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In Pseudomonas aeruginosa (P. aeruginosa) collected from cystic fibrosis (CF) patients, 24% resistance to
ceftazidime-avibactam in isolates negative for carbapenemases and extended-spectrum SB-lactamases (ES-
BLs) has previously been observed. The current study aimed to unravel the underlying mechanism(s).
Using the laboratory strain PAO1 and derivatives thereof, with ampC expression induced by a sub-
minimum inhibitory concentration (MIC) of imipenem, a higher MIC of ceftazidime-avibactam was found
for those overexpressing MexAB-OprM (quantitative polymerase chain reaction (PCR) of mexA) and, to
a lesser extent, MexEF-OprN (PCR of mexE), or without OprD expression (SDS-Page and Coomassie blue
staining). This was ascribed to (i) an efflux of avibactam (efflux mutants) and (ii) a lack of avibactam
penetration (OprD mutants), respectively. We then used 10 CF clinical isolates resistant to ceftazidime
(MIC > 128 mg/L) and with (i) variable basal levels of ampC overexpression, (ii) mutations in mexA
or mexB inactivating to variable extent the MexAB-OprM transport capacity (assessed by extrusion of
N-phenyl-1-naphthylamine [NPN]), and (iii) expression or not of mexE and of OprD porin. The reduction
of ceftazidime MIC in the presence of avibactam was partially lost for isolates with large efflux activity
of MexAB-OprM and/or increased ampC expression, but not significantly with mexE expression or lack
of OprD (non-parametric and parametric tests). This identified MexAB-OprM as a main avibactam ef-
flux transporter in P. aeruginosa that, together with ampC overexpression, reduced avibactam potency.
Since about 30% of CF isolates show mutations in MexAB-OprM compromising efflux (Chalhoub, et al.
Sci Reports 2017;7:40208), routine susceptibility testing of CF P. aeruginosa with ceftazidime-avibactam is
warranted.

© 2018 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

1. Introduction

(CF). This showed that 4 mg/L avibactam restored ceftazidime
activity in 40% of the isolates but that 24% still showed mini-

Avibactam is a broad-spectrum inhibitor of B-lactamases
approved in combination with ceftazidime for the treatment of
Gram-negative infections with limited therapeutic options [1,2].
Since it shows in vitro activity against most class A and class
C enzymes [3], including the chromosomally-encoded AmpC
cephalosporinase of Pseudomonas aeruginosa (P. aeruginosa) [4], its
activity was previously assessed against a large collection (n=334)
of P. aeruginosa isolates from patients suffering from cystic fibrosis
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mum inhibitory concentration (MIC) values above the Food and
Drug Administration (FDA) [1] and European Medicines Agency
(EMA) [2] susceptibility breakpoint of ceftazidime-avibactam (< 8
mg/L), although scoring negative for carbapenemases or extended-
spectrum B-lactamases (ESBLs) by genotypic testing [5,6].

The aim of the present study was to investigate possible mech-
anisms of resistance to the ceftazidime-avibactam combination
in such isolates. We found that increased activity of the efflux
pump MexAB-OprM (capable of extruding many drugs including
B-lactam antibiotics and inhibitors of B-lactamases [7-9]) together
with a high level of expression of ampC could explain this resis-
tance, while the potential roles of OprD porin (originally described
as facilitating the specific penetration of imipenem across the outer

0924-8579/© 2018 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.
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membrane of P. aeruginosa [10]) and of MexEF-OprN transporter
remain unsettled.

2. Methods and Materials

Pseudomonas aeruginosa PAO1 and derivatives overproducing
or defective in the expression of efflux pumps or OprD (see
Table 1) were used as controls. Ten ceftazidime-resistant clinical
isolates (Table 2) collected from patients suffering from CF in
different countries (United Kingdom, Germany, and Belgium) were
taken from our collection [5] to obtain a wide range of MICs of
the ceftazidime-avibactam combination. These isolates had been
previously characterized for genetic (clonality) relatedness (PFGE
and/or MLST; see Table 2) and genotypically scored as negative
for metallo-B-lactamases (VIM, IMP, NDM), serine carbapenemases
(OXA-48, KPC), and the following ESBLs (BEL [BEL-1 to 3], PER
[PER-1 to 5, 7], GES [GES-1 to 18], VEB [VEB-1 to 7], CTX-M [1, 2,
9], TEM, SHV, and OXA [1, 2, 9, 10, 18, 20, 23, 24, 30, 58, 198]) [6].
MICs were determined by microdilution in CA-MHB following the
recommendations of Clinical and Laboratory Standards Institute
(CLSI) [11] and using the interpretive criteria of both FDA and
EMA (EUCAST (European Committee on Antimicrobial Suscepti-
bility Testing)). To induce ampC expression, the reference strains
and clinical isolates were grown until mid-log phase and then
exposed to imipenem (0.25 mg/L; 1 h. For the BV1 strain, cefoxitin
(500 mg/L; 1 h) was also used as an inducer). Cultures were
sampled immediately before and after induction and pelleted for
mRNA extraction. ampC was detected and quantified by real-time
polymerase chain reaction (PCR) using published primers and am-
plification conditions [12] and the hydrolytic activity of its product
towards cephalosporins was assessed by the Nordmann-Dortet-
Poirel (NDP) ESBL test [13] in the presence of cefotaxime with
phenol red as a pH indicator. The expression of genes encoding
efflux pumps was assessed using previously published methods
[14], with mexA, constitutively expressed in wild-type strains,
quantified by real-time PCR and the inducible expression of mexE
detected by PCR. The laboratory strains and clinical isolates used
in the present study have previously been phenotypically tested
for efflux activity of MexAB-OprM by measuring the extrusion
of its fluorescent reference substrate N-phenyl-1-naphthylamine
(NPN) as well as for mutations in mexA and mexB by sequencing
[15]. The corresponding data were reproduced in this paper for the
sake of completeness. OprD was detected by Coomassie Brilliant
Blue staining after SDS-PAGE membrane protein separation [14].
Ceftazidime was procured as GLAZIDIM® (potency 88.2%; Glaxo-
SmithKline, Genval, Belgium) and used alone or combined with
avibactam (investigational sample; potency 91.7%; AstraZeneca
Pharmaceuticals; Waltham, MA). Statistical analyses were per-
formed using GraphPad InStat version 3.10 (GraphPad Software,
San Diego California USA, www.graphpad.com).

3. Results and Discussion

Table 1 shows the data obtained with the control strains. In the
absence of imipenem, the ceftazidime MIC was 2 mg/L for PAO1
(i.e. close to the value observed in other studies) [4,16]. This MIC
was increased by one dilution in the strain overexpressing MexAB-
OprM (PT629) and decreased by one dilution in the correspond-
ing defective mutant (PAO1 mexAB), but was not changed by the
overexpression of other efflux pumps (strains MutGr1, PAO-7H, or
EryR) or by the defect in OprD porin (strain CC-03). The addition
of avibactam reduced the MICs of all these strains by one (or two)
dilution(s) in accordance with their low basal level of ampC ex-
pression. These measures were therefore repeated in the presence
of a sub-MIC concentration (0.25 mg/L) of imipenem to induce the

Table 1

Control strains: description and main properties.

ampC relative expression®

Porin OprD

MexAB-OprM/ MexEF-OprN efflux system characteristics

MIC (mg/L)*

Description/origin

Name

Relative

MexAB-OprM Speed
Vmax (unit/sec)d”“

mexA or mexB mutations
Protein (AA? length)*

Log, fold

CAZ/AVIP

CAZ

expression

reduction®

+ IMIP

- IMI
1.0
11

mexE"

mexA®©

+ MR
0125
0125

+IMIP - IMI
32

- IMI

1880
2450

-0.48
-0.12

1046)

4230
2919

20
18
12

0.6

9.3

1.5

2637

3630
1390

1.2
1.7

3.0

MexA
MexA

MexA

8
8

reference strain, ATCC

PAO1

32 0.5

1

PAO1 MexAB-OprM defective mutant

PAO1 mexAB!

PT629!

32

4
2

PAO1 overproducing MexAB-OprM
PAO1 overproducing MexXY-OprM
PAO1 overproducing MexEF-OprN
PAO1 overproducing MexCD-Opr]

PAOD1 OprD-defective mutant

MutGr1!

MexA
MexA

8

0.125

1

32

PAO-7H!
EryR!

32

8

0.125

32

2

32

CC-03!

* data from [15]

3 CAZ, ceftazidime; IMI, imipenem; AVI, avibactam at 4 mg/L; AA, amino acids; ND, not determined

b values in bold denote MIC that, in the presence of 4 mg/L avibactam, remained higher than those measured in the absence of imipenem

¢ log, of the MIC ratio [CAZ+IMI]/[(CAZ/AVI)+IMI]

¢ relative amount of mexA mRNA (quantitative PCR) compared with P. aeruginosa strain PAO1 basal expression. According to previous studies [14,17] isolates were considered borderline or positive for mexA overexpression

d Kinetics of efflux of NPN (fluorescence arbitrary units/sec; see detailed methodology in [15])

-10 or > 10 fold higher than that of PAO1, respectively

-3 or>3and5

(values highlighted in bold) when the corresponding mRNA level was between 2

 semi-quantitative PCR showing the expression of mexE as an inducible gene in P. aeruginosa as compared with the wild-type strain PAO1

¢ relative amounts of ampC mRNA (quantitative PCR) compared with P. aeruginosa strain PAO1 basal expression. A typical clinical isolate of P. aeruginosa for which the ceftazidime MIC was 128 mg/L was used as positive

control for overexpression of ampC and showed a value of 4750 compared with the PAO1 non-induced reference strain

b Imipenem (0.25 mg/L; sub-MIC concentration) added to induce ampC expression, thereby increasing ceftazidime MIC above the FDA and EMA (EUCAST) susceptibility breakpoints (< 8 mg/L)

i see [15,18,19] for a more detailed description of these strains

i the high level of ampC overexpression of this strain is probably not the only reason for incomplete reversal of its resistance to ceftazidime by addition of avibactam since the EryR strain also shows a high level of ampC

expression but becomes fully susceptible to ceftazidime in the presence of avibactam
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Table 2

Clinical strains: description and main properties.

Name/patient’s Clonality (PFGE/MLST)  MIC (mg/L)*® MexAB-OprM/ MexEF-OprN efflux system characteristics ampC’ Porin OprD
code, country
mexA or mexB mutations* MexAB-OprM Speed Relative
Vmax (unit/sec)®* expression
CAZ CAZ/AVI © Log, fold Gene Protein (AA length) mexAl  mexE¢
reduction?
CF53/DP, UK CA/ST146 (MDR LES 256 4 6 mexA: C360G nonsense Truncated MexA (119) -0.02 0.1 + 6.8 +
clone® mutation
143-1/143, DE  WI/ND 128 8 4 mexA: A 2 nt (837-838) MexA (0) -0.02 11 - 4.7 +
nonstop mutation
135-1/135, DE  H/ST2254 (new ST) 128 8 4 mexB: G1261_C1262insG+ A 2 Truncated MexB (719) -0.10 1 - 4 -
nt (1947-1948)
BV1/DC, UK " CA/ST146 128 8 6 mexB: A 8 nt (1555-1562) Truncated MexB (672) -0.08 0.8 + 10.9 -
nonsense mutation
CF16/RC, UK CA/ST146 256 16 4 mexB: A 154 nt (85-239) Truncated MexB (30) -0.12 1 - 12.7 +
nonsense mutation
CF19/LS, UK CA/ST146 512 16 5 mexA: C360G nonsense Truncated MexA (119) -0.02 0.4 + 12.7 +
mutation
191-4/191, DE  CK/NDP 1024 16 6 mexA: G82T nonsense mutation Truncated MexA (27) -0.01 0.3 - 10.8 +
208-3/208, DE  H/ST2254 128 16 3 mexA : missense mutation MexA (383); -0.32 0.7 + 3.7 +
G616T 30 AA substitutions in
mexB: A 1 nt (T1854)+ MexB (1045)
A 2 nt (1947-1948)
208-2/208, DE  H/ST2254 256 64 2 mexA : missense MexA (383); -0.25 14 - 255 -
mutation G616T 19 AA substitutions in
mexB: A 1 nt (T1889)+ A 2 MexB (1045)
nt (1947-1948)
128/DAF69, BE  YY/ST958 (MDR clonal 1024 512 1 mexB: conservative missense 1 AA substitution L376V in  -0.58 2.2 - 49.7 -

complex ST111)

mutation C1126G

MexB (1046)

* data from [15]

2 all MICs were measured in the presence of 0.25 mg/L imipenem (sub-MIC concentration) in order to induce ampC expression

b

¢ kinetics of efflux of NPN (fluorescence arbitrary units/sec; see detailed methodology in [15])

T relative amount of mexA and ampC mRNA compared with P. aeruginosa strain PAO1 basal expression. According to previous studies [14,17], isolates were considered borderline or positive for mexA and ampC overexpression
(values highlighted in bold) when the corresponding mRNA level was between 2-3 or > 3 and 5-10 or > 10 fold higher than that of PAO1, respectively. These measurements were made without induction of ampC with

imipenem

& semi-quantitative PCR seeking the expression of mexE as an inducible gene in P. aeruginosa as compared with the wild-type strain PAO1. PAO1 mutant overexpressing MexEF-OprN efflux pump was used as an internal

control

h when exposed to cefoxitin (500 mg; 1 h), this strain strongly overexpressed ampC (ratio to non-induced PAO1 basal expression: 81.6) and the MIC of ceftazidime rose from 128 to 256 mg/L. The addition of increasing

CAZ, ceftazidime; AVI, avibactam at 4 mg/L; AA, amino acids; LES, Liverpool Epidemic Strain; MDR, multi-drug resistant; ND, not determined
¢ values in bold denote MICs that remained high > EUCAST and CLSI susceptibility breakpoints (< 8 mg/L) for clinical isolates) in the presence of 4 mg/L avibactam
4 log, of the MIC ratio [CAZ+IMI]/[(CAZ/AVI)+IMI]

concentrations of avibactam (0.5 to 32 mg/L) caused a progressive decrease of the ceftazidime MIC down to 4 mg/L when non-induced and to 8 mg/L when induced with cefoxitin

102269 (810Z) 6§ siuady piqoonwunuy fo [puimnof [puonpuiaul /o 32 qnoypy) ‘H

669
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expression of the AmpC cephalosporinases. All control strains over-
expressed ampC in the presence of imipenem. As expected, the MIC
of ceftazidime increased to 32 mg/L for all strains in the absence
of avibactam and the presence of imipenem. Adding avibactam re-
duced the ceftazidime MIC to 0.125 mg/L for PAO1 and its deriva-
tives defective for MexAB-OprM or overexpressing MexXY-OprM
(MutGr1) or MexCD-Opr] (EryR) (this value was lower than for
the non-induced strain, which was interpreted as resulting from
a synergy between ceftazidime-avibactam and imipenem, possi-
bly due to the ability of avibactam to inhibit the hydrolysis of
imipenem in AmpC-induced cells). Ceftazidime MIC was reduced
to 2 mg/L in the derivative overexpressing MexEF-OprN (PAO-7H),
and to 4 mg/L in the derivative overexpressing MexAB-OprM. This
was possibly due to active efflux of avibactam (it was previously
shown that the MIC of imipenem was not modified by the over-
expression of efflux pumps in PAO1 [14]). The MIC of ceftazidime-
avibactam was also 4 mg/L for the OprD-defective mutant (CC-03),
which was consistent with absence of this porin impairing the dif-
fusion of imipenem into the cell, thereby preventing the synergy
with avibactam.

Table 2 shows the data obtained with the 10 CF clinical isolates.
When induced by exposure to imipenem (0.25 mg/L), all these iso-
lates (i) showed ceftazidime MICs > 128 mg/L in the absence of
avibactam, (ii) presented variable levels of ampC overexpression,
and (iii) were all positive in the colorimetric phenotypic test de-
tecting the enzymatic activity of cephalosporinases. They also had
natural mutations in mexA or mexB, which impaired the efflux ac-
tivity of MexAB-OprM to different extents, allowing determination
of the respective contribution of MexAB-mediated efflux and of
other potential mechanisms of resistance to avibactam. Four iso-
lates (CF53, 143-1, 135-1, BV1) became susceptible to ceftazidime
(MIC < 8 mg/L) in the presence of avibactam (4 mg/L). They all
presented a very slow NPN efflux (associated with severe deletions
in mexA or mexB) and a borderline (see caption of Table 2 for defi-
nition) overexpression of ampC. CF53 and BV1 expressed mexE, and
CF53 and 143-1 were positive for OprD. Three other isolates (CF16,
CF19, 191-4) showed resistance to ceftazidime-avibactam (MIC 16
mg/L). These also showed slow NPN efflux (due to severe trunca-
tions in MexA or MexB) and OprD expression, but overexpressed
ampC. A critical role of ampC overexpression in reducing avibac-
tam activity is best seen when comparing the MICs of the isogenic
isolates CF53 and CF19 that only differ by the expression level of
this enzyme. In the isogenic isolates 208-3 and 208-2, avibactam
reduced the ceftazidime MIC from 128 and 256 mg/L to 16 and
64 mg/L, respectively. Despite mutations in mexA and mexB, these
isolates still extruded NPN but at a slower rate than PAO1. The
low resistance level of isolate 208-3 could be attributed to the fact
that, although expressing mexE, it showed low ampC overexpres-
sion and expressed OprD. Conversely, the high resistance level of
isolate 208-2 may result from a high overexpression of ampC per-
haps combined with a loss of the OprD porin. The last isolate (128)
remained highly resistant to ceftazidime in the presence of avibac-
tam. It showed a fast NPN efflux compared with PAO1 (associated
with mexA overexpression), a high overexpression of ampC, and no
expression of OprD. A statistical analysis of the changes in MIC
caused by addition of avibactam vs. the expression of mexE or the
presence of OprD revealed no significant association using either
nonparametric (Mann-Whitney; p=0.33 and p=0.23, respectively)
or parametric (unpaired t-test with Welch correction: p=0.31 and
p=0.18, respectively) analysis.

The European Summary of Product Characteristics and the US
label of ceftazidime-avibactam mention that resistance mecha-
nisms that could affect this combination include decreased outer
membrane permeability, active efflux, and SB-lactamase enzymes
refractory to inhibition by avibactam [1,2]. First, this study showed
that ampC overexpression reduces avibactam potency. Second, it

identified MexAB-OprM as the main efflux transporter of avibac-
tam in P. aeruginosa, further contributing to the resistance of
strains overexpressing this transporter if they also overexpress
AmpC cephalosporinases. This conclusion is partly in contrast with
a previous report [16], which showed that avibactam restored cef-
tazidime activity to a large proportion of P. aeruginosa isolated
from bloodstream infections, including those with AmpC hyper-
production or overexpression of MexAB-OprM [16]. While the dif-
ferent origin of the strains may explain this divergence, the level
of expression of ampC or mexAB was not mentioned for individ-
ual isolates in that study, making the comparison with the cur-
rent data difficult. Yet, the authors also came to the conclusion
that MICs remain more elevated in isolates combining ampC and
mexAB overexpression. Third, the role of OprD in avibactam entry
inside the periplasmic space remains to be unambiguously estab-
lished because previous studies have reported no effect of loss of
OprD on the activity of avibactam in combination with ceftazidime
[4,16]. However, any impact of its absence on avibactam activity
may become significant only when combined with other resistance
mechanisms.

In a broader context, this study has also demonstrated the
existence of CF isolates (up to 30% in the collection [15]) in
which the MexAB-OprM transporter is inactive due to severe mu-
tations. These should therefore remain susceptible to ceftazidime-
avibactam, suggesting that systematic susceptibility testing of this
combination could be rewarding in the clinical handling of these
patients. Lastly, the data open the way to studies examining how
an increase in the avibactam concentration could help to counter-
act these resistance mechanisms.
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