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Ceftazidime-avibactam is a 3-lactam/p-lactamase inhibitor combination

restricted for the treatment of multidrug-resistant infections of Pseudomonas
aeruginosa non-susceptible to ceftazidime and resistant to carbapenems.

Crucially, it has not been studied if its use could allow the design or application
of new or stablished evolution-based strategies that exploit the increased

susceptibility that emerges when resistance is acquired (collateral sensitivity,
CS). Works in the field have focused on the study of CS in model strains, but to
be exploited it must robustly emerge in pre-existing resistant mutants that can
coexist in a patient. This is the first analysis of CS robustness on this last-resort
drug. We evolved 15 clinical isolates on ceftazidime-avibactam and in absence
of inhibitor, and here we show that we found no robust -exploitable- pattern of
CS. This, together with the selection of cross-resistance and the impossibility

of using previously described CS-based strategies, supports that avibactam
should be restricted for the treatment of particular genotypes.

Antibiotic-resistant bacteria are a growing threat to human health'.
Among the bacterial pathogens that cause great concern, Pseudomo-
nas aeruginosa stands out>’. This opportunistic pathogen is a major
cause of nosocomial and chronic infections in patients with cystic
fibrosis or chronic obstructive pulmonary disease*®. This ESKAPE
bacterium presents low intrinsic susceptibility to antibiotics™® and can
acquire antibiotic resistance by mutations®'°. Of special concern is the
existence of high-risk epidemic clones of P. aeruginosa that present
multidrug and extensively drug resistance (MDR and XDR respec-
tively) phenotypes™", for which the activity of ceftazidime is increas-
ingly compromised, particularly in mutants overproducing the
chromosomal B-lactamase AmpC". The combination ceftazidime-avi-
bactam, a third-generation cephalosporin and a non-B-lactam f-
lactamase inhibitor', respectively, has high activity against Class A,
Class C, and some Class D B-lactamases®. Therefore, the combination

ceftazidime-avibactam is reserved for the treatment of multidrug-
resistant strains non-susceptible to ceftazidime and resistant to
carbapenems™*'8, However, it is unknown the extent to which the use
of avibactam may alter the development of resistance, the selection of
specific ceftazidime resistance mutations and, importantly, the
acquisition of collateral sensitivity (CS), by which increased resistance
to a drug leads to susceptibility to another opening alternative ther-
apeutic strategies”, something addressed here.

In an scenario in which we are increasingly pushed to use last
resort therapies, new therapeutic strategies that improve the efficacy
of available antibiotics?® and that -counterintuitively- are based on
the cause of the problem, bacterial evolution, are urgently needed?.
A possibility is finding robust evolutionary trade-offs, as CS, that
emerge in the presence of a drug in different genomic backgrounds
of P. aeruginosa (i.e., mutants previously resistant to antibiotics or

Centro Nacional de Biotecnologia. CSIC, Madrid, Spain. 2Servicio de Microbiologia, Instituto de Investigacion Sanitaria Illes Balears, CIBERINFEC., Hospital
Universitario Son Espases, Palma de Mallorca, Spain. 3These authors contributed equally: Sara Hernando-Amado, Maria A. Gomis-Font.

e-mail: shernando@cnb.csic.es; antonio.oliver@ssib.es

Nature Communications | (2025)16:3323


http://orcid.org/0000-0001-5822-4996
http://orcid.org/0000-0001-5822-4996
http://orcid.org/0000-0001-5822-4996
http://orcid.org/0000-0001-5822-4996
http://orcid.org/0000-0001-5822-4996
http://orcid.org/0000-0001-9327-1894
http://orcid.org/0000-0001-9327-1894
http://orcid.org/0000-0001-9327-1894
http://orcid.org/0000-0001-9327-1894
http://orcid.org/0000-0001-9327-1894
http://orcid.org/0000-0001-8813-7607
http://orcid.org/0000-0001-8813-7607
http://orcid.org/0000-0001-8813-7607
http://orcid.org/0000-0001-8813-7607
http://orcid.org/0000-0001-8813-7607
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58597-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58597-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58597-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58597-6&domain=pdf
mailto:shernando@cnb.csic.es
mailto:antonio.oliver@ssib.es
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58597-6

varied clinical strains), something scarce in the field>**. The reason
for looking for conserved susceptible phenotypes is that patients
with cystic fibrosis infected by P. aeruginosa can harbor different
antibiotic resistant mutants”, due to their prolonged exposure to
different antibiotic therapies®. Therefore, each of these mutants
-presenting a different mutational resistome®?*- may evolve differ-
ently in the presence of the same drug when the patient is treated.
This is due to epistatic and pleiotropic phenomena that shape the
fitness costs of antibiotic resistance mutations, limiting those that
can be fixed in each particular genomic background”~*°. In fact, small
genetic alterations can cause important changes in the evolutionary
trajectories of antibiotic resistance and in their associated CS*. This
explains why, in order to identify effective treatments against P.
aeruginosa infections based on CS robustness, it is necessary to
understand the different resistance mechanisms that may arise in
different clinical strains exposed to an antibiotic, and the associated
trade-offs.

In this work, we performed adaptive laboratory evolution (ALE)
assays on ceftazidime and ceftazidime-avibactam in 15 clinical iso-
lates of P. aeruginosa presenting 10 different sequence types (STs)
and, having different antibiotic susceptibility profiles and mutational
resistomes. We observed that the combination selects mechanisms
of resistance generally different from those selected in the absence
of inhibitor, that avibactam reduces the level of resistance to cefta-
zidime acquired in an important number of clinical strains but selects
cross-resistance to other drugs (i.e., ciprofloxacin), and that, unfor-
tunately, no conserved patterns of CS emerge that might allow us to
propose new evolutionary-based strategies making a rational use of
current antibiotics. Moreover, we observed that the use of
ceftazidime-avibactam may prevent the application of a previously
described combined treatment based on CS (ciprofloxacin-
tobramycin)**** that is capable of eradicating various resistant
mutants and clinical strains of P. aeruginosa. This indicates that the
use of the last-resort drug ceftazidime-avibactam, in case of failure,
may also close the door to other therapies. For all these reasons, we
propose that the use of avibactam should be restricted to limited
infection cases.

Results

Evolution of resistance after short-term evolution on ceftazi-
dime or ceftazidime-avibactam

Fifteen ceftazidime susceptible clinical isolates from different Spanish
hospitals and geographical areas (Table 1), belonging to ten different
STs and presenting different antibiotic susceptibility profiles and
mutational resistomes, were used in this work. In addition to studying
ten different STs, we decided to include six different isolates of ST253,
which differ in a range between 110 and 460 alleles, based in a whole
genome multilocus sequence typing (MLST) analysis (Methods). The
reason for including six ST253 strains is that the susceptible model
strain of P. aeruginosa PA14, which is regularly used in predictive stu-
dies of antibiotic resistance evolution, belongs to ST253, an epidemic
P. aeruginosa clone®. Consequently, this set of strains would allow us
to evaluate, using ALE assays, the effect of intra-clonal and inter-clonal
variations on the robustness of ceftazidime and ceftazidime-avibactam
resistance evolution in P. aeruginosa, as well as to validate previous
results obtained using PA14 as a model******, For that, four biological
replicates of the 15 clinical isolates were submitted to ALE during
3 days in presence of ceftazidime, ceftazidime-avibactam or absence of
antibiotic (control populations), with daily sequential dilutions in test
tubes (180 populations). To analyze the evolution of ceftazidime
resistance in absence and presence of inhibitor, ceftazidime minimal
inhibitory concentrations (MICs) were measured in the final popula-
tions and they were compared with those of the parental strains. MIC
variations above 2-fold (analyzed using E-test strips, which dis-
criminate slight MIC variations) indicated biologically relevant chan-
ges of resistance level, as previously described®**®. An increase of
ceftazidime MICs, from 2-fold up to 85-fold, was observed in the
populations evolved in the presence of ceftazidime or ceftazidime-
avibactam with respect to their parental strains (Fig. 1; Supplementary
Data 1). In contrast, no statistically or biologically significant changes
of ceftazidime MICs, with respect to their parental strains, were
observed in the control populations submitted to ALE in the absence of
antibiotic (Fig. 1; Supplementary Data 1). Importantly, 43 out of 60
ceftazidime evolved populations presented a ceftazidime MIC above
EUCAST clinical breakpoint (8ug/ml) after ALE, while 21 of 60

Table 1| Clinical isolates used in this study

Isolate ID Sample origin Region/City CAZ(ug/mL) CZA(ug/mL) ST Acquired Mutational resistome
resistome
MADO4-002 Sputum Madrid/ Madrid 3 2 242 parC (K726R)
CAT09-004 Blood Catalonia/ Barcelona 1 1 244 mexX(nt1A1)
ASTO01-034 Urine Asturias/ Gijon 1.5 1 253 wt
CAT09-003 Sputum Catalonia/ Barcelona 2 2 253  aacA4 mexZ (H51D)
CATO03-005 Urine Catalonia/ Barcelona 2 1 253 wt
CLMO02-004 Urine Castilla la Mancha/ Guadalajara 1 0.75 253 wt
GAL06-003 Abscess Galicia/ Santiago de Compostela 6 6 253 galU(nt679A1), mexS(D249N)
MADO2-004 Urine Madrid/Madrid 1.5 1 253 wt
ARAO02-005 Blood Aragon/Zaragoza 0.75 1 267 oprN (R151L), armZ (R320C)
FQSE10-0503 CF sputum Balearic Islands/Palma de 2 2 274 mexY (V875M), mexZ (IS)
Mallorca
CLEO3-004 Endotracheal aspirate Castilla Leon/Salamanca 1 1 381 mexZ (nt386A1)
FQSE11-1010 CF sputum Balearic Islands/Palma de 1.5 0.5 701 aadB, gyrB(R138L), mexY (N709H, A586T),
Mallorca aacA4 mexX(A38P), oprN (R363H), gyrA
(Y267N), nfxB (E75K), ampDh2
(P116S), mpl (Q248X), mexA (nt45A1)
BALO2-001 Sputum Balearic Islands/Manacor 1.5 1 1619 wt
MADO5-008 Sputum Madrid/Madrid 3 8] 177 parS (V152A), mexY (T238l)
GAL02-002 Sputum Galicia/A Corufia 3 3342 mexZ (Y204X), galU (C242X), mexS

(G76S), oprJ (D303V), pmrB (A467V),
mexD(nt3068Ins9)

CF cystic fibrosis, CAZ ceftazidime, CZA ceftazidime-avibactam, A deletion, Ins insertion, IS insertion sequence, X stop codon.
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ceftazidime-avibactam evolved populations presented a ceftazidime
MIC above the clinical breakpoint (Supplementary Data 1). These dif-
ferences (p < 0.001) support that the use of avibactam may reduce, to a
certain degree, the evolution of high levels of ceftazidime resistance. In
this regard, it is important noticing that in ceftazidime evolved
populations 47 out of 60 populations presented a biologically-

Fig. 1| Ceftazidime and ceftazidime-avibactam resistance of clinical isolates of
P. aeruginosa submitted to short-term ALE on ceftazidime or ceftazidime-
avibactam. Resistance to ceftazidime and ceftazidime-avibactam was analyzed in
15 clinical isolates submitted to ALE in the presence of ceftazidime (CAZ; left panel)
or ceftazidime-avibactam (CZA; right panel) for 3 days, 4 replicate populations each
(120 populations). Only variations in MICs greater than 2-fold were considered
biologically relevant to classify a population as “resistant” (purple), since control
populations evolved in the absence of antibiotic (60 populations) may present
subtle changes (below 2-fold) in their susceptibility to antibiotics with respect to
the MIC of parental strains (22). MIC values (ug/ml) of all the evolved populations
are included in Supplementary Data 1. Log, (fold change MIC) values are repre-
sented in the diagram.

significant reduction in the MIC to ceftazidime plus avibactam
(Fig. 1, Supplementary Data 1), while only 21 out of 60 ceftazidime-
avibactam evolved populations showed a significant reduction of the
MIC to ceftazidime plus avibactam, being these differences statistically
significant (p < 0.001). These results indicate that while the combina-
tion of ceftazidime-avibactam may be useful against ceftazidime-
resistant populations arisen after ceftazidime use, the effectiveness
may rapidly drop after its use as illustrated by the ceftazidime-
avibactam selected populations, suggesting that avibactam should be
used with great caution.

On the other hand, it is important noticing that the greatest
increase of ceftazidime resistance occurred in the isolates ARA2-005,
MADO04-002 and GAL02-002 after short term ALE on ceftazidime
(p < 0.05) while the highest increase occurred in the isolates ARAO2-
005 and FQSEII-1010 after ceftazidime-avibactam ALE (p<0.05).
These results indicate that some genomic backgrounds, such as
ARA02-005 (from ST267), are more prone to acquire a higher level of
ceftazidime resistance than others in the presence of ceftazidime or
ceftazidime-avibactam, something that does not appear to be deter-
mined by specific ST. This raises the question of whether these dif-
ferences in resistance levels observed between the different isolates
were acquired through the same mechanism of resistance, leading to
different resistance levels depending on the original genomic back-
ground, or whether different resistance mechanisms were selected in
the different clinical strains.

Lack of conservation of collateral sensitivity in the evolved
populations

To analyze the possible emergence of cross-resistance and CS to other
antibiotics in the set of clinical isolates of P. aeruginosa submitted to
the short-term ALE on ceftazidime-avibactam and in the absence of
inhibitor, MICs of different antibiotics were determined for each final
population and its parental strain (Fig. 2; Supplementary Data 1). Set-
ting a 2-fold change in MIC (analyzed by E-test strips) as biologically
significant, as previously described”>*, we observed that most of the
populations evolved in the presence of either ceftazidime or
ceftazidime-avibactam presented cross-resistance to other {3-lactams
(aztreonam or meropenem), with no statistically-significant differ-
ences between treatments. In addition, cross-resistance to cipro-
floxacin was observed in 9 populations evolved on ceftazidime and in
23 populations evolved on ceftazidime-avibactam. This higher fre-
quency of cross-resistance to ciprofloxacin acquired after the use of
the combination (p < 0.001), possibly explained by the mechanisms of
ceftazidime resistance fixed in these populations, further highlights
the risks associated with the use of the combination ceftazidime-
avibactam instead of ceftazidime alone. CS to fosfomycin and, to a
lesser degree, tobramycin was observed in some of the evolved
populations (Fig. 2; Supplementary Data 1), but these patterns were far
from robust, especially in the populations evolved in the presence of
avibactam, something that contributes to discourage its use in the
design of rational -alternated or combined- therapies based on
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Fig. 2 | Diagram showing cross-resistance and collateral sensitivity to different
antibiotics in clinical isolates of P. aeruginosa submitted to short-term ALE on
ceftazidime or ceftazidime-avibactam. MICs to five antibiotics were measured in
populations from 15 clinical isolates (4 replicate populations each) submitted to
ALE in the presence of ceftazidime (CAZ: left panel) or ceftazidime-avibactam (CZA:
right panel) for 3 days (120 populations). Intensity of the color is proportional to the
log-transformed fold change of MIC of the evolved populations with respect to the
MIC of the respective parental strain. Variations of MICs above or below an increase
or a decrease of 2-fold, respectively, were considered biologically relevant to
classify a population as “resistant” (purple) or “susceptible” (orange) (22). MIC
values (ug/ml) are included in Supplementary Data 1. Log, (fold change MIC) values
are represented in the diagram. TOB tobramycin, FOF fosfomycin, CIP cipro-
floxacin, ATM aztreonam, MER meropenem.

evolution. In particular, CS to fosfomycin emerged in the genetic
backgrounds MADO02-004, MAD04-002, CLE03-004, CAT09-003,
FQSEI11-1010, BAL0O2-001, and GAL02-002 after short term ALE on
ceftazidime, as well as in the strains AST01-034, MAD02-004, CLEO3-
004, GAL0O2-002, and FQSEI0-0503 after the use of ceftazidime-
avibactam. This supports that, for some infections and specific clones,
the alternation or combination of ceftazidime with fosfomycin might
be promising, as we previously suggested®**. However, the fact that

ceftazidime-avibactam use leads to CS to tobramycin or fosfomycin
only in 20% and 37%, respectively, of the populations, makes difficult
to suggest the alternation or combination of ceftazidime-avibactam
with tobramycin or fosfomycin. In this sense, a much more promising
strategy for the treatment of diverse clinical strains, as those analyzed
in this study, would be the use of the ciprofloxacin-tobramycin com-
bination, since it has been previously shown that ciprofloxacin resis-
tance evolution, despite occurring through different genetic
mechanisms, robustly converges in an increase of susceptibility to
tobramycin®. However, as we see here when using ceftazidime-avi-
bactam, CS to fosfomycin is far from emerging robustly and, therefore,
great efficacy is unlikely to be expected when using ceftazidime-
avibactam-fosfomycin strategies to treat heterogeneous infections.
The reason for differences in robustness of CS associated with the use
of ceftazidime-avibactam and ciprofloxacin may be that the variety of
resistance mechanisms selected on the first is high (see below) com-
pared to those selected on ciprofloxacin®** and most of them do not
present an associated CS pattern. In fact, from an evolutionary point of
view, it is unlikely -but clinically relevant- that different resistance
mechanisms, acquired “at a whim” of historical contingency in differ-
ent isolates, may lead to the same pattern of CS (but see refs. 21-23).

Genetic variations responsible for resistance in the evolved
clinical strains of P. aeruginosa

To understand the genetic causes of the acquisition of ceftazidime and
ceftazidime-avibactam resistance, as well as the reasons for the lack of
conservation of CS in these populations, they were subjected to whole-
genome sequencing, together with a representative set of control
populations (evolved in the absence of antibiotic) which did not
acquire resistance mutations. The mutational resistome of each
evolved population was compared to that of the respective parental
strain, identifying the genetic variations acquired during evolution.
Acquired mutations for each of the evolved populations in the pre-
sence of ceftazidime or ceftazidime-avibactam are shown in Supple-
mentary Data 1. When genetic variations were detected in frequencies
below an established breakpoint (10% of reads), individual clones were
isolated, phenotyped (determination of MICs to ceftazidime and cef-
tazidime-avibactam) and sequenced to validate the population analy-
sis. Importantly, we observed that the acquisition of genetic variations
in these genes is dependent on the genomic background, even for the
six isolates belonging to ST253, which do not present a common pat-
tern (Supplementary Data 1; Fig. 3): dacB variants were acquired in 10
and 4 different clinical isolates evolved on ceftazidime and ceftazi-
dime-avibactam, respectively, ampR variants were detected in 4 and 1
different clinical isolates evolved on ceftazidime and ceftazidime-avi-
bactam, respectively, mexR variants were detected in 2 and 5 different
clinical isolates evolved on ceftazidime and ceftazidime-avibactam,
respectively and galU genetic variations were acquired in 4 and 3 dif-
ferent clinical isolates evolved on ceftazidime and ceftazidime-avi-
bactam, respectively. In addition, variations in other genes (i.e., PBP3,
mpl, cpxS, PA1438-1436) were acquired in specific clinical
strains (Fig. 3).

A comparative analysis of the resistance mechanisms selected in
the presence of ceftazidime, with or without avibactam, in the differ-
ent populations was performed too (Fig. 4). As shown, the main
mechanism of resistance selected in the absence of avibactam was the
hyper-production of the -lactamase AmpC, caused by mutations in
dacB (most frequently), ampR, ampD, or mpl (Fig. 3; Supplementary
Data 1). Selection of AmpC hyper-producer mutants was however
strain-dependent, consistent with our previous findings, indicating
that the B-lactam resistance response driven by DacB or AmpD inac-
tivation varies among genetically-diverse strains™**™*% It is also
important noticing that, in some clinical strains, the presence of avi-
bactam did not avoid the selection of mutations leading to the hyper-
production of the B-lactamase AmpC (ARA02-005, AST01-034, CAT09-
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dacB ampR mexR galU nalC nalD PBP3 mpl cpxS 1438 1436 ampD
AST01-034 CAZ
CAT09-003 CAZ
MADO05-008 CAZ -
CAT09-004 CZA
ARA02-005 CAZ
GAL06-003 CAZ -
BAL02-001 CAZ
CAT09-004 CAZ
CLM02-004 CAZ
FQSE11-1010 CAZ
MADO04-002 CAZ -
ARA02-005 CZA
AST01-034 CZA -
FQSE11-1010 CZA
CAT03-005 CAZ
GAL02-002 CAZ -
CLE03-004 CAZ
CLE03-004 CZA
MADO02-004 CAZ
MAD02-004 CZA
BAL02-001 CZA
CAT09-003 CZA - -
CLMO02-004 CZA
FQSE10-0503 CAZ -
MADO04-002 CZA -
MADO05-008 CZA
GAL02-002 CZA
GAL06-003 CZA

Fig. 3 | Diagram showing the genomic background dependence of the acqui-
sition of ceftazidime and ceftazidime-avibactam resistance variations in clin-
ical strains of P. aeruginosa. Classical mutations regularly implicated in
ceftazidime resistance in clinical settings were acquired (color boxes) during 3 days
of ALE in the presence of ceftazidime (CAZ: green) or ceftazidime-avibactam (CZA:
purple) in, at least, one population belonging to 15 different clinical isolates. The
main mechanism of resistance selected in the absence of avibactam is the hyper-
production of the -lactamase AmpC, caused by mutations in dacB, ampR, ampD,
or mpl. In contrast, the most frequent mechanism of ceftazidime resistance
selected in the presence of avibactam is the hyper-production of the efflux pump
MexAB-OprM, caused by mutations in its regulators mexR, nalC, or nalD. As
observed, genomic background restricts early steps of resistance evolution
(p=0.024) (Supplementary Data 1).
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Fig. 4 | Main resistance mechanisms evolved during short-term ALE in presence
of ceftazidime (CAZ) or ceftazidime-avibactam (CZA). Pathways evolved in, at
least, 2 of 4 populations for each of the 15 different clinical isolates are shown in the
graph. The arrow indicates gene overexpression and A indicates gene deletion.
Ceftazidime-avibactam (CZA) selected for mechanisms of resistance generally
different from the ones selected in the absence of inhibitor (CAZ), which frequently
lead to the over-expression of the ampC B-lactamase. However, mutations leading
to this overexpression were acquired in the presence of ceftazidime-avibactam in
some specific clinical strains. The overexpression of genes encoding efflux pumps
was the main mechanism of resistance selected in ceftazidime-avibactam. Statis-
tical significance (is indicated with an asterisk (ampC, p = 0.0011; mexAB,
p<2.2e-16).

004, and FQSE11-1010). In contrast, the most frequent mechanism of
ceftazidime resistance selected in the presence of avibactam was the
hyper-production of the efflux pump MexAB-OprM, caused by muta-
tions in its regulators mexR, nalC, or nalD****, which generally display a
higher ciprofloxacin resistance (p<0.001) as well. Moreover, in
agreement with previous works****¢ some strains evolved in the
presence of ceftazidime or ceftazidime-avibactam developed the loss
of galU, encoding an enzyme whose inactivation reduces susceptibility
to ceftazidime and other B -lactams*” and often linked to the loss of
hmgA and mexXY, that cause pyomelanine production*® and CS to
aminoglycosides**’, respectively. Other mutations acquired during
short-term ALE on ceftazidime-avibactam occurred in the PA1435-
PA1436 (PA14_45910-45890) and PA1437-PA1438 (PA14_45880-45870)
operons, encoding a probable RND efflux transporter and a two-
component system, respectively, the last likely regulating the expres-
sion of the first, as previously described in ALE assays of the model
strain of P. aeruginosa PA14 in the presence of ceftazidime-avibactam™.
Moreover, 3 out of 4 populations from the clinical strain GAL02-002
exposed to ceftazidime-avibactam evolved towards an hyper-mutator
phenotype due to the acquisition of a frameshift in the gene encoding
the DNA mismatch repair protein MutS*°, therefore causing an
increase in the number of acquired mutations in the populations and
presenting, among others, mutations in the mentioned PA1437-PA1438
operon. This is something we previously observed in the presence of
ceftazidime-avibactam in ALE assays of the model strain of P. aerugi-
nosa PA14* but, the fact that hyper-mutators only emerged in 1 out of
15 isolates evolved on ceftazidime-avibactam (and just in 3 out of 4
populations from the mentioned isolate) and the fact that these
mutants were not selected in isolates from ST253 (to which PA14
belongs), question the potential ability of avibactam to robustly pro-
mote this phenotype in P. aeruginosa. Finally, we detected in two dif-
ferent clinical strains a mutation in cpxS, encoding the sensor of the
two-component system CpxSR involved in cellular hysteresis to 8
-lactam antibiotics and resistance to novel antipseudomonal {3 -lac-
tams, as ceftolozane/tazobactam and cefiderocol (50-52)**3, Overall,
these results indicate that, while the mechanisms of resistance selected
by ceftazidime and ceftazidime-avibactam are, in principle, limited
(Fig. 4), the involved gene mutations are numerous (Fig. 3) and
therefore, the emergence of a robust -exploitable- pattern of CS is less
frequent than with the association to other drugs, such as
ciprofloxacin®?,

Incapacity of a previously described collateral sensitivity-based
evolutionary strategy to drive ceftazidime-avibactam resistant

strains to extinction

In this work we did not identify a robust CS pattern that could emerge
in distinct resistant isolates of P. aeruginosa (Table 1). Having in mind
that clinicians may use ceftazidime-avibactam for the treatment of
difficult infections and that resistance to this last resort drug rapidly
emerges, we analyzed if it could be possible to apply the previously
described antibiotic combination ciprofloxacin-tobramycin?** to
ceftazidime-avibactam resistant populations. The reason for choosing
this strategy is that we have recently described a great efficacy of the
combination ciprofloxacin-tobramycin (associated with robust CS to
tobramycin) against varied pre-existing antibiotic-resistant mutants
and clinical strains of P. aeruginosa**. For that, we chose as repre-
sentative population 1 from 5 different clinical isolates (MAD02-004,
CLE03-004, BAL02-001, CLM02-004 and MADO04-002) previously
evolved on ceftazidime-avibactam, presenting a robust increase of
ceftazidime-avibactam and of ciprofloxacin resistance (being still
susceptible based on clinical standards, MICs below 0.5pg/ml). In
addition, we included population 1 from the same 5 clinical isolates
(MADO02-004, CLE03-004, BAL02-001, CLM02-004 and MAD04-002)
previously evolved on ceftazidime. We evolved these populations in
the presence of ciprofloxacin, tobramycin or the ciprofloxacin-
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tobramycin combination, being the last our previously described CS-
based therapeutic option®>*. We submitted 4 replicate populations
from each ceftazidime-avibactam or ceftazidime resistant population
to the drug combination ciprofloxacin-tobramycin (40 populations),
as well as to the 2 antibiotics separately, using the same concentrations
present in each drug pair (80 control populations) (Methods). As
shown in Fig. 5A, only 30% of the ceftazidime-avibactam resistant
populations (6 out of 20) submitted to short-term ALE in the presence
of ciprofloxacin-tobramycin became extinct (p < 0.001), while all the
ceftazidime resistant populations (20 out of 20) became extinct
(Fig. 5B) (p < 0.001). As expected, every control population thrived. In
addition, we measured susceptibility levels to tobramycin and cipro-
floxacin in final ceftazidime-avibactam resistant populations that grew
on ciprofloxacin-tobramycin, confirming that they acquired resistance
to both drugs during the ALE assays. In particular, the MIC of tobra-
mycin and ciprofloxacin in BAL0O2-001, MAD02-004, MAD04-002 and
CLMO02-004 increased from 1.5 to 6 pg/ml, 0.38 to 0.75 pg/ml, 3 to 6 ug/
ml or 1to 6 ug/ml, and from 0.19 to 0.5 ug/ml, 0.25 to 0.5 pg/ml, 0.5 to
1pg/ml or 0.38 to 0.75pg/ml, respectively. These worrisome results
indicate that the clinical use of the last resort combination ceftazidime-
avibactam may not only have limited effectiveness, but may also limit
the efficacy of other promising CS-based therapeutic strategies for the
treatment of various resistant mutants and clinical strains of P. aeru-
ginosa. Interestingly, loss-of function mutations in mexR are present in
the three ceftazidime-avibactam resistant populations where the
ciprofloxacin-tobramycin therapy failed, suggesting that these muta-
tions may limit the efficacy of our previously described CS-based
therapeutic strategy. To test this hypothesis, we included in this ana-
lysis the population 4 from the clinical isolate BAL0O2-001 previously
evolved on ceftazidime, which acquired a genetic variation in mexR.
None of the four BALO2-001 CAZ.4 replicate populations became
extinct in the presence of the combination ciprofloxacin-tobramycin,
while all the BALO2-001 CAZ.1 replicate populations, lacking mexR
mutations, became extinct. These results support that MexAB over-
producer mutants (very frequently selected by ceftazidime-avibactam)
may escape from the ciprofloxacin-tobramycin strategy. Nevertheless,
it will be necessary to delve deeper into this to determine the
robustness of said evolutionary restriction and understand the mole-
cular causes.

Discussion

The existing crisis of antibiotic resistance requires the design of new
therapeutic strategies that improve the efficacy of available
antibiotics?. For that, it is crucial to know the effect of the genomic
background and epistasis on the evolution of antibiotic resistance,
since these also constraint acquired evolutionary trade-offs, such as
CS (22-24, 54). Although it has been proposed that CS is a exploitable
trade-off for the rational design of therapeutic -alternated or com-
bined- strategies against bacterial infections®**, this and some pre-
vious works?***>2 demonstrate that its exploitation largely depends
on its robustness in different genomic backgrounds. In this sense, we
show that CS to fosfomycin only emerges in populations from the
isolates AST01-034, MADO02-004, CLE03-004, GAL02-002 and
FQSE10-0503, after the use of ceftazidime-avibactam. This indicates
that, for infections involving specific clones, the alternation or
combination of ceftazidime-avibactam with fosfomycin might be an
interesting therapeutic strategy to be wused, as previously
suggested®>*°¢, However, the fact that different resistant isolates of
P. aeruginosa may emerge in cystic fibrosis patients due to their
exposure to prolonged antimicrobial therapies’'®*®, and the fact that
CS to fosfomycin emerged in only 37% of the populations evolved on
ceftazidime-avibactam, will possibly limit the translation of these
results to clinical settings®. This highlights the importance of the
genetic background in determining the evolution of antibiotic
resistance and the choice of possible antibiotic therapies. Thus, it

seems highly recommendable to establish personalized treatments
that consider not only the characteristics of the patient/infection but
also the genotype(s) of the infecting strain.

The reason for the selection of different mechanisms of resistance
depending on the strain is that the same mutation may lead to different
fitness and/or resistance levels depending on the genomic back-
grounds where it is fixed”°. In other words, the effect of each genetic
variation is variable and depends on the physiological state of the
bacteria in which it is acquired, which in turn has suffered a process of
historical contingency. As shown here, this complicates therapeutic
choices, since previous treatments with one antibiotic may resultin the
appearance of different resistance mutations, leading to divergent
evolutionary lines following use of subsequent drugs in a patient. In
particular, we observe that ceftazidime generally selects for mutations
leading to the overproduction of the B-lactamase AmpC, associated
with mutations in dacB, ampR, ampD, or mp[**°*>*7 In contrast, the
most frequent mechanism of ceftazidime-avibactam resistance is the
hyper-production of efflux pumps (mostly MexAB-OprM), caused by
mutations in their regulator encoding genes mexR, nalC, or nalD**
but also the hyper-production of a probable RND efflux transporter
encoded by the operon PA1435-PA1436 likely associated to mutations
in the operon PA1437-PA1438, encoding a two component system.
Similar results, in which high-level of ampicillin resistance was
acquired through mutations in genes involving efflux pumps have
been previously described, in an Escherichia coli BW25113 strain from
the Keio collection lacking the B-lactamase AmpC®. In addition, both
treatments, ceftazidime and ceftazidime-avibactam, selected large
chromosomal deletions containing galU, whose inactivation reduces
the susceptibility to different B-lactams, including ceftazidime and
meropenem®’, hmgA, causing pyomelanine production*®, and mexXY,
causing aminoglycoside CS*’, as previously described®**>*’. This indi-
cates that there are a non-negligible number of genes (9 in the case of
ceftazidime-avibactam; Fig. 3) whose mutations result in a limited type
of resistance mechanisms (Fig. 4).

Our results show that ceftazidime-avibactam does not lead to a
conserved pattern of CS in our set of 15 clinical strains (even in the
case of isolates belonging to the same clone, ST253), as observed
when ciprofloxacin was used for the treatment of 25 clinical
strains**?., A possible explanation is that there is a higher number of
mutated genes on ceftazidime-avibactam (Fig. 3), compared to
ciprofloxacin (mexS, nfxB and gyrA/B)*>*, making more improbable
the acquisition of the same -exploitable- pattern of CS when using
ceftazidime-avibactam. In addition, it is also possible that few of the
genetic variations acquired on ceftazidime-avibactam lead to CS to
fosfomycin (i.e., large chromosomal deletions®), while all the possi-
ble mechanisms selected by ciprofloxacin lead to CS to
tobramycin®*?%. A case in point: six of the isolates submitted to
ceftazidime-avibactam ALE during this work (MAD04-002, CAT09-
004, CAT09-003, ARA02-005, FQSE11010, and MADO05-008) were
previously subjected to ALE on ciprofloxacin. While all of them
showed a robust pattern of CS to tobramycin after short-term ALE on
ciprofloxacin®, none of them showed a robust pattern of CS to a
second drug (i.e., fosfomycin) after short-term of ALE on
ceftazidime-avibactam (Fig. 2). This indicates that, at least for these
isolates, the use of the ciprofloxacin-tobramycin combination is
much more reasonable than the use of ceftazidime-avibactam-
fosfomycin. The reason is that ciprofloxacin resistance evolution,
despite occurring through different genetic mechanisms, converges
in a robust increase of susceptibility to tobramycin®. When using
ceftazidime-avibactam, however, susceptibility to fosfomycin is not
as likely to be expected, since it extremely depends on the isolate(s)
present in the infected patient. In fact, it is important to remark that
the use of ceftazime-avibactam selects a relevant high number of
cases of cross-resistance to non-B-lactam antibiotics, as cipro-
floxacin, something that suggests that the use of avibactam may
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preclude the use of the ciprofloxacin-tobramycin CS-based combi-
nation. In fact, ALE assays on ciprofloxacin, tobramycin or the com-
bination, showed that, for the treatment of these particular strains, it
is not possible to apply this CS-based therapeutic strategy, since this
causes extinction of just 30% of the ceftazidime-avibactam resistant
populations analyzed (Fig. 5A). Although we previously described
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that the combination ciprofloxacin-tobramycin is extremely effective
driving extinction of clinical strains resistant to different antibiotics,
our results show that ceftazidime-avibactam resistant populations
may escape this strategy. Therefore, we should be aware that the use
of ceftazidime-avibactam may be riskier than expected since it would
be difficult to find a therapeutic solution if this last-resort treatment
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Fig. 5 | Diagram showing the combination of ciprofloxacin-tobramycin to drive
different ceftazidime-avibactam and ceftazidime resistant clinical strains of P.
aeruginosa to extinction. A Short-term evolution of population 1 from 5 different
clinical isolates (MAD02-001, CLE03-004, CLM02-004, BAL02-001, and MADO4-
002) previously evolved on ceftazidime-avibactam (CZA), represented as bacterial
cells with different colors, 4 replicate populations of each parental population, was
performed during 3 days in the presence of the ciprofloxacin-tobramycin (CIP-TOB)
combination. Growth of the 40 control populations was confirmed in the 2 drugs
independently used, at the same concentrations used for the drugs combinations.
Extinct populations at the end of the experimental evolution are represented in
black, while surviving populations are represented in gray. 6 out of 20 ceftazidime-
avibactam resistant populations 1 submitted to short-term ALE in the presence of
the antibiotic combination became extinct. These results are statistically significant
(p=0.002) and indicate that the ciprofloxacin-tobramycin CS-based therapeutic
strategy previously proposed for the treatment of concern clinical strains may be
ineffective on strains resistant to the last-resort combination ceftazidime-avi-
bactam; especially those presenting mutations in mexR. B Short-term evolution of
population 1 from 5 different clinical isolates (MAD02-001, CLE03-004, CLMO2-

004, BAL02-001 and MAD04-002) previously evolved on ceftazidime (CAZ),
represented as bacterial cells with different colors, 4 replicate populations of each
parental population, was performed during 3 days in the presence of the
ciprofloxacin-tobramycin (CIP-TOB) combination. In addition, population 4 from
the ceftazidime resistant clinical isolate BAL02-001 was added (BAL02-001 CAZ4),
since this population acquired a genetic variation in mexR, something that fre-
quently happened on ceftazidime-avibactam (CLM02-004 CZA, BAL02-001 CZA
and MAD04-002 CZA). Growth of the 48 control populations was confirmed in the
2 drugs independently used, at the same concentrations used for the drugs com-
binations. Extinct populations at the end of the experimental evolution are repre-
sented in black, while surviving populations are represented in gray. All the
populations 1 submitted to short-term ALE in the presence of the antibiotic com-
bination became extinct while the treatment was ineffective for all the populations
from BAL02-001 CAZ4, containing a genetic variation in mexR. These results are
statistically significant (p = 8.415e-14) and indicate that the ciprofloxacin-
tobramycin CS-based therapeutic strategy previously proposed for the treatment
of concerned clinical strains may be ineffective on strains presenting mutations
in mexR.

failed. As it happens with most recent antibiotics, it is generally
accepted that the use of ceftazidime-avibactam should be restricted
to those isolates that do not respond to older beta-lactams™'**%, This
statement is based just in the preservation of the most novel anti-
biotics, that are more active than older ones, against resistant bac-
teria. However, our results indicate that, in addition, the
consequences of acquiring resistance to these novel drugs must be
explored as well. In this respect, our data support that ceftazidime is
superior than ceftazidime-avibactam in some aspects, mainly
because the mechanisms of resistance and trade-offs associated to
the use of these antibiotics are different. As stated, ceftazidime alone
renders less cross-resistance than ceftazidime-avibactam. In addi-
tion, previously described combination therapies?, based in infor-
mation on CS, are more effective against ceftazidime resistant
mutants than against ceftazidime-avibactam resistant ones. These
findings further support that the use of ceftazidime-avibactam
should be restricted to those situations in which no other beta-
lactam is active™'*%, Having said that, it is important to remark that,
while our in vitro data highlights potential significant risks associated
with the use of ceftazidime-avibactam, the translation of this infor-
mation into clinical practice may be affected by other factors and
should be assessed by clinicians before establishing strategic
recommendations. Finally, it is worth to emphasize the potential that
studies of purely evolutionary nature have to rationally guide the
choice of future antibiotic strategies. This study suggests that this
last-resort drug combination should be restricted for particular
personalized treatments that consider not only the characteristics of
the patient/infection but also the genotype(s) of the infecting strains.
We strongly feel that the time has come to translate evolution, which
is the origin of antibiotic resistance, into therapy.

Methods

Growth conditions and antibiotic susceptibility tests

Bacteria were grown in Lysogeny Broth (LB) (Lenox, Pronadisa) at
37°C with shaking at 250 rpm in glass tubes. MICs of ceftazidime,
ceftazidime-avibactam, tobramycin, fosfomycin, ciprofloxacin,
aztreonam and meropenem were determined at 37°C, in Mueller
Hinton agar, using E-test strips (MIC Test Strip, Liofilchem®).

Short-term adaptive laboratory evolution experiments

ALE assays in the presence of ceftazidime, ceftazidime-avibactam or
absence of antibiotic were performed as previously described****. 180
bacterial populations from stock cultures of 15 P. aeruginosa clinical
isolates -4 replicates of each- from various Spanish hospitals (Table 1)
were submitted to short-term ALE in presence of ceftazidime,
ceftazidime-avibactam or absence (control populations) of drug

during 3 days. Replicate populations were grown at 37 °C and 250 rpm
in independent glass tubes to avoid cross-contamination. The cultures
were diluted (1/100) every day, adding 10 pl of bacteria to 1 ml of fresh
LB containing the concentration of ceftazidime (close to MIC) that
hindered -but allowed- the growth of each P. aeruginosa isolate under
these culture conditions (1ug/ml for CAT09-004 and CLMO02-004;
1.5ug/ml for MADO04-002, CAT09-003, FQSE11-1010, BAL02-001,
CATO03-005 and MADO05-008; 2ug/ml for CLE03-004, GAL02-002,
AST01-004 and MADO02-004; 3 ug/ml for FQSE10-0505; 8 ug/ml for
GALO06-003), being this concentration half of the MIC of each parental
strain or higher, or without antibiotic (control populations). The avi-
bactam concentration was maintained constant, as used in clinical
tests®’, at 4 pg/ml. During 3 days, the concentration of antibiotic was
maintained. At the end of the ALE assay, every replicate population was
preserved at —-80 °C. When needed, resistant clones were isolated by
plating resistant populations on LB agar supplemented with ceftazi-
dime and selecting individual colonies after overnight growth at 37 °C.
The phenotype of the selected clones was confirmed determining their
susceptibility to ceftazidime and ceftazidime-avibactam by E-Test.

Combination of ciprofloxacin with tobramycin in short-term
adaptive laboratory evolution assays

ALE assays in the presence of ciprofloxacin, tobramycin or the anti-
biotic combination were performed as previously described®*. 20
bacterial populations resistant to ceftazidime-avibactam from popula-
tion 1 of 5 different isolates -4 replicates of each- and 20 bacterial
populations resistant to ceftazidime from population 1 of the same
clinical isolates were grown from glycerol stocks. Replicate populations
were grown at 37 °C and 250 rpm in independent glass tubes to avoid
cross-contamination. During 3 days, the cultures were diluted (1/100) in
fresh LB medium containing a ciprofloxacin-tobramycin combination
(40 populations) or each single drug (80 control populations). Each
antibiotic was added at the concentration (close to MIC) that hinders
-but allows- the growth of bacterial population of P. aeruginosa under
these culture conditions. In the case of ceftazidime-avibactam resistant
populations, the ciprofloxacin concentration used were: 0.05 pg/ml for
BAL02-001, 0.075 pg/ml for MAD02-004, 0.1 ug/ml for CLM02-004 and
MADO04-002, and 0.2pg/ml for CLEO03-004; the tobramycin con-
centration used were: 0.2 ug/ml for MAD02-004, 0.4 ug/ml for CLEO3-
004, 0.5 ug/ml for BAL02-001 and 1 ug/ml for CLM02-004 and MADO4-
002. In the case of ceftazidime resistant populations, the ciprofloxacin
concentration used were: 0.01pug/ml for BAL02-001, 0.05ug/ml for
MADO04-002 and CLM02-004, 0.1 ug/ml for MAD02-004 and CLEO3-
004; the tobramycin concentration used were: 0.5 pg/ml for CLEO3-
004, 1 pg/ml for MAD02-004 and CLMO02-004, 1.5 ug/ml for BAL02-001
and 2pg/ml for MAD02-004. For the BAL02-001 CAZ.4 resistant
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population, the ciprofloxacin and tobramycin concentrations used in
four replicate populations were 0.05 and 1 pg/ml, respectively. Extinc-
tion of the populations was determined by plating out 100 pl of final
cultures on LB agar to look for viable cells. The absence of colonies was
interpreted as extinction of the population.

Statistical analysis

Normality (Shapiro-Wilk) and homocedasticity (Bartlett) tests were run
on the raw and log-transformed data to check parametricity. Following
unsuccessful parametricity checks, we carried out a Kruskal-Wallis test
to confirm the presence of significant differences in the dataset. We
next carried a comparison of the parental and LB-evolved strains using
Mann-Whitney-Wilcoxon U test with FDR correction for multiple
comparison. After confirming that strains grown in LB showed no
significant differences with the parental strain, we used these as con-
trol to compare each strain MICs after evolution in ceftazidime or
ceftazidime-avibactam, using a many-one Mann-Whitney U test
applying an FDR correction for the total (all strains and antibiotics)
number of comparisons. To avoid considering statistically yet not
biologically significant differences, we identified the later using an
effect in fold changes two times above or below the reference; the
counts were tabulated and compared using exact binomial tests with
FDR correction to compare cross-resistance and CS among popula-
tions evolved in ceftazidime against ceftazidime-avibactam. Differ-
ences in extinction data of strains grown in ceftazidime or ceftazidime-
avibactam, and evolved in the presence of ciprofloxacin plus tobra-
mycin, was analyzed using the log-likelihood ratio test. Dependence of
resistance mechanisms evolved after short term ALE in presence of
ceftazidime or ceftazidime-avibactam was analyzed using an omnibus
log-likelihood ratio test followed by binomial test comparisons cor-
rected with FDR for multiple comparisons. Two sided (bilateral) tests
were used in all cases. All statistical analyses were done using R Sta-
tistical Software v4.4.2 (R Core Team, 2021), with packages
PMCMRplus and Deducer™.

Whole-genome sequencing and identification of genetic
variations

To analyse the relatedness of the studied ST253 clinical isolates, their
sequences, already deposited at PRJEB40140 were analyzed. Reads
were de novo assembled using SPAdes v3.15 with default options.
Output files in fasta format were compared through wgMLST using the
cano-wgMLST BacCompare software (http://baccompare.imst.nsysu.
edu.tw)™,

To analyze genomic variations acquired during ALE assays, the
extraction of the genomic DNA of 143 populations (60 ceftazidime, 60
ceftazidime-avibactam evolved populations and 23 control popula-
tions evolved in the absence of antibiotic) and the DNA quality analysis
was performed by the Translational Genomics Unit (Instituto Ramén y
Cajal de Investigacion Sanitaria-Hospital Ramén y Cajal from Madrid).
Genomic DNA of each population was extracted by Chemagic™ DNA
Bacterial Kit H96 (CMG-799 Chemagic™) using the equipment Che-
magic™ 360/MSMI (PerkinElmer). The assay of DNA quality was per-
formed using an Agilent 2200 TapeStation System. Libraries
construction and whole-genome sequencing were performed by the
Oxford Genomics Centre. Pair-end libraries (2x150) were sequenced
using an Illumina NovaSeq6000 system (lllumina Inc., USA). Coverage
was higher than 150x for all samples. Genomic DNA for selected clones
was obtained with a commercially available extraction kit (High Pure
PCR Template Preparation Kit, Roche Diagnostics). Indexed paired-
end libraries were generated by using the Illumina DNA Prep library
preparation kit (Illumina Inc, USA) and then sequenced on an Illumina
MiSeq® benchtop sequencer with MiSeq reagent kit v3 (Illumina Inc.,
USA), resulting in 300 bp paired-end reads. Coverage was higher than
30x for all clones.

All the Paired-end reads were mapped to the P. aeruginosa PAO1
reference genome (GenBank accession: NC_002516.2) with Bowtie 2
v2.2.6 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml)’
and pileup, and raw files were obtained by using SAMtools v0.1.16
(https://sourceforge.net/projects/samtools/files/samtools/)”>  and
PicardTools v1.140 (https://github.com/broadinstitute/picard), using
the Genome Analysis Toolkit (GATK) v3.4.46 (https://www.
broadinstitute.org/gatk/)’* for realignment around InDels. Single-
nucleotide polymorphisms (SNPs) were extracted from the raw files
if at least 100 reads covered such positions and if the change was
present in at least 5% of the reads. Micro-indels were extracted from
the totalpileup files if also at least 100 reads covered such positions
and but if the change was present in at least 10% of the reads. Filtered
SNP files were converted to vcf and annotated with SnpEff v4.3
(http://snpeff.sourceforge.net/index.html)” to study the genes
involved in ceftazidime and ceftazidime-avibactam resistance, dis-
regarding all mutations already present in the original isolates. To
study large chromosomal deletions, number of reads per position in
entire genome previously obtained in totalpileups, was introduced in
RStudio v4.3.17° platform and plotted by using the ggplot package”
Those regions showing a decrease of the 50% the number of reads or
that were not covered were considered as large chromosomal
deletions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequence files of derivatives obtained in this study under ceftazidime
or ceftazidime-avibactam treatment and controls were deposited in
the European Nucleotide Archive under study number PRJEB85283.
The genomic sequences of the original strains can be found in projects:
PRJEB24151 and PRJEB40140. Data needed to evaluate the conclusions
of this work are present in the manuscript or the Supplementary
Materials.
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