model represents an important tool in our arsenal to de-
velop new therapies to combat MDR P. aeruginosa strains, with the ability to provide
rapid preclinical evaluation of novel antimicrobials and support data from clinical stud-
ies during the investigational drug development process.

IMPORTANCE The prevalence of antibiotic resistance among bacterial pathogens is a
growing problem that necessitates the development of new antibiotics. Preclinical
animal models are important tools to facilitate and speed the development of novel
antimicrobials. Successful outcomes in animal models not only justify progression of new
drugs into human clinical trials but also can support FDA decisions if clinical trial sizes are
small due to a small population of infections with specific drug-resistant strains. However,
in both cases the preclinical animal model needs to be well characterized and provide ro-
bust and reproducible data. Toward this goal, we have refined an existing mouse model
to better predict the efficacy of novel antibiotics. This improved model provides an impor-
tant tool to better predict the clinical success of new antibiotics.
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It is estimated that$1,000,000 people worldwide die each year due to infections caused by
antibiotic-resistant bacteria (1). Based on the current rate of antibiotic resistance observed in

the clinic and without a concerted effort to identify and develop new antibiotics, the United
Nations Interagency Coordinating Group on Antimicrobial Resistance predicted that deaths
due to antibiotic-resistant bacteria could increase by several million by 2050 (2). The ESKAPE
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species) have been recognized by the
Centers for Disease Control and Prevention (CDC) and the World Health Organization (WHO)
as the leading causes of nosocomial infections throughout the world and have all acquired re-
sistance to multiple antibiotics (3). P. aeruginosa is an opportunistic pathogen that can cause
infection of the skin, eyes, urinary tract, and lungs and is especially pathogenic for immuno-
compromised individuals. On its own, P. aeruginosa is estimated to be responsible for up to
20% of nosocomial infections in intensive care units in the United States and the European
Union, with.35% of isolates being resistant to multiple antibiotics (4–6). Infections with multi-
drug-resistant (MDR) P. aeruginosa strains are associated with significant increases in mortality
rates, particularly among patients with respiratory-associated bacteremia (7).

To combat these infections, we need to identify and develop new antimicrobials
against the ESKAPE pathogens. Toward this goal is the development of robust preclinical
models that can quickly and accurately predict the efficacy of novel antimicrobials in
humans. The mouse is the most widely used model for preclinical testing of antimicrobial
investigational drugs (INDs). The main driving factors for this are (i) a large amount of data
available on the pathogenesis of microbes in the mouse, (ii) the low costs to purchase,
breed, and house mice, and (iii) the ability for researchers to incorporate increased group
sizes and statistical power to overcome the experimental noise that is often associated with
preclinical models. Experimental noise is considered a major contributor to past failures in
translation of preclinical results into the clinic (8). Therefore, this third driving factor is crit-
ically important for successful preclinical testing. Importantly, the application of pharmacoki-
netic (PK)/pharmacodynamic (PD) analysis of antimicrobials in mice allows for the identifica-
tion of driver indices that are independent of host metabolism and can be used to bridge
preclinical data to human application (9). Therefore, preclinical data from mice on the effi-
cacy of antimicrobials are significantly more predictive of success in the clinic than are data
that have been reported for other classes of drugs. However, for the mouse to be an effec-
tive preclinical model, it should be well characterized to recapitulate human disease and vali-
dated to respond to current antimicrobials as expected with a variety of strains representing
the potential diversity of isolates seen in the clinic.

We previously developed a lethal respiratory model of MDR P. aeruginosa infection in
leukopenic BALB/c mice for the purpose of testing novel therapeutics (10). This model
was chosen because it has been well characterized to mimic human disease, with bacterial
proliferation in the lungs, acute inflammation, and development of pneumonia (10–12).
Using this model, we have successfully evaluated the efficacy of numerous therapies either
as monotherapy or as combination therapy with a representative carbapenem antibiotic,
namely, meropenem (10, 13, 14). However, this model has limitations, including characteri-
zation with only one strain of P. aeruginosa and a lack of robust comparative antibiotics to
gauge the success of novel INDs. Therefore, to improve our current model for preclinical
screening of antimicrobials against P. aeruginosa, we validated our infection model with
four additional strains of MDR P. aeruginosa, better representing the genetic diversity of
clinical isolates. We also fully characterized two antibiotics under success and failure sce-
narios so that they can be used as comparator drugs to gauge the efficacy of novel antimi-
crobials against acute pulmonary infection with P. aeruginosa.

RESULTS
Identification of the lethal dose 50 of P. aeruginosa strains in the leukopenic

mouse model. Our first step in enhancing the predictive ability of the mouse model we
developed previously for preclinical screening of antimicrobials against P. aeruginosa
infection (10) was to characterize the virulence of different strains of MDR P. aeruginosa in
this model. Toward this goal, we chose to characterize four P. aeruginosa strains that are
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widely available to the research community through the CDC and Food and Drug
Administration (FDA) Antimicrobial Resistance Isolate Bank P. aeruginosa panel (15). From
this panel, the strains were chosen because their genomes have been sequenced, they have
different antibiotic resistance profiles, including different known mechanisms of resistance to
b-lactams, and they display different degrees of resistance to amikacin and aztreonam, which
can be used as comparators in future studies (Table 1).

Because no virulence data are available for the isolates in the FDA-CDC Antimicrobial
Resistance Isolate Bank P. aeruginosa panel, we first sought to identify the number of bacte-
ria required to cause lethal infection in 50% of infected animals (i.e., the 50% lethal dose
[LD50]) for each strain in mice with cyclophosphamide-induced leukopenia (10). Male and
female mice were infected by direct lung instillation with escalating doses of the four MDR
P. aeruginosa strains (10, 16). Mice were monitored for the development of moribund dis-
ease at 8-h intervals. Mice that met predefined endpoint criteria were humanely euthanized
and scored as succumbing to disease 8 h later. All four strains were able to establish lethal
infection in leukopenic mice, but we observed differences in the LD50 values between the
strains. Strains 0230 and 0231 were the most virulent in the mice, with mortality rates of
.50% of animals within 50 h postinfection achieved with a challenge of only 102 CFU
(Fig. 1A and B). The 0246 strain was slightly less virulent, as.50% of animals succumbed to
infection at the dose of 103 CFU (Fig. 1C). In contrast, strain 0241 was significantly less viru-
lent than the other three strains, requiring 106 CFU to achieve a mortality rate of .50%
(Fig. 1D). For all strains tested, sex did not have a significant impact on the resistance of the
host to lethal infection. Finally, at inocula resulting in mortality rates of ;50%, we observed
similar mean times to death for all strains, ranging from 44 to 56 h. From these survival
curves, we calculated the LD50 values for strains 0230, 0231, 0246, and 0241 as 1.30, 1.59,
2.78, and 5.61 log CFU, respectively.

Natural history of infection of P. aeruginosa strains in the leukopenic mouse
model. Once we established that each strain was able to cause lethal infection, we
next sought to characterize the natural history of the infection in the leukopenic
mouse model. Male and female mice were infected by direct instillation into the lungs
with 10� the LD50 of each of the P. aeruginosa strains. At 3, 6, 12, and 21 h, host tem-
peratures were measured, and subsets of mice were humanely euthanized to harvest
tissues for bacterial enumeration and histological analysis. Twenty-one hours was cho-
sen as the last time point to minimize the number of animals reaching endpoint crite-
ria prior to a designated time point, resulting in a need to exclude such animals from
subsequent analyses. In general, mice that received the more virulent strains 0230,
0231, and 0246 and were inoculated with 3 to 4 log CFU of bacteria followed very simi-
lar courses of disease. At 3 h postinfection, ;3.0 log CFU of bacteria were recovered
from the lungs of infected mice. Similar numbers were recovered at 6 h postinfection,
but bacterial numbers increased by;1.5 log CFU by 12 h postinfection. By 21 h postin-
fection, mean bacterial numbers were .6 log CFU for all three strains (Fig. 2). Bacterial
dissemination from the lungs to the blood, as indicated by spleen colonization, was
not detected prior to 21 h for any of the three strains (Fig. 2). Significant changes in
the host response to infection, measured by hypothermia and lung inflammation, were

TABLE 1 P. aeruginosa strains characterized in the mouse model

Strain

Phenotypea
Known
resistanceb

BioSample
accession number

LD50

(CFU)cResistant Sensitive Intermediate
0230 Ami, Cefe, Ceft, Cip, Dor, Gen, Imi, Lev, Mer, Pip, Tob Azt, Col, Pol VIM-2 SAMN04901620 20
0231 Azt, Cefe, Ceft, Cip, Dor, Gen, Imi, Lev, Mer, Pip, Tob Ami, Col, Pol KPC-5 SAMN04901621 39
0241 Cefe, Ceft, Cip, Dor, Gen, Imi, Lev, Mer, Pip, Tob Col, Pol Ami, Azt IMP-1 SAMN04901631 525
0246 Ami, Azt, Cefe, Ceft, Cip, Dor, Gen, Imi, Lev, Mer, Pip, Tob Col, Pol NDM-1 SAMN04901636 4.07� 105

aAmi, amikacin; Azt, aztreonam; Cefe, cefepime; Ceft, ceftazidime; Cip, ciprofloxacin; Col, colistin; Dor, doripenem; Gen, gentamicin; Imi, imipenem; Lev, levofloxacin; Mer,
meropenem; Pip, piperacillin-tazobactam; Pol, polymyxin B; Tob, tobramycin.

bGenes associated with antibiotic resistance.
cLD50 values calculated from these studies.
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also not observed in 0230-, 0231-, and 0246-infected mice until 21 h postinfection
(Fig. 3).

Strain 0241, being less virulent than the other three strains, required a significantly
larger inoculum to establish lethal disease (10� LD50 = 6.6 log CFU). Therefore, signifi-
cantly higher bacterial numbers were recovered from the lungs by 3 h postinfection
(Fig. 2D). Bacterial burdens did not change over the 21-h period of observation.
However, the elevated bacterial numbers in the lungs resulted in bacterial dissemina-
tion to the bloodstream and spleen within 3 h after inoculation (Fig. 2H). This earlier
dissemination directly correlated with earlier development of hypothermia in the

FIG 1 Survival of mice infected with different strains of P. aeruginosa. Equal numbers of male and female mice (n = 10) were infected with the indicated CFU of P.
aeruginosa strain 0230 (A), 0231 (B), 0246 (C), or 0241 (D) and monitored q8h for the development of moribund disease. Animals that met predetermined endpoint
criteria were scored as succumbing to infection 8 h later.
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animals infected with strain 0241 (Fig. 3D). However, despite increased bacterial bur-
dens at earlier time points, lung inflammation and pathology were still not observed at
21 h postinfection (Fig. 3H). Together, these data established that the leukopenic mouse
model is amenable to infection by a variety of different MDR P. aeruginosa strains and estab-
lished parameters of infection that can be used to measure subsequent drug efficacy,
including bacterial replication, dissemination, onset of hypothermia, and lung pathology.

PK characterization of comparator antibiotics aztreonam and amikacin. Our second
goal in improving the predictive ability of the mouse model for preclinical screening of
antimicrobials against P. aeruginosa infection was to establish an antibiotic that could
be used as a comparator to gauge the efficacy of novel INDs. One of the criteria used
during the selection of the panel of P. aeruginosa clinical isolates characterized above
was differential susceptibility to an antibiotic, which would allow us to demonstrate
both success and failure scenarios in the model. Therefore, strains 0230, 0231, 0246,
and 0241 have different susceptibilities to two antibiotics, namely, aztreonam and ami-
kacin (Table 1). Based on these phenotypes, we next sought to establish PK parameters
for both antibiotics in the leukopenic mouse model during P. aeruginosa infection.
Male and female mice were infected by direct instillation into the lung with 10� the
LD50 of either strain 0230 (for mice receiving aztreonam) or strain 0231 (for mice receiv-
ing amikacin). Mice received escalating doses of antibiotics at 3 h postinfection, and
plasma was collected at 5, 10, 15, 30, 60, and 120 min postantibiotic administration.
Antibiotic concentrations in plasma were quantified and analytically assessed by high-
performance liquid chromatography (HPLC) (Fig. 4 and Tables 2 and 3). PK constants
were calculated using a time-ordered data set generated from the pooled PK data.

Using these data, we calculated dosing regimens for mice that would closely mimic the
parameters achieved in the clinic for humans. For aztreonam, the time the drug concentra-
tion is above the MIC (T.MIC) is the primary driver of success. Using human clinical data
based on administration of 2 g of aztreonam intravenously every 8 h (q8h) as our target
(17), we calculated the T.MIC values for mice receiving various regimens of aztreonam via
subcutaneous (SC) injection (Table 4). Based on our PK data, 640 mg/kg/6 h SC in the
mouse is predicted to achieve a free maximum drug concentration (Cmax) value slightly
higher than that in humans but would achieve T.MIC exposures against organisms (suscep-
tible and resistant) that would be predicted to be therapeutically successful for a

FIG 2 Bacterial enumeration from tissues of infected mice. Equal numbers of male and female mice (n = 10)
were infected with 10� the LD50 of the indicated P. aeruginosa strains. At 3, 6, 12, and 21 h, mice were euthanized,
and bacterial numbers were enumerated from the lungs (A to D) or spleens (E to H). Each circle represents data from
an individual mouse. The dotted line indicates the limit of detection.
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susceptible organism (MIC of 4 mg/mL), marginally successful for a resistant strain
(MIC of 32mg/mL), and unsuccessful for a highly resistant strain (MIC of.64mg/mL).

For amikacin, the area under the concentration-time curve from 0 to 24 h (AUC0–24)
is the primary driver of success. Using human clinical data based on administration of
15 mg/kg amikacin to patients every 24 h (q24h) as our target (18, 19), we calculated dosing
regimens for amikacin via SC injection in mice that matched the AUC0–24 and Cmax values seen
in human patients (Table 5). Treating mice q24h with a dose of 605 mg/kg would match the
AUC0–24 but exceed the Cmax by 8.3-fold. Similarly, treating mice every 12 h (q12h) with a dose
of 385 mg/kg would match the AUC0–24 but exceed the Cmax by 3.6-fold. Finally, treating mice
every 6 h (q6h) with a dose of 293 mg/kg would match the AUC0–24 but exceed the Cmax by
only 1.7-fold. Based on these data, we predicted that drug administration regimens of
640mg/kg/6 h for aztreonam and 293mg/kg/6 h for amikacin would best represent a human-
ized dose of each drug in the leukopenic mouse model.

Validation of humanized doses of antibiotics by bacterial burden reduction. Having
identified humanized dosing regimens for aztreonam and amikacin, we next sought to
validate these regimens by demonstrating both success and failure scenarios in the
leukopenic mouse model. Toward this goal, equal numbers of male and female mice
were infected by direct instillation into the lungs with 10� the LD50 of P. aeruginosa
strain 0230 (sensitive to aztreonam and resistant to amikacin) or strain 0231 (resistant
to aztreonam and sensitive to amikacin). At 6 h postinfection, mice were administered
640 mg/kg aztreonam, 293 mg/kg amikacin, or vehicle only (phosphate-buffered saline
[PBS]). Drug administration was repeated q6h. At each administration, mouse tempera-
ture was also measured. At 21 h, mice were euthanized, and tissues were harvested for
bacterial enumeration and histological analysis. Results were compared to tissues har-
vested from a subset of mice 6 h postinfection, representing the baseline values prior
to the first administration of antibiotic.

As predicted by the in vitro MIC determinations, mice infected with P. aeruginosa 0230
(sensitive to aztreonam and resistant to amikacin) began developing signs of infection, includ-
ing hypothermia, at 12 h postinfection when they were treated with PBS or amikacin but not
when they received aztreonam (Fig. 5A). While low numbers of bacteria were recovered from

FIG 3 Host responses during P. aeruginosa infection. Equal numbers of male and female mice (n = 10) were infected with 10� the LD50 of
the indicated P. aeruginosa strains. (A to D) Temperatures were measured at the indicated times. (E to H) At 3, 6, 12, and 21 h, mice were
euthanized, a cross section of the lungs was excised and stained with H&E, and inflammation and pathology were assessed blindly. Each circle
represents data from an individual mouse.
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the lungs in some of the aztreonam-treated animals, the bacterial burden was significantly
higher in the lungs of the PBS- and amikacin-treated mice, representing a difference of .3.0
log CFU between the groups (P , 0.0001) (Fig. 5B). Moreover, no bacteria were recovered
from the spleens of aztreonam-treated mice, while mice treated with PBS or amikacin had dis-
seminated infection, represented by significantly higher bacterial burdens in the spleens
(P , 0.01) (Fig. 5C). Finally, while mild lung pathology was observed in aztreonam-treated
mice, pathology scores were significantly higher in animals treated with PBS or amikacin
(Fig. 5D). Similar trends were observed for mice infected with P. aeruginosa 0231 (resistant to
aztreonam and sensitive to amikacin) except that disease severity, bacterial burden, and
lung pathology were lower when mice were treated with amikacin, to which strain 0231 is
sensitive (Fig. 6). Together, these data validate that the humanized dosing regimens for
aztreonam and amikacin in this model of pulmonary P. aeruginosa infection mimic findings
expected in the clinic, providing significant reductions in bacterial proliferation and dissemi-

FIG 4 Concentrations of antibiotics in plasma. Equal numbers of male and female mice (n = 4) were
administered a single dose of aztreonam (A) or amikacin (B), and plasma drug concentrations were determined
at the indicted time points. Doses are indicated in the keys. Each symbol represents the mean 6 SD.

TABLE 2 Aztreonam plasma concentrations over time

Time point
(min)

Aztreonam concentration (mean± SD) (mg/mL)with dose of:

320 mg/kg 640 mg/kg 1,280 mg/kg 2,560 mg/kg
5 530.36 63 727.66 87.4 1,353.86 511 2,1716 659
10 646.46 173 1,005.26 229.5 1,5426 151 2,3726 374
15 506.26 87.5 889.36 45.7 1,7206 180 2,3036 249
30 333.36 9.8 4816 43.1 953.16 70 1,8676 248
60 151.26 101.1 307.16 51.8 472.36 51.3 1,0266 233
120 BLQa 191.96 7.5 213.76 34.5 3926 121
aBLQ, below the limit of quantification.
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nation and lung pathology with P. aeruginosa strains that are sensitive to the antibiotic but
not bacterial strains that are resistant to the antibiotic.

Validation of humanized doses of antibiotics by long-term survival. Having vali-
dated that humanized doses of aztreonam and amikacin can reduce bacterial burdens
in infected mice based on antibiotic resistance profiles, we next asked whether these
regimens could protect mice against lethal infection by P. aeruginosa strains that are
sensitive to the antibiotic. Equal numbers of male and female mice were infected by
direct instillation into the lungs with 10� the LD50 of P. aeruginosa strain 0230 (sensi-
tive to aztreonam and resistant to amikacin) or strain 0231 (resistant to aztreonam and
sensitive to amikacin). At 6 h postinfection, mice were administered 640 mg/kg aztreo-
nam, 293 mg/kg amikacin, or vehicle only (PBS). Drug administration was repeated q6h
for 5 days (120 h). At each administration, mouse temperatures were also measured.
Mice were euthanized if they met predetermined endpoint criteria or at 5 days, and tis-
sues were harvested for bacterial enumeration and histological analysis. As predicted
by the significant reduction in bacterial burdens at 21 h postinfection (Fig. 5 and 6),
mice receiving antibiotic did not display symptoms of infection and were protected
from lethal infection, while mice receiving PBS all succumbed to infection within 48 h
(Fig. 7 and 8). The only exception was one mouse in the amikacin group (Fig. 8). This
mouse was also the only mouse that received antibiotics for which bacteria were
recovered from tissues; bacterial burdens in all other antibiotic-treated animals were
below our limit of detection. Minimal lung pathology was observed in antibiotic-

TABLE 4 T.MIC for aztreonam in mice

Dose Dosing interval (h)

T>MIC (%) with MIC of:

4 mg/L 32 mg/L >64 mg/L
Human dose
2 g 8 97 38 0

Mouse dose
320 mg/kg 4 51 21 0
640 mg/kg 4 100 45 5
1,280 mg/kg 4 96 50 19
2,560 mg/kg 4 100 66 32
320 mg/kg 6 34 14 0
640 mg/kg 6 69 30 3
1,280 mg/kg 6 64 33 12
2,560 mg/kg 6 78 44 22
320 mg/kg 8 26 10 0
640 mg/kg 8 52 22 2
1,280 mg/kg 8 48 25 9
2,560 mg/kg 8 59 33 16
320 mg/kg 12 17 7 0
640 mg/kg 12 32 15 1
1,280 mg/kg 12 35 17 6
2,560 mg/kg 12 39 22 11

TABLE 3 Amikacin plasma concentrations over time

Time point
(min)

Amikacin concentration (mean± SD) (mg/mL) with dose of:

320 mg/kg 640 mg/kg 960 mg/kg 1,280 mg/kg
5 145.976 106.47 589.706 195.16 630.966 310.37 769.896 307.99
10 43.316 29.23 553.546 149.92 938.606 558.66 987.576 496.23
15 110.856 56.91 463.846 52.67 695.316 155.22 772.946 326.85
30 26.946 29.94 237.386 142.52 472.036 173.56 529.996 238.09
60 BLQa 97.206 44.14 143.936 57.97 340.956 23.33
120 BLQ 25.92 20.806 12.57 250.906 29.55
aBLQ, below the limit of quantification.
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treated animals, which was significantly less than that in PBS-treated animals
(P , 0.001) (Fig. 7E and 8E), with the exception of the one animal that succumbed to
infection in the amikacin-treated group. As predicted by the bacterial burden within
the lungs, this animal showed pathology similar to that observed in the PBS-treated
cohort (Fig. 8E). Together, these data demonstrate that the antibiotic regimens deter-
mined by PK studies protected mice from lethal respiratory disease by P. aeruginosa
strains that are sensitive to the antibiotic.

DISCUSSION

The rise of antibiotic resistance among bacterial pathogens is far outpacing the dis-
covery of new antimicrobials to treat these infections. Efforts to identify and test novel
antimicrobials need to be implemented to ensure that we can treat pathogens that
become resistant to all current therapies. In addition to research into the discovery of
new antimicrobials, the development of robust preclinical models that can rapidly
screen novel INDs and accurately predict clinical success is important to speed the
drug development pipeline. Moreover, validated preclinical animal models can be
used to support clinical studies in which patient population sizes may be small due to
infrequency of infection by specific MDR bacteria. Therefore, our goal in these studies
was to improve upon an existing mouse model for the testing of antimicrobials against
P. aeruginosa by expanding the number of MDR P. aeruginosa strains that have been
characterized for virulence in this model, developing humanized regimens for two con-
ventional antibiotics that can be used as comparators in subsequent IND screening,
and validating that the model can accurately differentiate between successful and

FIG 5 Effects of antibiotic treatment on P. aeruginosa 0230 infection. Equal numbers of male and female mice (n = 10) were infected with 10� the LD50 of
P. aeruginosa 0230. At 6 h, animals were treated with PBS, aztreonam, or amikacin. (A) Temperatures of the animals were measured during the course of
the experiment. (B and C) At 21 h, mice were euthanized, and bacterial numbers were enumerated from the lungs (B) or spleens (C). (D) Lung pathology
was assessed at 21 h. Data for panels B to D were compared to those for samples harvested from a group of animals at 6 h (prior to treatment), and each
circle represents data from an individual mouse. The dotted line indicates the limit of detection. **, P # 0.01; ****, P # 0.0001; ns, not significant, analysis
of variance (ANOVA) with Tukey’s test.

TABLE 5 Calculated AUC0–24 and Cmax values for amikacin

Species and dosing
interval (h) Dose (mg/kg) AUC0–24 (mg � h/L) Cmax (mg/L)
Human
24 15 370 65

Mouse
24 605 370 541
24 142 20 65
12 385 370 236
12 142 40 65
6 293 370 109
6 142 80 65
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unsuccessful treatments based on the inherent drug susceptibility of a given P. aerugi-
nosa strain.

The model employed here is a transiently leukopenic mouse model that best recapitu-
lates acute pulmonary infection of immunocompromised patients. We previously demon-
strated that the induction of leukopenia significantly reduces the dose of bacteria required
to establish a lethal infection (10). This reduction in infectious dose is important, because
models requiring high doses of P. aeruginosa can artificially impact the interpretation of the
efficacy of therapies, which we showed previously for meropenem using P. aeruginosa UNC-D.
While treatment with meropenem could reduce bacterial burdens in an immunocompetent
model, which required ;108 CFU to establish a lethal infection, the mice still succumbed
to infection. In contrast, meropenem could reduce bacterial burdens and protect mice

FIG 6 Effects of antibiotic treatment on P. aeruginosa 0231 infection. Equal numbers of male and female mice (n = 10) were infected with 10� the LD50 of
P. aeruginosa 0231. At 6 h animals were treated with PBS, aztreonam, or amikacin. (A) Temperatures of the animals were measured during the course of
the experiment. (B and C) At 21 h, mice were euthanized, and bacterial numbers were enumerated from the lungs (B) or spleens (C). (D) Lung pathology
was assessed at 21 h. Data for panels B to D were compared to those for samples harvested from a group of animals at 6 h (prior to treatment), and each
circle represents data from an individual mouse. The dotted line indicates the limit of detection. **, P # 0.01; ****, P # 0.0001; ns, not significant, ANOVA
with Tukey’s test.

FIG 7 Aztreonam efficacy during 5-day treatment. Equal numbers of male and female mice (n = 10)
were infected with 10� the LD50 of P. aeruginosa strain 0230. (A) Temperatures were measured at the
indicated times. (B) Mouse survival. (C and D) Mice were euthanized if they reached predetermined
endpoint criteria or at 5 days, and bacteria were enumerated in the lungs (C) or spleen (D). (E) A
cross section of the lungs was excised and stained with H&E, and inflammation and pathology were
assessed. For panels C to E, each symbol represents data from an individual mouse. ****, P # 0.0001,
Student's t test.
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from lethal infection in the leukopenic model, which required only ;105 CFU to establish a
lethal infection (10). However, the leukopenic model can still differentiate virulence between
strains. We demonstrated this previously with two strains, i.e., the highly pathogenic labora-
tory-adapted strain PAO1 and a less virulent MDR clinical isolate, UNC-D (10), and have now
independently confirmed this using four diverse MDR strains. While the reasons for these
differences in virulence have not been defined and are outside the scope of these studies,
these findings highlight the variety of pathogenicity among clinical isolates of P. aeruginosa.
Moreover, we hope that these data raise awareness regarding the need to fully characterize
individual strains in animals to ensure that proper infectious doses are used in subsequent
in vivo testing of antimicrobials. Together, these two studies establish infection kinetics for
six strains that are readily available through the NIH and CDC, and they increase the genetic
diversity of the strains that can be used to test INDs in this preclinical model. This increased
diversity, including diversity in known antibiotic resistance mechanisms, more closely repre-
sents the clinical populations and should provide a better prediction of IND success in the
clinic.

The metabolism and physiology of mice differ from those of humans (20, 21). These
differences can have significant effects on many classes of drugs, resulting in drugs that
demonstrate promise in a mouse model but fail in clinical trials (22, 23). However, because
antimicrobials directly target the pathogen and not the host, positive results in the mouse
model have higher rates of successful translation into the clinic. Clinical success is further
improved by incorporation of PK and PD analyses of antimicrobials in mice to identify driver
indices that are independent of host metabolism (9). For this model, we chose the inbred
BALB/c mouse line; one of the reasons was the assumption that an inbred mouse line with
limited genetic diversity would demonstrate less variation in drug metabolism between indi-
vidual animals. Less variation allows for smaller group sizes to achieve the statistical power
required to identify appropriate PK/PD indices that govern efficacy. It is possible that out-
bred mice may have increased variance in drug metabolism that better reflects the human
population. Because PK/PD indices for antimicrobials are independent of metabolism, this
variation likely would not have a significant impact on the identification of the appropriate

FIG 8 Amikacin efficacy during 5-day treatment. Equal numbers of male and female mice (n = 10) were
infected with 10� the LD50 of P. aeruginosa strain 0231. (A) Temperatures were measured at the indicated
times. (B) Mouse survival. (C and D) Mice were euthanized if they reached predetermined endpoint criteria
or at 5 days, and bacteria were enumerated in the lungs (C) or spleen (D). (E) A cross section of the lungs
was excised and stained with H&E, and inflammation and pathology were assessed. For panels C to E, each
symbol represents data from an individual mouse. The blue squares in the amikacin group indicate the
mouse that succumbed to infection in this group. ***, P # 0.0001; ****, P # 0.0001, Student's t test.
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PK/PD driver. However, if studies in outbred mice indicate that the PK/PD target has more
variability in a genetically mixed population, then it could be informative in the subsequent
design of dosing regimens for clinical studies with new INDs. Therefore, both inbred and
outbred lines may provide useful insights to speed translation of novel antimicrobials to the
clinic. Using aztreonam and amikacin, we established the feasibility of PK and PD analyses in
leukopenic BALB/c mice during infection and were able to use these data to establish a dos-
ing regimen that closely mimics the parameters achieved during clinical treatment of
humans. Therefore, we have shown that PK analyses can be achieved with this model and
applied during future characterization of INDs to establish the driver indices required for
effective treatment during downstream clinical trials.

Finally, using aztreonam and amikacin, we were able to validate that the model could
clearly differentiate between successful and unsuccessful outcomes, which were directly cor-
related with in vitro predictions of antibiotic susceptibility, as expected. These data confirm
that in vitro MICs for INDs should reliably justify whether a novel antimicrobial be further
evaluated in the mouse model. Moreover, the characterization of these two antibiotics pro-
vides robust comparators that can be included in future evaluations to help gauge the relative
success of novel INDs. Ideally, INDs would perform as well as or better than these conventional
antibiotics. Moreover, inclusion of aztreonam or amikacin during subsequent IND screening
will provide data validating that the model is performing reproducibly during each use, elimi-
nating potential errant results caused by unforeseen circumstances.

In summary, the data presented here demonstrate a robust preclinical mouse model
that can be used to (i) generate data to justify subsequent studies in larger animal models
and IND applications and (ii) provide additional data to support the smaller data sets that
are usually generated in clinical studies targeting rarer MDR bacterial infections.

MATERIALS ANDMETHODS
Bacterial strains. The P. aeruginosa strains used in these studies were provided by the CDC as part

of the CDC and FDA Antibiotic Resistance Isolate Bank. These strains have been sequenced, and the antibiotic
resistance profile of each strain has been fully characterized (Table 1). Bacteria were routinely cultured on
Luria-Bertani (LB) agar and LB-Lennox broth. For infection, bacteria were recovered from cryopreservation on
LB agar prior to inoculation of LB-Lennox broth for overnight growth at 37°C with aeration. Bacteria were
washed into 1� PBS to the desired concentration based on optical density at 600 nm (OD600)-based estimates.
All bacterial inocula were confirmed by serial dilution and enumeration on LB agar.

Animals. All animal studies were approved by the University of Louisville Institutional Animal Care
and Use Committee (approval number 18368). Six-week-old male and female BALB/cJ mice (The Jackson
Laboratory, Bar Harbor, ME) were acclimated on site for 8 days prior to bacterial challenge. Upon animal
arrival, a temperature transponder (Bio Medic Data Systems, Seaford, DE) was implanted SC at the scruff
of the neck. Neutropenia was induced in the animals via intraperitoneal injection of cyclophosphamide
as described previously (10). Neutropenia (.90% depletion) was confirmed by complete blood cell
counting 1 day prior to infection using a Hemavet 950 analyzer (Drew Scientific, Miami Lakes, FL). Group
sizes for all studies were 10 animals, with 5 males and 5 females.

Respiratory challenge with P. aeruginosa.Mice were challenged with saline suspensions of P. aeru-
ginosa by intubation-mediated intratracheal (IMIT) inoculation as described previously (10, 16). Animals
were monitored for the development of moribund disease q8h after infection. Animals that met prede-
termined endpoint criteria (body temperature of #80.5°F or loss of righting reflex) were humanely eu-
thanized by carbon dioxide asphyxiation and scored as succumbing to infection 8 h later.

Natural history of P. aeruginosa infection. Upon euthanasia, lungs and spleens were harvested. A
representative section of lung was excised, fixed in 10% neutral buffered formalin for 24 h, and trans-
ferred into 70% ethanol prior to hematoxylin and eosin (H&E) staining. Stained sections were scored by
a board-certified veterinary pathologist at the Iowa State University Veterinary Pathology Comparative
Pathology Core and compared to naive control lungs. Pathology scoring was made on a four-point,
four-criteria system, with a maximum score of 16 points. Tissues were scored in the areas of inflamma-
tion, infiltrate, necrosis, and other (including hemorrhage), and points were assigned as follows: no sig-
nificant finding, 0; minimal pathology, 1; mild pathology, 2; moderate pathology, 3; severe pathology, 4.
Bacteria were enumerated from remaining lung tissue and spleens as described previously (10).

Defining simulated human doses of antibiotics. Single-dose plasma PK studies were performed in
infected mice. For each drug, four doses were utilized to generate a robust PK data set, from which a
humanized dosing regimen was determined. Groups of four animals were administered single SC doses
of antibiotic (amikacin, 320, 640, 960, and 1,280 mg/kg; aztreonam, 320, 640, 1,280, and 2,560 mg/kg). At
six defined time points (5, 10, 15, 30, 60, and 120 min postadministration of the antibiotic), animals were
euthanized, and plasma was collected from each mouse. Plasma samples were stored at 280°C until an-
tibiotic quantification. Antibiotic concentrations in plasma were quantified and analytically assessed by
HPLC with an Agilent Compact 1260 HPLC system as described previously (24, 25). Briefly, aztreonam
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was analyzed with a XBridge BEH C18 column and a VanGuard cartridge. An isocratic flow rate of 0.5 mL/
min for the eluent (0.005 M tetrabutylammonium hydrogen sulfate [pH 3.0]-acetonitrile [88:12, by vol-
ume]) and UV detection at 280 nm were used for the analysis. The validation range and performance
were recorded as follows: lower limit of quantification [LLOQ], 5 mg/mL; upper limit of quantification
[ULOQ], 250 mg/mL; quality control [QC], 25 mg/mL; precision, 96.36%; accuracy, 88.26%. Amikacin was conju-
gated with 4-chloro-3,5-dinitrobenzotrifluoride (CNBF) before analysis. The resulting amikacin-CNBF was analyzed
with an Agilent Eclipse Plus C18 column. A gradient of methanol and deionized water (with 0.1% trifluoroacetic
acid [TFA]) was used; the proportion of methanol was increased from 35% to 60% in the initial 2 min, kept at
60% for 1.5 min, increased to 90% in the next 1 min, and kept at 90% for another 1 min. The proportion of meth-
anol was then reduced to 35% in 2 min and kept at 35% for another 1.5 min. A flow rate of 1.6 mL/min and UV
detection at 238 nm were used for the analysis. The validation range and performance were recorded as follows:
LLOQ, 71mg/mL; ULOQ, 1,428mg/mL; QC, 357mg/mL; precision, 94.98%; accuracy, 95.59%.

PK parameters (means 6 standard deviations [SDs]) were calculated using a time-ordered data set
generated from the pooled PK data. Elimination half-life (t1/2), AUC0–1, and Cmax were calculated using a
noncompartmental model with mean concentration values from each group of mice. The t1/2 was deter-
mined by linear least-squares regression. The AUC was calculated from the mean concentrations using
the trapezoidal rule. PK estimates for dose levels that were not directly measured were calculated using
linear interpolation for dose levels between those with measured kinetics and linear extrapolation for
dose levels above or below the highest and lowest dose levels with kinetic measurements.

Human PK data for aztreonam and amikacin were utilized to generate simulated human drug con-
centration-time exposure profiles for aztreonam administered intravenously at 2 g q8h and amikacin
administered at 15 mg/kg once daily (17–19). Using the PK results generated above, we modeled dosing
regimens in the mice that would be expected to provide drug concentration-time exposures similar to
those in humans. We utilized the PK/PD parameter T.MIC for aztreonam and evaluated both Cmax/MIC
and AUC0–24/MIC for amikacin (26).

Evaluation of antibiotic efficacy. (i) Reduction in bacterial burdens. Six hours after IMIT instilla-
tion of P. aeruginosa 0230 or 0231 (10� the LD50), mice were administered humanized doses of either
amikacin (293 mg/kg q6h) or aztreonam (640 mg/kg q6h). Animal temperatures were measured at every
treatment. Twenty-one hours postinfection, mice were euthanized, and bacterial numbers were deter-
mined in the lungs and spleen by serial dilution and enumeration on agar plates. A section of the lungs
was also processed for histological analysis as described above.

(ii) Overall survival rates. Six hours after IMIT instillation of P. aeruginosa 0230 or 0231 (10� the
LD50), mice were administered humanized doses of either amikacin (293 mg/kg q6h) or aztreonam (640 mg/kg
q6h) for 5 days. Animal temperatures were measured at every treatment. Blood, lungs, and spleens were har-
vested from moribund animals or at 5 days postinfection from animals that survived to the end of the study.
Bacterial numbers in these tissues were determined by serial dilution and enumeration on agar plates. A sec-
tion of the lungs was also processed for histological analysis as described above.

Statistical analysis. Kaplan-Meier survival curves were fit to the data for each bacterial strain and
the median survival time noted by gender and overall. The LD50 values were calculated by fitting the
logistic model (% dead = log10[dose]) and then calculating the dose at which 50% of the mice would be
predicted to survive. To assess the natural history of infection, a repeated-measures linear model was fit
to temperatures according to bacterial strain, assuming an autoregressive correlation structure. Power
calculations estimated the significant lung burden (log10 CFU) to be seen for 80% power and sample
sizes of 10 mice per treatment groups, assuming an alpha value of 0.05 and a possible 20% increase in
variability within the treatment group. The disease burdens in the lungs and spleen were modeled on
the log10 scale with sex and hour as the independent variables. Fisher’s exact tests compared the inci-
dence of pathology. All data were analyzed by sex and in aggregate. No significant differences by sex
were observed.

ACKNOWLEDGMENTS
This work was supported by funding from the FDA under contract HHSF223201810171C

(M.B.L.).
We thank members of the FDA advisory panel for their advice during these studies.

REFERENCES
1. Antimicrobial Resistance Collaborators. 2022. Global burden of bacterial

antimicrobial resistance in 2019: a systematic analysis. Lancet 399:629–655.
https://doi.org/10.1016/S0140-6736(21)02724-0.

2. World Health Organization. 29 April 2019. No time to wait: Secur-
ing the future from drug-resistant infections. https://www.who.int/
publications/i/item/no-time-to-wait-securing-the-future-from-drug-resistant
-infections.

3. World Health Organization. 2017. Prioritization of pathogens to guide
discovery, research and development of new antibiotics for drug-resist-
ant bacterial infections, including tuberculosis. https://www.who.int/
publications/i/item/WHO-EMP-IAU-2017.12.

4. Carmeli Y, Troillet N, Eliopoulos GM, Samore MH. 1999. Emergence of anti-
biotic-resistant Pseudomonas aeruginosa: comparison of risks associated

with different antipseudomonal agents. Antimicrob Agents Chemother
43:1379–1382. https://doi.org/10.1128/AAC.43.6.1379.

5. Sader HS, Farrell DJ, Flamm RK, Jones RN. 2014. Antimicrobial susceptibility of
Gram-negative organisms isolated from patients hospitalized in intensive care
units in United States and European hospitals (2009–2011). Diagn Microbiol
Infect Dis 78:443–448. https://doi.org/10.1016/j.diagmicrobio.2013.11.025.

6. Biswal I, Arora BS, Kasana D. 2014. Incidence ofmultidrug resistant Pseudomonas
aeruginosa isolated from burn patients and environment of teaching institution.
J Clin Diagn Res 8:DC26–DC29. https://doi.org/10.7860/JCDR/2014/7483.4383.

7. Tam VH, Rogers CA, Chang K-T, Weston JS, Caeiro J-P, Garey KW. 2010. Impact
of multidrug-resistant Pseudomonas aeruginosa bacteremia on patient out-
comes. Antimicrob Agents Chemother 54:3717–3722. https://doi.org/10.1128/
AAC.00207-10.

Preclinical Model for P. aeruginosa Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.02693-22 13

https://doi.org/10.1016/S0140-6736(21)02724-0
https://www.who.int/publications/i/item/no-time-to-wait-securing-the-future-from-drug-resistant-infections
https://www.who.int/publications/i/item/no-time-to-wait-securing-the-future-from-drug-resistant-infections
https://www.who.int/publications/i/item/no-time-to-wait-securing-the-future-from-drug-resistant-infections
https://www.who.int/publications/i/item/WHO-EMP-IAU-2017.12
https://www.who.int/publications/i/item/WHO-EMP-IAU-2017.12
https://doi.org/10.1128/AAC.43.6.1379
https://doi.org/10.1016/j.diagmicrobio.2013.11.025
https://doi.org/10.7860/JCDR/2014/7483.4383
https://doi.org/10.1128/AAC.00207-10
https://doi.org/10.1128/AAC.00207-10
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02693-22


8. Perrin S. 2014. Preclinical research: make mouse studies work. Nature 507:
423–425. https://doi.org/10.1038/507423a.

9. Andes D, Anon J, Jacobs MR, Craig WA. 2004. Application of pharmacokinetics
and pharmacodynamics to antimicrobial therapy of respiratory tract infec-
tions. Clin LabMed 24:477–502. https://doi.org/10.1016/j.cll.2004.03.009.

10. Lawrenz MB, Biller AE, Cramer DE, Kraenzle JL, Sotsky JB, Vanover CD,
Yoder-Himes DR, Pollard A, Warawa JM. 2015. Development and evalua-
tion of murine lung-specific disease models for Pseudomonas aeruginosa
applicable to therapeutic testing. Pathog Dis 73:ftv025. https://doi.org/10
.1093/femspd/ftv025.

11. Bielen K, Jongers BS, Malhotra-Kumar S, Jorens PG, Goossens H, Kumar-Singh
S. 2017. Animal models of hospital-acquired pneumonia: current practices
and future perspectives. Ann Transl Med 5:132. https://doi.org/10.21037/atm
.2017.03.72.

12. Williams BJ, Dehnbostel J, Blackwell TS. 2010. Pseudomonas aeruginosa:
host defence in lung diseases. Respirology 15:1037–1056. https://doi.org/
10.1111/j.1440-1843.2010.01819.x.

13. DiNubile MJ, Levinson SL, Stossel TP, Lawrenz MB, Warawa JM. 2020.
Recombinant human plasma gelsolin improves survival and attenuates lung
injury in a murine model of multidrug-resistant Pseudomonas aeruginosa pneu-
monia. Open Forum Infect Dis 7:ofaa236. https://doi.org/10.1093/ofid/ofaa236.

14. Duplessis C, Warawa JM, Lawrenz MB, Henry M, Biswas B. 2021. Successful
intratracheal treatment of phage and antibiotic combination therapy of a
multi-drug resistant Pseudomonas aeruginosa murine model. Antibiotics
(Basel) 10:946. https://doi.org/10.3390/antibiotics10080946.

15. Centers for Disease Control and Prevention. 2022. CDC & FDA Antibiotic
Resistance Isolate Bank. https://wwwn.cdc.gov/ARIsolateBank/Panel/PanelDetail
?ID=12.

16. Lawrenz MB, Fodah RA, Gutierrez MG, Warawa J. 2014. Intubation-medi-
ated intratracheal (IMIT) instillation: a noninvasive, lung-specific delivery
system. J Vis Exp e52261. https://doi.org/10.3791/52261.

17. Swabb EA. 1985. Review of the clinical pharmacology of the monobac-
tam antibiotic aztreonam. Am J Med 78:11–18. https://doi.org/10.1016/
0002-9343(85)90197-4.

18. Ambrose PG, Bhavnani SM, Jones RN. 2019. Aminoglycoside in vitro sus-
ceptibility test interpretive criteria evaluations, version 1.3. U.S. Committee
on Antimicrobial Susceptibility Testing, North Liberty, IA. https://app.box
.com/s/1hxc8inf8u3rranwmk3efx48upvwt0ww.

19. Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, Abeliovich H, Acevedo
Arozena A, Adachi H, Adams CM, Adams PD, Adeli K, Adhihetty PJ, Adler SG,
Agam G, Agarwal R, Aghi MK, Agnello M, Agostinis P, Aguilar PV, Aguirre-Ghiso
J, Airoldi EM, Ait-Si-Ali S, Akematsu T, Akporiaye ET, Al-Rubeai M, Albaiceta GM,
Albanese C, Albani D, Albert ML, Aldudo J, Algül H, Alirezaei M, Alloza I, Almasan
A, Almonte-Beceril M, Alnemri ES, Alonso C, Altan-Bonnet N, Altieri DC, Alvarez
S, Alvarez-Erviti L, Alves S, Amadoro G, Amano A, Amantini C, Ambrosio S,
Amelio I, Amer AO, Amessou M, Amon A, An Z, et al. 2016. Guidelines for the
use and interpretation of assays for monitoring autophagy (3rd edition).
Autophagy 12:1–222. https://doi.org/10.1080/15548627.2015.1100356.

20. Radermacher P, Haouzi P. 2013. A mouse is not a rat is not a man: species-
specific metabolic responses to sepsis: a nail in the coffin of murine mod-
els for critical care research? Intensive Care Med Exp 1:26. https://doi.org/
10.1186/2197-425X-1-7.

21. Martignoni M, Groothuis GM, de Kanter R. 2006. Species differences between
mouse, rat, dog, monkey and human CYP-mediated drug metabolism, inhibi-
tion and induction. Expert Opin Drug Metab Toxicol 2:875–894. https://doi
.org/10.1517/17425255.2.6.875.

22. Mak IW, Evaniew N, Ghert M. 2014. Lost in translation: animal models and
clinical trials in cancer treatment. Am J Transl Res 6:114–118.

23. Ritskes-Hoitinga M, Leenaars C, Beumer W, Coenen-de Roo T, Stafleu F,
Meijboom FLB. 2020. Improving translation by identifying evidence for more
human-relevant preclinical strategies. Animals 10:1170. https://doi.org/10.3390/
ani10071170.

24. Blanchaert B, Huang S, Wach K, Adams E, Van Schepdael A. 2017. Assay
development for aminoglycosides by HPLC with direct UV detection. J
Chromatogr Sci 55:197–204. https://doi.org/10.1093/chromsci/bmw169.

25. Shi T, Tang T, Qian K, Wang F, Li J, Cao Y. 2009. High-performance liquid
chromatographic method for determination of amino acids by precol-
umn derivatization with 4-chloro-3,5-dinitrobenzotrifluoride. Anal Chim
Acta 654:154–161. https://doi.org/10.1016/j.aca.2009.09.027.

26. Brown HE, Levy CE, Enscore RE, Schriefer ME, DeLiberto TJ, Gage KL, Eisen RJ.
2011. Annual seroprevalence of Yersinia pestis in coyotes as predictors of
interannual variation in reports of human plague cases in Arizona, United
States. Vector Borne Zoonotic Dis 11:1439–1446. https://doi.org/10.1089/vbz
.2010.0196.

Preclinical Model for P. aeruginosa Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.02693-22 14

https://doi.org/10.1038/507423a
https://doi.org/10.1016/j.cll.2004.03.009
https://doi.org/10.1093/femspd/ftv025
https://doi.org/10.1093/femspd/ftv025
https://doi.org/10.21037/atm.2017.03.72
https://doi.org/10.21037/atm.2017.03.72
https://doi.org/10.1111/j.1440-1843.2010.01819.x
https://doi.org/10.1111/j.1440-1843.2010.01819.x
https://doi.org/10.1093/ofid/ofaa236
https://doi.org/10.3390/antibiotics10080946
https://wwwn.cdc.gov/ARIsolateBank/Panel/PanelDetail?ID=12
https://wwwn.cdc.gov/ARIsolateBank/Panel/PanelDetail?ID=12
https://doi.org/10.3791/52261
https://doi.org/10.1016/0002-9343(85)90197-4
https://doi.org/10.1016/0002-9343(85)90197-4
https://app.box.com/s/1hxc8inf8u3rranwmk3efx48upvwt0ww
https://app.box.com/s/1hxc8inf8u3rranwmk3efx48upvwt0ww
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1186/2197-425X-1-7
https://doi.org/10.1186/2197-425X-1-7
https://doi.org/10.1517/17425255.2.6.875
https://doi.org/10.1517/17425255.2.6.875
https://doi.org/10.3390/ani10071170
https://doi.org/10.3390/ani10071170
https://doi.org/10.1093/chromsci/bmw169
https://doi.org/10.1016/j.aca.2009.09.027
https://doi.org/10.1089/vbz.2010.0196
https://doi.org/10.1089/vbz.2010.0196
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02693-22

	RESULTS
	Identification of the lethal dose 50 of P. aeruginosa strains in the leukopenic mouse model.
	Natural history of infection of P. aeruginosa strains in the leukopenic mouse model.
	PK characterization of comparator antibiotics aztreonam and amikacin.
	Validation of humanized doses of antibiotics by bacterial burden reduction.
	Validation of humanized doses of antibiotics by long-term survival.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains.
	Animals.
	Respiratory challenge with P. aeruginosa.
	Natural history of P. aeruginosa infection.
	Defining simulated human doses of antibiotics.
	Evaluation of antibiotic efficacy. (i) Reduction in bacterial burdens.
	(ii) Overall survival rates.
	Statistical analysis.

	ACKNOWLEDGMENTS
	REFERENCES

