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Objectives: New drugs and methods to efficiently fight carbapenem-resistant gram-negative pathogens
are sorely needed. In this study, we characterized the preclinical pharmacokinetics (PK) and pharma-
codynamics of the clinical stage drug candidate apramycin in time kill and mouse lung infection models.
Based on in vitro and in vivo data, we developed a mathematical model to predict human efficacy.
Methods: Three pneumonia-inducing gram-negative species Acinetobacter baumannii, Pseudomonas
aeruginosa, and Klebsiella pneumoniae were studied. Bactericidal kinetics were evaluated with time-kill
curves; in vivo PK were studied in healthy and infected mice, with sampling in plasma and epithelial
lining fluid after subcutaneous administration; in vivo efficacy was measured in a neutropenic mouse
pneumonia model. A pharmacokinetic-pharmacodynamic model, integrating all the data, was developed
and simulations were performed.
Results: Good lung penetration of apramycin in epithelial lining fluid (ELF) was shown (area under the
curve (AUC)ELF/AUCplasma ¼ 88%). Plasma clearance was 48% lower in lung infected mice compared to
healthy mice. For two out of five strains studied, a delay in growth (~5 h) was observed in vivo but not
in vitro. The mathematical model enabled integration of lung PK to drive mouse PK and pharmacody-
namics. Simulations predicted that 30 mg/kg of apramycin once daily would result in bacteriostasis in
patients.
Discussion: Apramycin is a candidate for treatment of carbapenem-resistant gram-negative pneumonia
as demonstrated in an integrated modeling framework for three bacterial species. We show that
mathematical modelling is a useful tool for simultaneous inclusion of multiple data sources, notably
plasma and lung in vivo PK and simulation of expected scenarios in a clinical setting, notably lung in-
fections. Vincent Aranzana-Climent, Clin Microbiol Infect 2022;28:1367
© 2022 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology
and Infectious Diseases. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
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Introduction

Carbapenem-resistant gram-negative lung pathogens, such as
Acinetobacter baumannii, Pseudomonas aeruginosa, and Klebsiella
pneumoniae are listed as critical priority pathogens by both the
WHO and the CDC [1,2]. To combat these infections, new drugs are
currently in development, among which EBL-1003, a crystalline
of Clinical Microbiology and Infectious Diseases. This is an open access article under
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free base of apramycin, is a candidate drug currently in clinical
development [3,4]. Apramycin has a distinctive chemical structure
among aminoglycosides that makes it evade all resistance mech-
anisms of clinical relevance, including aminoglycoside-modifying
enzymes such as acetyltransferases, phosphotransferases, and
nucleotidyltransferases, but also 16S-ribosomal RNA methyl-
transferases such as ArmA, RmtB, RmtC, and related isoforms [5].
In vitro [5e15] and in vivo [16e19] activity of apramycin against
multiple bacterial species including Escherichia coli and
A. baumannii strains has been previously shown. Expanding on
promising activity seen against one pneumonia-inducing
A. baumannii strain [17], the present study extends our knowl-
edge of apramycin in vitro and in vivo lung infection activity to two
new gram-negative pneumonia-inducing species. Mathematical
pharmacokinetic-pharmacodynamic (PKPD) modelling of pre-
clinical data is increasingly used for translation of preclinical re-
sults during drug development [20,21] and was applied to
apramycin in vitro and mouse thigh infection data against E. coli
[16]. The current study goes one step further, by including
epithelial lining fluid concentrations (ELF) to drive the in vivo ef-
fect and make predictions of expected effect in humans with
pneumonia.
½Drug Concentration�ELF ¼ ½Drug Concentration�BAL x
�½Urea concentration�plasma

½Urea concentration�BAL

�
(1)
Methods

Strains

Five clinical isolates were studied (see Supplementary material,
Table S1)dtwo A. baumannii strains AR Bank #0282 (apramycin
MIC ¼ 4 mg/L) and AR Bank #0277 (MIC ¼ 16 mg/L), two
K. pneumoniae 3010 and ST258 (MIC ¼ 1 mg/L for both), and one
P. aeruginosa AMA1385 (MIC ¼ 8 mg/L).
In vitro time-kill curves

The bactericidal activity of apramycin was assessed in time-kill
experiments. In brief, an overnight culture was diluted 100-fold
in pre-warmed Mueller Hinton II (MHII) broth, grown 1.5 hours
to logarithmic phase (OD600 0.1e0.3), and used to inoculate tubes
containing 2 mL of pre-warmedMueller Hinton II medium to attain
~106 colony forming units (CFU). Apramycinwas added to the tubes
to achieve concentrations ranging from 0.25 to 16 �MIC. The tubes
were incubated at 37�C with shaking at 150 rpm. Samples were
drawn for viable counts at 0, 1, 2, 4, 6, 8, 24, and 28 hours. After
incubation at 37�C for 18 to 24 hours on agar plates, CFU was
counted manually. The limit of detection was 1 CFU/mL. Four ex-
periments were performed for K. pneumoniae 3010 and one
experiment for the other strains.
PD modelling based on in vitro data

The in vitro time-kill data was analysed using semi-mechanistic
PKPD modelling. Details are presented in the Supplementary
material (Text S1).
Mouse lung infection model

PK and PKPD studies with a murine lung infection model were
conducted at Pharmacology Discovery Services Taiwan Ltd. and
Statens Serum Institute (Copenhagen, Denmark) in full compliance
with the International Guiding Principles for Biomedical Research
and approval by local animal ethics committees. Mice were
immunosuppressed by intraperitoneal injections of cyclophos-
phamide and intranasally infected with a target inoculum of
1 � 106 CFU/mouse.

Mouse PK experiments and modelling

Apramycin PK was studied in neutropenic infected and non-
infected mice (see Supplementary material, Table S2). Briefly,
apramycin doses ranging from 20 to 400 mg/kg were tested across
multiple experiments. Apramycin was injected 2 hours post infec-
tion. Plasma and bronchoalveolar lavage fluid samples were
collected at times ranging from 10 minutes to 42 hours post first
dose. Drug and urea concentrations in plasma and bronchoalveolar
lavage were quantified by LC-MS/MS as described previously [16].
Drug concentrations in ELF were normalized for urea content:
An unbound fraction of apramycin inmouse plasma of 91.6%was
used (in-house data). Models with 4- and 5-compartments simul-
taneously describing plasma and ELF PK were tested (see
Supplementary material, Fig. S1). The model building procedure is
detailed in the Supplementary material (Text S2).

Mouse PKPD experiments and PKPD modelling

The same five strains were studied in vivo as in vitro. Subcu-
taneous treatment with apramycin started 2 hours post infection.
Doses ranged from 0.55 to 400mg/kg with dosing intervals ranging
from every 2 hours to every 24 hours (see Supplementary material,
Table S3). Mice were euthanized 26 hours post infection for the
treated groups, and 2, 4, 6, 8, 12, and 18 hours post infection for the
control mice. Both lungs were harvested, homogenized in sterile
0.9% NaCl then CFU per two lungs (CFU/total lung) were determined
after 18 to24 hours incubation at 35�C. The best fitting PKPD-model
based on in vitro time-kill data and the best fitting PK model were
combined to form the structural model for in vivomouse PKPD data.
Then, PD parameters were re-estimated using in vivo data (see
Supplementary material, Text S3).

Prediction of human efficacy

The PK of apramycin is similar to that of gentamicin, as shown in
three different animal species (in-house data) [16]. Plasma and ELF
concentration-time courses in adult hospitalised patients were
simulated from a PK model of gentamicin [22], selected because it
includes distribution to ELF. An unbound fraction of 92.9% in human
plasma (in-house data) was applied.

The human PK model was combined with the PD component of
the mouse PKPDmodel to predict bacterial burden over 24 hours in



Fig. 1. Visual predictive checks of the final model based on in vitro time-kill data. The plots show the observed time-kill data at different apramycin concentrations with model
predictions as medians and 95% CIs around the median (shaded area). Dots represent countable plates; triangles represent data below the limit of quantification (BLQ: 1 log10
colony forming units (CFU)/mL). Data below the limit of detection are plotted as 0.1 CFU/mL. (a) Klebsiella pneumoniae 3010, (b) K. pneumoniae ST258, (c) Pseudomonas aeruginosa
AMA1385, (d) Acinetobacter baumannii AR Bank #0282, and (e) A. baumannii AR Bank #0277.
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Fig. 2. Schematic representation of the final in vivo PKPD model. Grow: Growing bacterial subpopulation. Parameters are defined in Supplementary material (Table S4) and model
equations. Abbreviations: Rest: resting bacterial subpopulation; ARon/ARoff, virtual compartments representing the fraction of adapted and non-adapted bacteria, respectively.
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humans. Predictions were performed for single doses of 10, 20, 30,
and 40 mg/kg administered over 30 min, in a 70 kg adult with
reduced creatinine clearance (CrCL ¼ 80 mL/min) and a 70 kg adult
with a ‘normal’ CrCl (120 mL/min). Initial bacterial densities of 106

and 107.5 CFU/total lung were explored.

Model building and evaluation

Model selection was based on the difference in objective func-
tion value (dOFV) where a difference of at least 10.83 was required
to select a model with one additional parameter, as well as
graphical evaluations [23]. NONMEM v7.5.0 (Icon PLC, Dublin,
Ireland) was used for model fitting and to perform SIR [24] and
VPCs [25]. R [26] was used for data management and graphics.

Results

In vitro time kill curves and PD modelling

For all five strains, bacterial killing was followed by regrowth for
at least one tested concentration of apramycin (Fig. 1). The final
model for all strains included adaptive resistance (Fig. 2, see
Supplementary material, Equations S1e7). Under these experi-
mental conditions (no washout) the rate constant for reversal of
adaptive resistance (koff) could not be estimated and was fixed to
0.005 h�1, and the hill factor on the effect of adaptation on Emax
(HillAR) was fixed to the upper limit of 20 (see Supplementary
material, Table S4). Killing and regrowth was well described for
all strains with the exception of the early regrowth for 3.08 mg/L
and K. pneumoniae 3010 (Fig. 1).

Mouse PK experiments and modelling

A long retention of apramycin in ELF, with detectable concen-
trations 24 hours post dose, was observed in healthy and infected
mice for doses �100 mg/kg. No accumulation was observed with
140 mg/kg every 6 hours (Fig. 3). The best fitting model was a 3-
compartment disposition model with one compartment
describing the distribution of apramycin and 2 compartments
representing lung distribution, as well as 1 compartment for ab-
sorption from subcutaneous administration (Fig. 2, also see
Supplementary material, Equations S8e14, Table S4). Infection had
a significant effect (dOFV¼ 173; p < 0.001) on plasma CL with a 48%
reduction observed in infectedmice vs. non-infectedmice. The final
model fitted both the healthy and infected animal data well (see
Supplementary material, Fig. S2). The observed area under the
curve (AUC)ELF/AUCPlasma average penetration ratio was 88% as re-
ported earlier [17].

Mouse PKPD experiments and PKPD modelling

A delay in growth was observed for strains A. baumannii #0277
and P. aeruginosa AMA1385 (Fig. 4a). The bacterial burden was at
the start of treatment 3.5 � 105, 8.1 � 105, 2.9 � 107, 2.9 � 106 and
2.5 � 105 CFU/total lung for A. baumannii #0277, A. baumannii
#0282, K. pneumoniae 3010, K. pneumonia ST258, and P. aeruginosa
AMA1385, respectively. Reduction of lung bacterial burden at
24 hours post-dose of at least 2 logs (CFU/total lung) was observed
for all strains with total daily doses �100 mg/kg (Fig. 4b). A sche-
matic representation of the final in vivo PKPDmodel can be found in
Fig. 2 and its parameters in the Supplementary material (Table S4).
Graphical evaluation showed that the model resulted in a good fit
to the data (see Supplementary material, Fig. S3). For all strains, the
maximum growth rate constant was lower in vivo than in vitro
(range, -24% to -78%).

Prediction of human efficacy

The predicted bacterial burden in human lung after 10e40 mg/
kg single doses of apramycin are presented in Fig. 5. A dose of 30
mg/kg was sufficient to yield stasis for all strains, although
regrowth was predicted for A. baumannii #0277 and P. aeruginosa
AMA1385, but not for A. baumannii #0282 and the two
K. pneumoniae strains. Similar results were found for all strains but
ST258 when using an initial bacterial density of 107.5 CFU/total lung
(see Supplementary material, Fig. S5). ST258 was predicted to
require a dose of 40 mg/kg to achieve a static effect at 24 hours.

Discussion

In this study we demonstrated how in vitro and in vivo PK and
PKPD data can be integrated in a comprehensive mathematical
model. This technique provides a valuable alternative to the stan-
dard approach that does not negate the time-longitudinal



Fig. 3. In vivo PK data. Plasma (left) and ELF (right) PK data for healthy (top) and infected (bottom) mice. Different colours represent different dosing regimens of apramycin (single
dose, except for 140 mg/kg every 6 hours). Circles are data above the limit of quantification, triangles are for data below the limit of quantification. Abbreviations: BLQ, below the
limit of quantification; ELF, epithelial lining fluid; PK, pharmacokinetics.

Fig. 4. In vivo PD data. (a) Data from infected untreated mice. (b) Data from mice treated with apramycin. Dots represent bacterial loads in individual lungs harvested 26 hours post
infection. Abbreviations: CFU, colony forming unit; PD, pharmacodynamics.
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Fig. 5. Predicted efficacy in humans. Expected bacterial densities after a 30 minute infusion of apramycin at a single dose of 10, 20, 30, or 40 mg/kg apramycin. Colors represent
different bacterial strains. Human pharmacokinetic profiles of the drugs were predicted for a 75 kg patient with (a) CrCL ¼ 80 mL/min and (b) CrCL ¼ 120 mL/min. Abbreviations:
CFU, colony forming unit; CrCL, creatinine clearance; QD, every day.
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component of the data contrary to the PK/PD index methodology
that is only suited for single time-point data. For example, an
adaptive resistance equation could characterize the observed
regrowth over time, a hypothesis which is compatible with previ-
ous reports on adaptive resistance for aminoglycosides [27,28].

We showed that apramycin is a promising aminoglycoside to
treat lung infection caused by gram-negative pathogens since a 30
mg/kg dose is predicted to yield at least stasis against strains with
an MIC�8 mg/L. The range of simulated daily doses (10e40 mg/kg)
was based on previous results obtained by Sou et al. [16], where
they found that 30 mg/kg once daily resulted in a probability of
target attainment >90% against E. coli isolates with MICs �8 mg/L.

The current study complements and advances two published
studies on apramycin in vitro and in vivo evaluation. First, it expands
the previous study by Sou et al. [16], where similar mathematical
modelling methodology was applied to the study of apramycin
against E. coli strains in thigh infectionmodels. In the present study,
the methodology was extended to include lung exposure and
pneumonia infection. Pneumonia-relevant bacteria species were
consequently studied, and the PK model was expanded to consider
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both plasma and ELF concentrations and both healthy and infected
animals. Secondly, PKPD-relationships for A. baumannii were here
expanded from the traditional PK/PD-indices reported by Becker
et al. [17] to predict the 24 hour time-course of bacterial growth
and killing. In both Sou et al. and Becker et al. a 30 mg/kg daily dose
was suggested as a promising dosing regimen for urinary tract in-
fections (UTI) and pneumonia, respectively, to be tested in humans,
which the present findings corroborate. In both studies, the sug-
gested PK/PD index to be predictive of bacterial load reduction was
AUC/MIC, which is in line with the most recent USCAST [29] and
EUCAST [30] guidelines on aminoglycosides. The probability of
target attainment for the 30 mg/kg once daily regimen was above
90% for both A. baumannii [17] and K. pneumoniae (in house data)
strains with MICs �8 mg/L.

The principal strength of the present study lies in the integration
of all data (i.e., in vitro PD data, in vivo PK, and PKPD data) within a
single mathematical model that enable simultaneous consideration
of all factors influencing drug effect for each of the five studied
strains. Also, of interest is the originality of available data, firstly the
availability of longitudinal in vivo control data. Traditionally, only
one time-point is available from in vivo data. If this had been the
case in the present study, the growth delay observed for some of
the strains would have been missed and in vivo PD parameters
would have been biased. Equally valuable was the availability of ELF
concentrations measured in mice. This enabled correlation of the
observed effect with those concentrations instead of plasma con-
centrations. While there is some debate about whether ELF con-
centrations can be considered as site-of-action concentrations for
gram-negative lung infections, these concentrations are most
probably closer to site of action than plasma concentrations. Thus,
we think that gathering ELF data should be standard for preclinical
evaluation of antibiotic efficacy in pneumonia models. Of interest
was also the availability of PK data in healthy and infected mice,
which enabled evaluation of an effect of infection on the PK pa-
rameters. We observed a reduced clearance of apramycin in infec-
ted animals. While it was beyond the scope of this study to find the
cause; it is in line with previous results by Torres et al. [31], where
reduced ciprofloxacin clearance was shown in infected animals.

One weakness of the present study was that the in vivo PD data
of mice treated by apramycin was single time point, which only
made it possible to re-estimate PD parameters but not to evaluate
different model equations. In future studies, it would be valuable to
gather multiple time points for treated mice to see if model dif-
ferences between in vitro and in vivo data can be observed like they
were observed for the control data. As part of the development plan
for apramycin, it was decided to use available resources to perform
apramycin time-kill curves on awide range of strains as opposed to
fewer strains with multiple replicates. The four replicates of the
K. pneumoniae 3010 time-kill experiments provided us an estimate
of expected experiment-to-experiment variability.

The present study shows that integration of in vitro and in vivo
PKPD data, as well as a PK model accounting for distribution into
lung, in a common model can be used to make predictions of ex-
pected effects in patients, thus increasing the value of preclinical
data. This makes the approach especially valuable in drug devel-
opment, allowing for various scenarios to be explored, and any new
data can be used to update the model. For example, once data on
apramycin distribution to the lung is available, the model pre-
dictions could be updated with new data. Since this type of
approach considers the time-course and development of resistance,
and allows for prediction of combination therapies, it may be more
valuable than the traditional PK/PD indices.

To conclude, apramycin demonstrated good lung penetration
and sustained exposure in healthy and lung-infected mice. Phar-
macometric PKPD modelling facilitating the integration and
interpretation of collected in vitro and in vivo data and showed that
apramycin is expected to be efficacious at 30 mg/kg once daily
against gram-negative lung infections in humans. A first-in-human
study has been concluded (ClinicalTrials.gov ID: NCT04105205) and
a human pulmonary exposure study is currently in preparation,
which will further our efforts towards apramycin clinical devel-
opment for use against pneumonia caused by gram-negative
infection.
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