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Objectives: KPC-producing Klebsiella pneumoniae (KPC-Kp) isolates commonly co-harbour the aminoglycoside-
modifying enzyme (AME) gene aac(6’)-Ib, which encodes an AME that can confer resistance to some of the
commercially available aminoglycosides. We sought to determine the influence of AAC(6’)-Ib in KPC-Kp on the
pharmacodynamic activity of aminoglycosides.

Methods: Six KPC-Kp clinical isolates, three with and three without aac(6’)-Ib, were analysed. Using these iso-
lates, the bacterial killing of amikacin, gentamicin and tobramycin was assessed in static time–kill experiments.
The pharmacodynamic activity of the aminoglycosides was then assessed in a dynamic one-compartment
infection model over 72 h using simulated human pharmacokinetics of once-daily dosing with amikacin
(15 mg/kg), gentamicin (5 mg/kg) and tobramycin (5 mg/kg).

Results: At clinically relevant aminoglycoside concentrations in time–kill experiments and the dynamic one-
compartment model, gentamicin was more active than amikacin or tobramycin against the isolates harbouring
aac(6’)-Ib. Amikacin, gentamicin and tobramycin all showed progressively reduced bacterial killing with exposure
to repeated doses against most isolates in the dynamic one-compartment model. MIC values were generally
not a good predictor of gentamicin pharmacodynamic activity against KPC-Kp, but were more reliable for amika-
cin and tobramycin.

Conclusions: Gentamicin may be preferred over amikacin or tobramycin for treatment of KPC-Kp infections.
However, gentamicin MICs are not a consistent predictor of its pharmacodynamic activity and unexpected
treatment failures are possible.

Introduction

Carbapenem-resistant Enterobacterales (CRE) are a serious public
health threat, since they are associated with substantial morbidity
and mortality.1 Among CRE, the KPC enzyme is the most common
cause of carbapenem resistance in the USA and is often acquired
through horizontal transmission on mobile genetic elements, such
as plasmids.2–4 Although new antimicrobials with activity against
KPC-producing Klebsiella pneumoniae (KPC-Kp) are available, infec-
tions caused by KPC-Kp are still associated with mortality rates
up to 45% and may require treatment with a combination anti-
microbial regimen.5–9

Aminoglycoside-based combinations remain a potentially
effective treatment option, but the role of aminoglycosides for
KPC-Kp infections has not been fully determined.9–12 One major
concern is that KPC plasmids often co-harbour the genes that

encode aminoglycoside-modifying enzymes (AMEs), such
that KPC-Kp may be resistant to both carbapenems and certain
aminoglycosides.13 AMEs, which are the most common and
clinically relevant determinant of aminoglycoside resistance in
K. pneumoniae, elicit resistance by acetylating, phosphorylating or
adenylating vulnerable amino- or hydroxyl- groups of aminoglyco-
side antibiotics.14 The most common clinically relevant AME gene
co-harboured by KPC-Kp is aac(6’)-Ib, which encodes an enzyme
that fully inactivates amikacin and tobramycin and only partially
inactivates gentamicin formulations (inactivates gentamicin
components C1a and C2, but not gentamicin C1) by acetylation.

Although >90% of KPC-Kp isolates possess aac(6’)-Ib, the clinic-
al impact of this AME on aminoglycoside therapy has not been
clearly defined.15 Among isolates with aac(6’)-Ib, there is often
discordance between predicted aminoglycoside resistance based
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on genotype and observed resistance based on phenotypic MICs.
For example, although AAC(6’)-Ib inactivates amikacin in vitro, it is
still found in the majority of carbapenem-resistant K. pneumoniae
that are considered susceptible to amikacin.15,16 Clinically, amino-
glycoside dosing generates high peak and low trough concentra-
tions that may also induce expression of AMEs or enable
aminoglycoside tolerance to form. There are no studies currently
available that compare the pharmacodynamic activity of amino-
glycosides against clinical KPC-Kp isolates with aac(6’)-Ib. Thus,
the preferred aminoglycoside for KPC-Kp with aac(6’)-Ib remains
unclear and may not be well predicted based on aminoglycoside
MICs alone. Currently, there is minimal evidence to guide selec-
tion of an aminoglycoside based on genotype alone, but an
improved understanding of the influence of each AME on
aminoglycoside pharmacodynamics may help to facilitate
implementation of rapid diagnostic tests that detect AMEs. The
purpose of this study was to define the impact of aac(6’)-Ib on
the pharmacodynamic activity of amikacin, gentamicin and
tobramycin in clinical KPC-Kp isolates.

Methods

Bacterial isolates, WGS and antibiotic susceptibility
testing

Three clinical KPC-Kp isolates with aac(6’)-Ib (NU-CRE055, 085 and 213)
and three isolates without aac(6’)-Ib (NU-CRE193, 195 and 236) were used
in each experiment. ATCC BAA-1705, which harbours blaKPC-2 and aac(6’)-
Ib, was used as a control isolate for time–kill experiments. KPC-Kp isolates
were selected that had MICs of amikacin, gentamicin and tobramycin that
represent the susceptibilities of the majority of clinical isolates.15,16 Each
isolate underwent WGS as previously described.17 Briefly, DNA was
extracted using the Promega Maxwell 16 instrument (Madison, WI, USA).
Sequencing libraries were prepared using the Illumina Nextera XT kit
(Illumina, Inc., San Diego, CA, USA) and sequenced on the Illumina HiSeq
platform to generate 150 bp paired-end reads. Reads were quality trimmed
and Illumina adapter sequences were removed using Trimmomatic
v0.32.18 De novo assembly was performed using SPAdes v3.9.1.19 Quality
control was performed by aligning trimmed reads to assembly contigs
using the Burrows-Wheeler Alignment (‘BWA’) tool (v0.7.15).20 All contigs
shorter than 200 bp or with an average fold coverage of <5% per base were
removed. Genome sequences were aligned against the NCBI Bacterial
Antimicrobial Resistance Reference Gene Database (http://www.ncbi.nlm.
nih.gov/bioproject/PRJNA313047) and ResFinder (http://www.genomicepi
demiology.org) using BLAST, with other resistance genes identified by
alignment to K. pneumoniae strain MGH78578 (CP000647.1) using CLC
Sequence Viewer Version 7.8.1.

Amikacin (Lot# SLBT0718), gentamicin (Lot# SLBT5354) and tobramycin
(Lot# SLBS8814) were purchased from Sigma–Aldrich (St Louis, MO, USA).
MICs were determined by broth microdilution in triplicate according to CLSI
guidelines.21 MICs and relevant resistance genes are shown in Table 1.

Time–kill experiments
Static concentration time–kill experiments were conducted to initially com-
pare the pharmacodynamic activity of amikacin, gentamicin and tobra-
mycin against isolates of KPC-Kp with and without aac(6’)-Ib. Time–kill
experiments were performed in duplicate at an inoculum of �108 cfu/mL,
as previously described.22 In order to thoroughly quantify the concentra-
tion–response relationship in each isolate, multiplicative concentrations of
amikacin (1.5, 3, 6, 12, 24, 48, 96, 192, 384 and 768 mg/L), gentamicin (0.5,
1, 2, 4, 8, 16, 32, 64, 128 and 256 mg/L) and tobramycin (0.5, 1, 2, 4, 8, 16,
32, 64, 128 and 256 mg/L) were used. Amikacin concentrations were 3%
higher than gentamicin and tobramycin to account for potency differences
between aminoglycosides and the higher amikacin concentrations
observed in humans.23,24 Viable bacterial cell counts were performed at 0,
1, 2, 4, 6, 8 and 24 h. The lower limit of quantification (LLQ) for viable colony
counting in time–kill experiments and the one-compartment model was
250 cfu/mL. Data below the LLQ are included to provide the greatest
amount of information, but should be interpreted with caution.

One-compartment pharmacokinetic/pharmacodynamic
models
Pharmacokinetic/pharmacodynamic studies using a one-compartment
model examined the effect of simulated human drug exposures over 72 h
on microbiological response. Experiments were performed in duplicate.25

Briefly, CAMHB (Becton Dickinson) was continuously pumped into sealed
central reservoirs housed in a 37�C incubator. The central reservoirs con-
tained the bacteria at an inoculum of�108 cfu/mL and a magnetic stir bar
to ensure constant mixing and homogeneity. Viable bacterial cell counts
were obtained at 0, 1, 2, 4, 6, 24, 25, 26, 28, 30, 48, 49, 50, 52, 54 and 72 h
after the start of drug administration. Aminoglycosides were infused over
30 min into the central reservoir via a syringe pump (NE-1000X2; New Era
Pumps Systems). Human simulated pharmacokinetic profiles of amikacin,
gentamicin and tobramycin were tested against each KPC-Kp isolate using
maximal FDA-approved daily doses26–28 (Table S1, available as
Supplementary data at JAC Online). LC-MS/MS was used to validate the
aminoglycoside concentrations in the one-compartment pharmacokinetic/
pharmacodynamic models, as outlined in the Supplementary data.

Data analysis
Time–kill experiments were used to compare the dose–response effect be-
tween KPC-Kp isolates with and without aac(6’)-Ib. A Student’s t-test was
used to compare mean bacterial killing at 24 h between isolates with and

Table 1. KPC-Kp isolates with and without the AME gene aac(6’)-Ib and their aminoglycoside MICs

Isolate aac(6’)-Ib genea KPC gene Amikacin MIC (mg/L) Gentamicin MIC (mg/L) Tobramycin MIC (mg/L)

NU-CRE193 no blaKPC-3 1 0.25 0.5

NU-CRE195 no blaKPC-3 0.5 0.25 0.25

NU-CRE236 no blaKPC-3 2 0.5 1

NU-CRE055 yes blaKPC-3 32 0.5 32

NU-CRE085 yes blaKPC-3 8 0.25 8

NU-CRE213 yes blaKPC-3 8 0.25 8

aSome isolates co-harboured additional AME genes not predicted to inactivate amikacin, gentamicin or tobramycin as described in Table S3.
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without aac(6’)-Ib. Data were also plotted as aminoglycoside concentration
against 24 h log10 cfu/mL reduction and then fit to Hill-type models
(Equation 1) to estimate the four parameters of the concentration–response
relationship. To determine if variation in aminoglycoside activity was due to
the difference in MIC or the presence/absence of aac(6’)-Ib, aminoglycoside
concentrations were also normalized to the MIC for each respective isolate by
dividing the aminoglycoside concentration by the MIC. The dependent vari-
able, E, is the pharmacodynamic effect of the aminoglycoside concentration
(C). E0 is the effect in the absence of drug, Emax is the maximal drug effect and
EC50 is the concentration or concentration: MIC required to achieve 50% of
maximal drug effect. H is the Hill or sigmoidicity constant.

Equation 1: E ¼ E0 �
Emax � C½ �H

EC50
H þ C½ �H

Analysis of the pharmacodynamic data from the one-compartment model
was performed using the log ratio area (LRA) to integrate bacterial killing
across all timepoints, as described previously (Equation 2).29 The area under
the cfu/mL versus time curve from 0 to 72 h (AUCFU) was calculated by the
linear trapezoidal rule.

Equation 2 :LRA ¼ log10

AUCFUdrug

AUCFUgrowth control

 !

Results

WGS and assembly

Sequencing statistics and assembly characteristics are summar-
ized in Table S2. Briefly, assembled genomes ranged in size be-
tween 5.45 and 5.87 Mb (average = 5.66 Mb) with an average fold
coverage of 164% (range = 94–439%). The average number of con-
tigs per assembly was 122 (range = 86–142) and the average N50,
or the length of the shortest contig at 50% of the total genome
length, was 162 kb (range = 137–222 kb). The complete antibiotic
resistance gene profiles for each isolate are outlined in Table S3.
The aac(6’)-Ib gene sequences in NU-CRE055, 085 and 213 were
identical.

Time–kill experiments

Amikacin, gentamicin and tobramycin displayed a clear concen-
tration–response relationship for KPC-Kp with and without aac(6’)-
Ib and few instances of regrowth were observed (Figure 1). Based
on the ATCC BAA-1705 control results, the time–kill model was
well established in our laboratory (Figure S1).30 Mean bacterial kill-
ing at 24 h for the fCmax concentration of amikacin (48 mg/L) was
significantly higher against KPC-Kp without aac(6’)-Ib (#5.89 log10

cfu/mL) compared with KPC-Kp with aac(6’)-Ib (#0.99 log10 cfu/
mL) (P < 0.05). Tobramycin also had a significant difference in kill-
ing at the fCmax concentration (16 mg/L) for isolates without
aac(6’)-Ib (#8.24 log10 cfu/mL) compared with isolates with
aac(6’)-Ib, where it failed to kill (!0.46 log10 cfu/mL) (P < 0.05).
However, there was no significant difference in bacterial killing at
the gentamicin fCmax concentration (16 mg/L) between isolates
without (#6.86 log10 cfu/mL) and with (#5.63 log10 cfu/mL)
aac(6’)-Ib (P > 0.05). When compared with the MIC, the lowest
aminoglycoside concentration to achieve bactericidal activity for
KPC-Kp isolates without aac(6’)-Ib was between 12% and 24%
MIC, between 4% and 16% MIC and between 8% and 32% MIC for

amikacin, gentamicin and tobramycin, respectively. However, for
KPC-Kp isolates with aac(6’)-Ib, bactericidal activity for amikacin,
gentamicin and tobramycin initially occurred between �48%
and 96% MIC, between 8% and 64% MIC and at �16% MIC,
respectively.

The pharmacodynamic relationships between concentration
and effect for each isolate were well described by Hill-type models
(Figure 2a–c). In general, higher concentrations of amikacin, gen-
tamicin and tobramycin were required to reach maximal bacterial
killing (Emax) for isolates with aac(6’)-Ib. Therapeutically relevant
concentrations of amikacin and tobramycin would only be capable
of achieving half-maximal activity against KPC-Kp without aac(6’)-
Ib, as the EC50 values for isolates with aac(6’)-Ib exceeded physio-
logical concentrations. However, the gentamicin EC50 values for all
isolates were within a clinically relevant range (gentamicin EC50

range across all isolates = 1.1–16.8 mg/L). The difference in phar-
macodynamic activity between KPC-Kp isolates without and with
aac(6’)-Ib was in large part explained by the MIC of amikacin
(Figure 2d) and tobramycin (Figure 2f), where EC50 values for each
genotype were not significantly different (P > 0.05) when the ami-
noglycoside concentration was normalized by the MIC. However,
amikacin concentrations up to 768 mg/L were unable to eradicate
isolates with aac(6’)-Ib, so Emax values were different. For gentami-
cin, the differences in MIC did not entirely explain the differences
observed in bacterial killing (Figure 2e). KPC-Kp isolates without
and with aac(6’)-Ib required concentrations of 9.7% and 32.1%
MIC to achieve 50% of maximal drug effect, respectively, which
were significantly different (P < 0.001).

One-compartment pharmacokinetic/pharmacodynamic
models

Amikacin, gentamicin and tobramycin all displayed similar general
patterns of killing against KPC-Kp in the one-compartment model
(Figure 3). After each aminoglycoside dose, there was a reduction
in bacterial viability for approximately 4–6 h, followed by a period
of regrowth prior to the next dose. However, the extent of killing
varied between aminoglycosides and was also dependent on the
presence of aac(6’)-Ib. The first doses of amikacin, gentamicin and
tobramycin caused mean bacterial reductions of #2.58, #3.88
and#2.18 log10 cfu/mL, respectively, across all isolates.

The presence of aac(6’)-Ib diminished the activity of amikacin
and tobramycin more than it impacted gentamicin. The first ami-
kacin dose caused a mean bacterial reduction of #3.94 log10 cfu/
mL for KPC-Kp without aac(6’)-Ib, whereas it only killed the KPC-Kp
with aac(6’)-Ib #1.22 log10 cfu/mL. Average killing for the first
tobramycin dose was #4.21 log10 cfu/mL against KPC-Kp with-
out aac(6’)-Ib, while tobramycin had only a marginal effect
on isolates with aac(6’)-Ib (#0.14 log10 cfu/mL maximum re-
duction). In contrast to amikacin and tobramycin, gentamicin
activity was similar for isolates with (#3.33 log10 cfu/mL max-
imum reduction) and without (#4.44 log10 cfu/mL maximum
reduction) aac(6’)-Ib.

The LRA confirmed that, on average, amikacin and tobramycin
activity was diminished against KPC-Kp isolates with aac(6’)-Ib
(Figure 4). However, despite this general trend, amikacin demon-
strated the least overall killing against NU-CRE236 (LRA =#0.27),
which was driven by amikacin’s inactivity after the second and
third doses (Figure 5a). In contrast to amikacin and tobramycin,
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the mean LRA following exposure to gentamicin was similar for
KPC-Kp isolates without aac(6’)-Ib (LRA =#0.51) and with aac(6’)-
Ib (LRA =#0.56). Despite the similar mean LRA between genotypes
following gentamicin exposure, there was still a large degree of

inter-isolate variability in response to gentamicin even though the
isolates had similar MICs (0.25–0.5 mg/L across all isolates).
Elevated amikacin and tobramycin MICs were generally predictive
of poorer bacterial killing.

Figure 1. Activity of amikacin, gentamicin and tobramycin against KPC-Kp isolates NU-CRE193, 195 and 236 without aac(6’)-Ib (a–i) and isolates
NU-CRE055, 085 and 213 with aac(6’)-Ib (j–r) in time–kill experiments over 24 h. Each line represents the mean of two duplicate runs. The LLQ for
bacterial density was 250 cfu/mL.
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Interestingly, attenuated bacterial killing after the first dose of
each aminoglycoside was observed for the majority of the isolates
with and without aac(6’)-Ib (Figure 5). For example, the first amika-
cin dose against NU-CRE236 caused mean killing of #1.97 log10

cfu/mL, but the second and third doses only reduced viable bacter-
ial counts by #0.36 and #0.29 log10 cfu/mL, respectively.
Attenuation of bacterial killing was observed for all three KPC-Kp
isolates without aac(6’)-Ib for all three aminoglycosides. For some

Figure 2. Analysis of the pharmacokinetic/pharmacodynamic relationship between aminoglycoside concentration and bacterial killing for KPC-Kp
with (green) and without (blue) aac(6’)-Ib in time–kill experiments. Bacterial reduction at 24 h versus aminoglycoside concentration (a–c) and concen-
trations normalized by aminoglycoside MICs (d–f) were fit to Hill-type functions (lines). EC50 and r2 values corresponding to parameters from the Hill-
type functions from the MIC normalized fits (d–f) appear below each panel.

Figure 3. Pharmacodynamic effects of human simulated pharmacokinetics for amikacin (a), gentamicin (b) and tobramycin (c) against KPC-Kp with
aac(6’)-Ib (green) and without aac(6’)-Ib (blue) in the one-compartment pharmacokinetic/pharmacodynamic model over 72 h. Each line represents
the mean of two duplicate experiments. The LLQ for bacterial density was 250 cfu/mL. This figure appears in colour in the online version of JAC and in
black and white in the print version of JAC.
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KPC-Kp isolates with aac(6’)-Ib, diminished killing was also noted
for amikacin (two out of three isolates) and gentamicin (one out of
three isolates). The limited activity of tobramycin against any of
the KPC-Kp isolates with aac(6’)-Ib prohibits comparison of killing
across doses one to three.

Discussion

The AAC(6’)-Ib AME is expressed by >90% of KPC-Kp, highlighting
the need to define its impact on the pharmacodynamics of amino-
glycosides.15 In the current study, we found that gentamicin may
be preferred over amikacin or tobramycin for treatment of KPC-Kp
infections when an aminoglycoside is required, since it displayed
the greatest activity against isolates with and without aac(6’)-Ib.
This is consistent with a previous study in which we showed that
amikacin failed to kill an amikacin-susceptible (MIC = 4 mg/L)
carbapenem-resistant Escherichia coli with aac(6’)-Ib in the
hollow-fibre infection model.22 In agreement with our study,

previous time–kill experiments by Bremmer et al.31 also showed
that amikacin activity against KPC-Kp isolates with aac(6’)-Ib was
proportional to the MIC. Further, they also found that regrowth
was common in the presence of clinically relevant concentrations
of amikacin for susceptible KPC-Kp isolates. In a previous transla-
tional model, Caulin et al.32 demonstrated that the level of
AAC(6’)-Ib expression among isogenic strains of K. pneumoniae
appeared to be well correlated with MICs of aminoglycosides and
the activity of amikacin or isepamicin in a time–kill model, but not
in a rabbit endocarditis model. In the 9 day rabbit endocarditis
model, significant reduction in bacterial density was seen in the
pan-susceptible control strain lacking AAC(6’)-Ib, but the bacterial
reduction in strains with AAC(6’)-Ib was more modest, suggesting
that in vitro amikacin activity (MIC = 4 mg/L) may not translate
to in vivo activity for infections with high bacterial burden and
AAC(6’)-Ib. Plazomicin is another aminoglycoside that maintains a
high degree of in vitro activity in the presence of most AMEs found
within KPC-Kp isolates and may be more efficacious than amikacin,
gentamicin or tobramycin against isolates with aac(6’)-Ib.33

Calls to lower the aminoglycoside susceptibility threshold have
been made for over a decade, citing the unacceptably low proba-
bilities of good clinical outcome when treating isolates with higher
MICs,34,35 concerns about reaching pharmacokinetic/pharmaco-
dynamic targets in critically ill patients36 and a dearth of safety
data for the doses required to treat all isolates included in the
current CLSI susceptibility breakpoints (amikacin�16 mg/L, genta-
micin/tobramycin �4 mg/L).37 Other reports have shown that,
among K. pneumoniae, the presence of aac(6’)-Ib with or without
other AMEs may not raise the MIC of traditional aminoglycosides
above the current CLSI susceptibility thresholds, thereby declaring
many isolates with AMEs as aminoglycoside susceptible.38 For
these reasons, the National Antimicrobial Susceptibility Testing
Committee for the United States (USCAST) has recently updated its
report for recommended aminoglycoside in vitro susceptibility break-
points on the basis of preclinical efficacy data, Monte Carlo simula-
tions and MIC distributions [susceptibility breakpoints: amikacin
�4 mg/L, gentamicin �2 mg/L (gentamicin-pneumonia �1 mg/L),
tobramycin �2 mg/L (tobramycin-pneumonia �1 mg/L)].39 EUCAST

Figure 4. Pharmacodynamic relationship between aminoglycoside and
KPC-Kp genotype. Mean LRA integrated killing over 72 h in the one-com-
partment model for KPC-Kp isolates without aac(6’)-Ib (blue bars) and
with aac(6’)-Ib (green bars). This figure appears in colour in the online
version of JAC and in black and white in the print version of JAC.

(a) (b) (c)

Figure 5. Maximum reduction in viable bacterial counts following the first (black bars), second (red bars) and third (grey bars) aminoglycoside doses
in the one-compartment model. Amikacin (a), gentamicin (b) and tobramycin (c) were administered to KPC-Kp isolates without aac(6’)-Ib (NU-
CRE193, 195 and 236) and with aac(6’)-Ib (NU-CRE055, 085 and 213). This figure appears in colour in the online version of JAC and in black and white
in the print version of JAC.
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has similar breakpoints to USCAST for gentamicin and tobramycin
(susceptibility breakpoint: �2 mg/L), but the amikacin breakpoint
is higher (susceptibility breakpoint:�8 mg/L).40

The most important difference between USCAST and CLSI/
EUCAST MIC interpretations for isolates in our study was for amika-
cin. Applying the USCAST breakpoints to the KPC-Kp isolates used
in our study, all three of the isolates without aac(6’)-Ib would be
considered susceptible to amikacin, whereas the three isolates
with aac(6’)-Ib would be considered resistant to amikacin.
However, according to current CLSI breakpoints, none of the iso-
lates was resistant to amikacin (five susceptible, one intermedi-
ate). Applying EUCAST breakpoints, five isolates would also be
considered susceptible to amikacin, including two of three KPC-Kp
that harboured aac(6’)-Ib and were minimally killed by amikacin.
Amikacin activity correlated well with the isolate’s MIC regardless
of the presence of aac(6’)-Ib. In agreement with USCAST break-
points, the time–kill analyses revealed that the EC50 values for the
susceptible KPC-Kp isolates (EC50 = 3.4–45.1 mg/L) were clinically
achievable and are below fCmax concentrations attained following
extended-interval amikacin dosing.39 Amikacin EC50 values for the
resistant KPC-Kp isolates, with aac(6’)-Ib, were much higher
(EC50 = 100–637 mg/L). However, against an inoculum of 108 cfu/
mL in the dynamic model, the maximum FDA-approved amikacin
dose (15 mg/kg every 24 h) was only bactericidal against a single
isolate. Therefore, doses of amikacin >15 mg/kg may be necessary
to overcome high bacterial density infections, even for isolates
with amikacin MICs�4 mg/L. The current study enunciates the dis-
parity between the current aminoglycoside FDA-approved dosing
and susceptibility breakpoints and provides further evidence that
revisions to the CLSI and EUCAST breakpoints, particularly for
amikacin, may be necessary.

Extended-interval aminoglycoside dosing, which utilizes high
doses administered less frequently, can reduce nephrotoxicity by
providing intervals of low drug concentrations. To the best of our
knowledge, this is the first study to show diminished killing with
extended-interval dosing in K. pneumoniae. Adaptive resistance to
repeated aminoglycoside doses has primarily been studied in
Pseudomonas aeruginosa,41–46 where it has been observed in vitro,
in animal models and in patients. Additional studies have also
found diminished killing by repeated exposure to aminoglycosides
in E. coli43,47 and Enterobacter cloacae.43 The mechanism(s) by
which the isolates in the present study adapted to aminoglycoside
exposure may at least in part differ from these previous studies,
since K. pneumoniae does not express the efflux pumps that
contribute to adaptive resistance in P. aeruginosa.48

Attenuation of aminoglycoside activity in KPC-Kp may be
caused by the formation of an aminoglycoside-resistant and/or an
aminoglycoside-tolerant bacterial population. However, aminogly-
coside resistance in K. pneumoniae is primarily driven by the acqui-
sition of additional AMEs, which is not possible in our closed in vitro
model. Unlike the previous studies that observed aminoglycoside
adaptive resistance in other species, our study included isolates
with pre-existing AMEs. Aminoglycoside exposure can induce ex-
pression of pre-existing AMEs through the presence of RNA ribos-
witches that can bind specific aminoglycosides and modulate
downstream expression of the AME.49,50 Though future studies are
required to fully investigate the mechanism, the specificity of RNA
riboswitches for certain aminoglycosides may in part explain the
inter-isolate variability in gentamicin activity observed for KPC-Kp

with aac(6’)-Ib. For example, the KPC-Kp isolate with aac(6’)-Ib
that did not respond as well to gentamicin despite susceptibility
(i.e. NU-CRE055) may possess a riboswitch that is induced in the
presence of gentamicin and increases expression of AAC(6’)-Ib
over time. It is also possible that aminoglycoside tolerance mecha-
nisms are responsible for the attenuated activity of repeated
doses. Aminoglycoside tolerance can be caused by reduced
aminoglycoside uptake by the bacterial cell.51 Bacterial cells can
also activate amino acid biosynthesis to reduce aminoglycoside
uptake.52 Since the isolates in the present study were not isogenic,
inter-isolate variations in metabolic response to aminoglycosides
may have also contributed to the isolate differences in response to
gentamicin. Small-colony variants (SCVs) can also develop during
aminoglycoside exposure and display aminoglycoside resistance;
however, no SCVs were observed in our dynamic one-
compartment experiments.

There are a few limitations to note about the present study. The
first is that experiments were performed in a relatively limited
number of KPC-Kp isolates. Although the isolate number we used
is consistent with similar studies, future studies should evaluate
additional isolates with diverse backgrounds to solidify our obser-
vations. Another limitation is that the development of a biofilm on
the one-compartment pharmacokinetic/pharmacodynamic model
could not be ruled out and may have also contributed to regrowth.
However, we did not detect biofilm growth during any experiment.

In conclusion, gentamicin may be preferred over amikacin or
tobramycin for treatment of infections caused by KPC-Kp with and
without aac(6’)-Ib. For amikacin and tobramycin, the degree of bac-
terial killing was correlated with the aminoglycoside MIC, which is
likely linked to the presence of aac(6’)-Ib. Worryingly though, the
pharmacodynamic activity of gentamicin was not consistent for all
isolates and its use may still lead to unexpected treatment failures,
encouraging the need to optimize aminoglycoside combination
regimens for KPC-Kp. Our data also suggest that USCAST breakpoints
for amikacin may better separate isolates with and without aac(6’)-
Ib than CLSI or EUCAST breakpoints. However, doses exceeding
the approved amikacin dose may still be necessary to achieve bac-
tericidal killing, even for isolates with MICs�4 mg/L. We are also the
first (to the best of our knowledge) to show diminishing activity of
aminoglycosides with repeat once-daily dosing in K. pneumoniae.
Improved understanding of the influence of AME genes, such as
aac(6’)-Ib, on aminoglycoside pharmacodynamics may help opti-
mize the use of aminoglycosides for KPC-Kp infections.
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