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a b s t r a c t 

Objectives: Ceftazidime/avibactam (CAZ-AVI), approved in 2015, is an important first-line option for Kleb- 

siella pneumoniae carbapenemase-producing Enterobacterales (KPC-E). Although still uncommon, resis- 

tance to CAZ-AVI has emerged and may represent a serious cause of concern. 

Methods: We performed a systematic literature review of clinical and microbiological features of infec- 

tions and colonisations by CAZ-AVI-resistant KPC-E, focused on the in vivo emergence of CAZ-AVI resis- 

tance in different clinical scenarios. 

Results: Twenty-three papers were retrieved accounting for 42 patients and 57 isolates, mostly belonging 

to K. pneumoniae ST258 harbouring D179Y substitution in the KPC enzyme. The USA, Greece and Italy 

accounted for 80% of cases. In one-third of isolates resistance was not associated with previous CAZ- 

AVI exposure. Moreover, 20% of the strains were colistin-resistant and 80% were extended-spectrum β- 

lactamase (ESBL)-producers. The majority of infected patients had severe underlying diseases (39% cancer, 

22% solid-organ transplantation) and 37% died. The abdomen, lung and blood were the most involved in- 

fection sites. Infections by CAZ-AVI-resistant strains were mainly treated with combination therapy (85% 

of cases), with meropenem being the most common (65%) followed by tigecycline (30%), gentamicin 

(25%), colistin (25%) and fosfomycin (10%). Despite the emergence of resistance, 35% of patients received 

CAZ-AVI. 

Conclusion: Taken together, these data highlight the need for prompt susceptibility testing including CAZ- 

AVI for Enterobacterales, at least in critical areas. Resistance to CAZ-AVI is an urgent issue to monitor in 

order to improve both empirical and targeted CAZ-AVI use as well as the management of patients with 

infections caused by CAZ-AVI-resistant strains. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Ceftazidime/avibactam (CAZ-AVI) is a novel β-lactam/ β- 

actamase inhibitor combination available since 2015. Compound- 

ng avibactam with ceftazidime overcomes resistance due to 
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mbler class A, class C and some class D β-lactamases [1] . 

AZ-AVI is approved for use in (i) complicated intra-abdominal 

nfections, (ii) complicated urinary tract infections, (iii) hospital- 

cquired pneumonia including ventilator-associated pneumonia 

VAP) and (iv) infections due to aerobic Gram-negative organisms 

n patients with limited treatment options [2] . 

Nowadays, CAZ-AVI is mostly used for treating severe Klebsiella 

neumoniae carbapenemase-producing Enterobacterales (KPC-E) 

nfections, commonly associated with high morbidity and mortal- 

ty rates, increased medical costs and prolonged hospital stay [3] . 
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Table 1 

Criteria used for literature inclusion and exclusion 

Inclusion criteria 

• Case reports or case series regarding in vivo emergence of resistance 

to CAZ-AVI in patients infected or colonised by KPC-producing 

Enterobacterales 

Exclusion criteria 

• Reports regarding other micro-organisms (neither KPC-producers nor 

Enterobacterales) 

• Only in vitro studies 

• Reports related to surveillance studies (aggregate data) 

• Reports in languages other than English 

• Reports that were multiple publications of a primary study 

CAZ-AVI, ceftazidime/avibactam. 
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t least 33 0 0 0 people died in Europe (approximately one-third in 

taly) in 2015 as a result of multidrug-resistant pathogens, espe- 

ially KPC-E [4] . KPC-E are of particular concern due to the high 

evel of endemicity observed in several areas worldwide and they 

ave been indicated by the US Centers for Disease Control and Pre- 

ention (CDC) as an urgent threat and one of the greatest global 

ublic-health challenges [5] . 

Only a few active antibiotics are available for KPC-E infections, 

nd CAZ-AVI has become an important first-line option. Recently, 

he Infectious Diseases Society of America (IDSA) indicated CAZ- 

VI, meropenem/vaborbact am and imipenem/cilast atin/relebact am 

s the preferred agents for KPC-E infections outside of the urinary 

ract [6] . This is mainly because their introduction has made it 

ossible to treat severe KPC-E infections with β-lactams, an op- 

ion that was unfortunately lost in the last decade, with clinicians 

orced to use last-resort and possibly suboptimal options such as 

olymyxins [7] . Indeed, although certainly useful as salvage ther- 

py when nothing else works, polymyxins are hampered by pos- 

ibly nephrotoxicity and potential impaired efficacy, especially in 

ung infections [8] . Apart from toxicity issues, clinical data have 

emonstrated the superiority of novel β-lactam/ β-lactamase in- 

ibitor combinations over polymyxins [ 6 , 9 ]. 

In light of this, the opportunity to retain CAZ-AVI activity 

gainst KPC-E in the long-term should not be wasted, therefore 

his agent should be used wisely according to antimicrobial stew- 

rdship principles (correct dosage for the correct duration, and for 

he correct indications) in order to maximise its efficacy and to de- 

ay the emergence and spread of resistance [10] . 

The first CAZ-AVI-resistant strain was reported in the clinic 

n 2015, from a patient with no history of CAZ-AVI exposure 

11] . Since then, other episodes of colonisation or infection due 

o CAZ-AVI-resistant strains have quickly been reported in the 

iterature, although overall resistance to CAZ-AVI was reported 

t very low rates in large prevalence and surveillance studies 

12] . Resistance to CAZ-AVI is commonly due to the presence of 

etallo- β-lactamases since their activity is not restored by avibac- 

am [13] . Other mechanisms include increased expression of the 

la KPC gene, specific mutations in genes encoding carbapenemases, 

hanges in cell permeability (i.e. loss of porins) and expression 

f efflux pumps [ 14 , 15 ]. In some cases, restoration of susceptibil-

ty to meropenem can occur, mostly due to amino acid substitu- 

ions and conformational changes in the active site of carbapen- 

mase enzymes, leading to very low minimum inhibitory con- 

entrations (MICs) [16–18] . In these cases, the use of carbapen- 

ms is not indicated because, following their use, MICs could in- 

rease and resistance to CAZ-AVI persist [ 12 , 16 , 19 ]. Despite this,

eropenem is commonly used as anti-KPC-E option, in combi- 

ation with colistin and aminoglycosides, in order to avoid the 

isk of treatment failure. To treat infections caused by KPC-E 

esistant to CAZ-AVI, new molecules are now available, includ- 

ng meropenem/vaborbactam, imipenem/relebactam and cefidero- 

ol. Meropenem/vaborbactam is a combination of a known car- 

apenem and a new non- β-lactam β-lactamase inhibitor derived 

rom boronic acid. Vaborbactam is capable of restoring the activ- 

ty of meropenem against β-lactamase-producing Enterobacterales, 

ncluding KPC-E [20] . Similarly, relebactam is a non- β-lactam, bi- 

yclic diazabicyclooctane β-lactamase inhibitor of class A and class 

 β-lactamases, including KPC-E. Addition of relebactam signifi- 

antly improves the activity of imipenem [20] . Cefiderocol is a new 

arenteral catechol-substituted siderophore cephalosporin that en- 

ers the periplasmic space of bacterial cells using the iron trans- 

ort system. Of note, this drug shows high stability against var- 

ous types of β-lactamases, including serine-based and metallo- 

ype carbapenemases [21] . The emergence of resistance to CAZ-AVI 

nduced the European Centre for Disease Prevention and Control 

ECDC) to provide a rapid risk assessment in 2018 [22] . 
269 
Here we performed a systematic review of the available ob- 

ervational literature on the clinical and microbiological features 

f patients with infection or colonisation due to CAZ-AVI-resistant 

PC-E in order to provide an overview and critical appraisal of 

he available evidence on resistance to CAZ-AVI in several clini- 

al scenarios. In particular, our analysis aimed to evaluate (and 

ummarise): (i) all clinical studies in which resistance to CAZ- 

VI in KPC-E was reported; (ii) the characteristics of CAZ-AVI use 

e.g. monotherapy versus combination therapy); (iii) patients’ out- 

omes; (iv) the involved resistance mechanisms; and (v) the ther- 

peutic options undertaken against CAZ-AVI-resistant isolates. 

. Methods 

This systematic review was performed according to the Pre- 

erred Reporting Items for Systematic reviews and Meta-Analyses 

PRISMA) [23] . 

.1. Protocol and registration 

The study protocol was registered and made publicly available 

n https://osf.io/87bjh. 

.2. Literature search strategy 

Information sources were represented by two major databases, 

EDLINE and Embase [24] , screened from inception until to 

0 April 2020 using the following combination of keywords: 

ceftazidime/avibactam[Text Word] OR ceftazidime-avibactam[Text 

ord] AND KPC[Text Word] AND resistance[Text Word]). Records 

ere de-duplicated before entering the subsequent phase of the 

eview. 

.3. Study selection 

Two investigators (LP and VV) carried out the first selection of 

he retrieved records by title and abstract in order to establish el- 

gibility for full-text review. The second step consisted of further 

creening of full-text articles to define final inclusion in the sys- 

ematic review according to the following criteria: (i) observational 

tudies (cohorts, case series or case reports); and (ii) description of 

n vivo resistance to CAZ-AVI among Enterobacterales strains (MIC 

 8 mg/L) [25] producing a KPC carbapenemase, whatever infec- 

ion they were responsible for. Surveillance studies, namely those 

imed at assessing the prevalence of given resistant strains and/or 

esistance mechanisms among large collections of laboratory iso- 

ates (aggregate data), were excluded. The inclusion and exclusion 

riteria are summarised in Table 1 . A third reviewer (AEM) was 

alled upon to resolve disagreements with regard to the two-step 

election process. 
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.4. Data extraction 

A pre-conceived data extraction sheet was used to abstract data 

rom the included studies. The task was performed by two investi- 

ators (LP and VV). Any disagreement was reconciled through con- 

ensus of the entire study group, made up both of clinical microbi- 

logy and infectious diseases specialists. The extracted information 

ncluded authors, publication year, country, number of patients, 

aseline features of described cases (sex, age, prior exposure to 

AZ-AVI, type of infection/colonisation, main co-morbidities, expo- 

ure to other antibiotics), microbiological data regarding resistance 

o CAZ-AVI (mobile element harbouring bla KPC gene, associated re- 

istance genes, replicon/plasmid), antibiotic regimens implemented 

o counter resistance and clinical outcomes. 

.5. Analysis plan 

A descriptive analysis was planned, not testing any a priori hy- 

othesis. Anticipating high heterogeneity of the included studies 

nd limited sample sizes, a narrative summary of findings was 

avoured over a non-feasible meta-analytic approach. 

.6. Quality assessment 

For case series and case reports, an adapted version of the tool 

roposed by Murad et al. was adopted [26] (Supplementary Table 

1). The Newcastle–Ottawa scale was used in the case of observa- 

ional cohort studies [27] . 

.7. Ethics 

This kind of study did not require approval by an institutional 

eview board since it relied on already available data from existing 

edical literature. 

. Results 

.1. Bibliography selection and general features 

The initial search identified 361 records. After proper screen- 

ng of the titles and abstracts, de-duplication and full-text review, 

3 articles (all case reports or case series, no cohort studies) were 

eemed eligible for inclusion. The entire selection process is illus- 

rated in Fig. 1 . 

The publication year ranged from 2015 to 2020. Nine articles 

ere from the USA, six were from Italy, seven were from other 

uropean countries (Greece 3, Finland 1, Germany 1, Spain 1 and 

witzerland 1) and one was from Argentina. 

A total of 42 patients were described, of which 33 contributed 

 unique isolate and 9 contributed multiple isolates. 

.2. Microbiological findings 

.2.1. Characteristics of CAZ-AVI-resistant isolates 

A total of 57 isolates with resistance to CAZ-AVI were reported 

 Table 2 ), of which 19 (33.3%) showed baseline resistance not as- 

ociated with previous CAZ-AVI-based treatment, while 38 (66.7%) 

cquired resistance after a treatment with CAZ-AVI. Regarding bac- 

erial species, 55 were Klebsiella pneumoniae , 1 was Citrobacter fre- 

ndii and 1 was Enterobacter hormaechei . The isolates mainly be- 

onged to sequence type 258 (ST258) ( n = 20; 35.1%). Other strains 

elonged to ST147 ( n = 8), ST307 ( n = 5), ST512 ( n = 4), ST1519

 n = 4), ST11 ( n = 3), ST39 ( n = 2), ST101 ( n = 1), ST395 ( n = 1)

nd ST407 ( E. hormaechei ). The ST was not reported for eight iso- 

ates. When reported, the presence of a Tn 4401 -like transposon 

arbouring the bla gene was described for 19 K. pneumoniae 
KPC 

270 
solates (33.3%), while Tn 5403 was reported for the E. hormaechei 

solate. The plasmidic nature of the bla KPC gene was also described 

or 26 isolates (45.6%) ( Table 3 ). 

Other reported resistance determinants for β-lactams were 

HV-type (-11, -12, -128 and -182; n = 27 isolates; 47.4%), TEM-1 

 n = 24 isolates; 42.1%), OXA-type (-1, -9 and -10; n = 25 isolates;

3.9%), CTX-M-type (-1 and -15; n = 8 isolates; 14.0%), VEB-type 

-14 and -25; n = 10 isolates; 17.5%) and CMY-type ( n = 1 isolate;

.8%). Regarding last-resort antibiotics, resistance genes were re- 

orted for aminoglycosides ( n = 21 isolates; 36.8%) and fosfomycin 

 n = 6 isolates; 10.5%). Notably, although colistin resistance medi- 

ted by MgrB alteration was reported in only 1 isolate, phenotypic 

esistance to colistin was reported for 10 isolates (17.5%) ( Table 3 ). 

.2.2. Isolates with acquired resistance during treatment 

Acquired resistance for strains previously exposed to CAZ-AVI 

as reported in 38 isolates harbouring either KPC-3 ( n = 26; 

8.4%) or KPC-2 ( n = 11; 28.9%) determinants. The single isolate 

f E. hormaechei harboured a KPC-40 enzyme ( Table 2 ). After CAZ- 

VI-based treatment, acquisition of resistance was mostly asso- 

iated with isolates harbouring the substitution D179Y ( n = 23; 

0.5%), in KPC-3 ( n = 18; 47.4%) or in KPC-2 ( n = 5; 13.2%), alone

r in combination with other substitutions or resistance determi- 

ants (i.e. non-functional porins). When reported, non-functional 

orins (OmpK35, OmpK36 and OmpK37) were detected in 10 iso- 

ates (26.3%). In seven of them, this resistance trait has been re- 

orted in combination with the substitution D179Y in KPC deter- 

inants. MICs for CAZ-AVI in resistant isolates exposed to antibi- 

tic ranged from 12 mg/L to 256 mg/L. Overall, isolates harbour- 

ng the D179Y substitution showed the highest MICs for CAZ-AVI 

mostly 128–256 mg/L), either alone or in combination with other 

esistance determinants, conferring from a 5- to 7-fold increase of 

he initial MICs (ranging from 0.5–8 mg/L). 

Initial MICs for meropenem ranged from 8 mg/L to 128 mg/L. 

estoration of susceptibility to meropenem was reported for 20 

solates (52.6%), showing from a 2- to 9-fold reduction of initial 

eropenem MICs. Notably, 12 (60.0%) of 20 isolates harboured the 

179Y substitution in the KPC determinant. Information regard- 

ng restoration of susceptibility was not reported for five isolates 

13.2%) showing the D179Y substitution in KPC. Moreover, the low- 

st post-treatment MICs for meropenem (0.25–0.5 mg/L) were ob- 

erved for isolates harbouring D179Y substitution in KPC determi- 

ants. 

.2.3. Isolates with baseline resistance (with no previous 

AZ-AVI-based treatment) 

Baseline resistance was reported for 19 isolates not previously 

xposed to CAZ-AVI ( Table 2 ). Resistance was mostly due to the 

resence of VEB-25 ( n = 9 isolates; 47.4%) in combination with 

PC determinants and non-functional porins. Other resistant iso- 

ates showed KPC variants, such as KPC-8 (V240G + H274Y substitu- 

ions in KPC-2; n = 3; 15.8%), KPC-23 (V240A substitution in KPC- 

; n = 1; 5.3%), KPC-31 (D179Y substitution in KPC-3; n = 1; 5.3%) 

nd KPC-2 with D179Y substitution ( n = 1; 5.3%). Overall, base- 

ine resistance due to non-functional porins (OmpK35, OmpK36 

nd OmpK37) was reported in combination with other determi- 

ants (KPC-2, KPC-3 or VEB-25) in 11 isolates (57.9%). MICs for 

AZ-AVI ranged from 16 mg/L to 256 mg/L, with the highest values 

ostly associated with the presence of non-functional porins and 

he VEB-25 determinant, rather than other KPC variants. Baseline 

ICs for meropenem ranged from 4 mg/L to 2048 mg/L, with the 

ighest value (1024–2048 mg/L) observed in two isolates harbour- 

ng multiple copies of the bla KPC-3 gene in combination with non- 

unctional porins (OmpK35 and OmpK36). Importantly, the last two 

solates also showed resistance to meropenem/vaborbactam. 
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Table 2 

Microbiological data of ceftazidime/avibactam (CAZ-AVI)-resistant isolates 

Reference 

No. of 

isolates 

Bacterial 

species 

Clinical 

sample 

KPC 

variant a 

CAZ-AVI exposure 

at time of culture 

(days, sample) 

Mechanism of resistance 

to CAZ-AVI 

Initial CAZ-AVI 

MIC (mg/L) 

CAZ-AVI MIC 

(mg/L) 

after treatment 

Restored 

susceptibility 

to MEM 

Initial MEM 

MIC (mg/L) 

MEM MIC (mg/L) 

after CAZ-AVI 

treatment 

Humphries et 

al. [ 11 , 15 ] 

1 KP Blood KPC-3 No previous exposure Truncated OmpK35; 

substitutions T333N and 

R191L in OmpK36 

32 32, no previous 

CAZ-AVI exposure 

No 512 512 

Shields et al. 

[28] 

6 KP #1,#2, sputum 

#3,#4, urine 

#5,#6, BAL 

KPC-3 #1, 10, sputum 

#2, 24, sputum 

#3,#4, 19, urine 

#5,#6, 15, BAL 

Substitutions in KPC-3: 

#1,#2, D179Y + T243M 

#3, V240G 

#4–#6, D179Y 

#1,#2, 2 

#3,#4, 4 

#5,#6, 2 

#1,#2, 256 

#3, 32 

#4, > 256 

#5, 128 

#6, 64 

Yes #1,#2, 128 

#3–#6, 32 

#1, 0.5 

#2, 0.25 

#3, 8 

#4, 4 

#5, 0.25 

#6, 0.125 

Shields et al. 

[16] 

1 KP Respiratory 

secretions, 

blood 

KPC-3 10, blood Substitutions in KPC-3: 

A177E + D179Y 

1 128 Yes 16 0.25 

Giddins et al. 

[29] 

5 KP #1,#2, BAL 

#3, tracheal 

aspirate 

#4,#5, blood 

KPC-2 #1, 12, BAL 

#2, 21, BAL 

#3, 22, tracheal 

aspirate 

#4,#5, 23, blood 

#1–#3, substitution D179Y in 

KPC-2 

#4,#5, truncated OmpK35 

(AA349); non-functional 

OmpK36 (insertion of IS 1 ); 

bla KPC-2 multiple copies 

3 #1–#3, > 256 

#4,#5, 12 

#1–#3, yes 

#4,#5, no 

128 #1,#2, 2 

#3, 1.5 

#4,#5, > 128 

Raisanen et al. 

[30] 

1 KP Blood KPC-2 44, blood 15 AA insertion 

(AVYTRAPNKDDKHSE) in 

KPC-2 at position 259 

1 > 16 Partially > 32 16 

Gaibani et al. 

[31] 

2 KP #1, BAL 

#2, blood 

KPC-3 #1, 17, BAL 

#2, 17, blood 

Substitution D179Y in KPC-3; 

truncated OmpK35 (AA88) 

8 ≥256 #1, partially 

#2, no 

≥32 #1, 8 

#2, ≥32 

Gottig et al. 

[32] 

1 KP Rectal swab, 

bronchial 

secretion, 

wound swab, 

intraoperative 

biopsies 

KPC-3 14, rectal swab Substitution D179Y in KPC-3 

(formerly KPC-31) 

4 > 256 No NS NS 

Athans et al. 

[33] 

2 KP #1, blood 

#2, abscess 

fluid 

KPC-2 #1, 33, blood 

#2, abscess fluid 

Substitution D179Y in KPC-2; 

disrupted OmpK35, OmpK36 

and OmpK37 

4 #1, 128 

#2, > 256 

#1, yes 

#2, partially 

≥16 #1, 2 

#2, 4 

Galani et al. 

[34] 

8 KP 

#1,#4,#5,#7,#8, 

rectal swab 

#2,#6, blood 

#3, bronchial 

secretion 

KPC-2 #1, NS, rectal swab 

#2–#8, no previous 

exposure 

#1, deletion T216 in VEB-1 

(formerly VEB-14), duplication 

of Gly134-Asp135 in OmpK36, 

truncated OmpK37 (AA251) 

#2–#8, substitution K234R in 

VEB-1 (formerly VEB-25), 

truncated OmpK35 (AA173) 

#1, NS 

#2–#8, 64 

#1, 64 

#2–#8, no 

previous CAZ-AVI 

exposure 

#1, no 

#2–#8, no 

previous CAZ-AVI 

exposure 

#1, NS 

#2–#8, 64 

#1, > 64 

#2–#8, no 

previous CAZ-AVI 

exposure 

Voulgari et al. 

[35] 

2 KP #1, blood 

#2, BAL 

#1, KPC-2 

#2, KPC-3 

No previous CAZ-AVI 

exposure 

Substitution K234R in VEB-1 

(formerly VEB-25) 

#1, 64 

#2, > 256 

No previous 

CAZ-AVI exposure 

No previous 

CAZ-AVI exposure 

> 32 No previous 

CAZ-AVI exposure 

Cano et al. [36] 5 KP #1, respiratory 

secretion 

#2,#3,abdominal 

drainage 

#4, abdominal 

aspirate 

#5, rectal swab 

KPC-3 #1, 12, respiratory 

secretion 

#2, 16, abdominal 

drainage 

#3, 20, abdominal 

drainage 

#4, abdominal aspirate 

#5, rectal swab 

#1,#2, substitution A172T in 

KPC-3 (formerly KPC-39) 

#3, substitutions 

L169P + A172T in KPC-3 

#4, substitution D179Y in 

KPC-3 (formerly KPC-31) 

#5, substitutions 

A172T + T243A in KPC-3 

2 > 16 #1,#2,#5, no 

#3,#4, yes 

> 16 #1,#2,#5, > 16 

#3, 1 

#4, 2 

( continued on next page ) 
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Table 2 ( continued ) 

Reference No. of 

isolates 

Bacterial 

species 

Clinical 

sample 

KPC 

variant a 
CAZ-AVI exposure 

at time of culture 

(days, sample) 

Mechanism of resistance 

to CAZ-AVI 

Initial CAZ-AVI 

MIC (mg/L) 

CAZ-AVI MIC 

(mg/L) 

after treatment 

Restored 

susceptibility 

to MEM 

Initial MEM 

MIC (mg/L) 

MEM MIC (mg/L) 

after CAZ-AVI 

treatment 

Hemarajata et 

al. [37] 

1 KP Blood KPC-2 22, blood Substitution L169P in KPC-2 

(formerly KPC-35), insertion in 

OmpK36 (GD at position 132) 

and in OmpK35 (insertion of G 

at position 122 causing 

frameshift at AA42) 

0.5 16 Yes > 16 1 

Coppi et al. 

[38] 

2 KP #1, urine 

#2, blood 

KPC-3 No previous CAZ-AVI 

exposure 

Double copy of bla KPC-3 , 

alteration of OmpK35 

(AA89-truncated) and OmpK36 

(Asp135-Thr136 duplication) 

#1, 32 

#2, 64 

No previous 

CAZ-AVI exposure 

No previous 

CAZ-AVI exposure 

#1, 1024 

#2, 2048 

No previous 

CAZ-AVI exposure 

Antonelli et al. 

[39] 

1 KP Rectal swab KPC-3 14, rectal swab Substitution D179Y in KPC-3 

(formerly KPC-31), 

non-functional Ompk35 (AA89 

truncated) and OmpK36 

(Gly134-Asp135 duplication) 

Susceptible, 

MIC value NS 

> 64 Yes Resistant, MIC 

value NS 

2 

Mueller et al. 

[40] 

1 KP Rectal swab KPC-3 24, rectal swab Insertion (269-ProAsnLys-270) 

in KPC-3 (formerly KPC-41) 

4 > 128 Yes 8 1 

Gaibani et al 

[41] 

3 KP Blood #1,#3, 

KPC-3 

#2, 

mutated 

KPC-2 

No previous CAZ-AVI 

exposure 

#2, substitution D179Y in 

KPC-2 

#1,#3, truncated OmpK35 

(AA38), insertion in OmpK36 

(GD at position 134–135) 

truncated OmpK37 

#1, 32 

#2, 16 

#3, > 256 

No previous 

CAZ-AVI exposure 

No previous 

CAZ-AVI exposure 

> 32 No previous 

CAZ-AVI exposure 

Gaibani et al. 

[42] 

1 KP Rectal swab KPC-3 18, rectal swab Substitution D163E in KPC-3 

(formerly KPC-36), truncated 

OmpK35 (AA42), insertion in 

OmpK36 (GD at position 

134–135), truncated OmpK37 

8 16 No Susceptible, MIC 

value NS 

> 256 

Venditti et al. 

[43] 

2 KP Respiratory 

secretions 

KPC-3 #1, 30, BA 

#2, 25, BA 

Substitution D179Y in KPC-3 

(formerly KPC-31), defective 

OmpK35 

#1, 4 

#2, 1.5 

#1, 256 

#2, 96 

Yes > 32 #1, 3 

#2, 1 

Galani et al. 

[44] 

1 KP Urine KPC-23 No previous CAZ-AVI 

exposure 

KPC-23 (substitution V240A in 

KPC-3), truncated OmpK35 

(AA89) 

16 No previous 

CAZ-AVI exposure 

No previous 

CAZ-AVI exposure 

512 No previous 

CAZ-AVI exposure 

Shields et al. 

[45] 

5 KP #1, BAL 

#2,#3, BAL 

#4, BAL 

#5, respiratory 

secretions 

KPC-3 #1, 11, BAL 

#2,#3, 11, BAL 

#4, 7, BAL 

#5, 12, respiratory 

secretions 

Substitution D179Y in KPC-3 

(formerly KPC-31) 

#1, 2 

#2,#3, 2 

#4, 4 

#5, 2 

#1, 64 

#2, 64 

#3, 32 

#4, 64 

#5, 64 

NS NS NS 

García et al. 

[46] 

3 KP Urine KPC-8 No previous CAZ-AVI 

exposure 

KPC-8 (substitutions 

V240G + H274Y in KPC-2), loss 

of OmpK35 

16 No previous 

CAZ-AVI exposure 

No previous 

CAZ-AVI exposure 

4 No previous 

CAZ-AVI exposure 

Castanheira et 

al. [47] 

1 CF Abdominal 

fluid drain 

KPC-2 11, abdominal drain 

fluid 

Substitutions 

D176Y/R164S + P174L in KPC-2 

4 64 No 64 32 

Munoz-Price et 

al. [48] 

2 #1, KP 

#2, EH 

Rectal swab #1, KPC-3 

#2, KPC-40 

#1,#2, 47, rectal swab #1, substitution D179Y in 

KPC-3 (formerly KPC-31) 

#2, KPC-40 (substitution 

T237S in KPC-3) 

#1, NS 

#2, NS 

#1, 64 

#2, 16 

#1, no 

#2, yes 

#1, NS 

#2, NS 

#1, > 8 

#2, ≤1 

NOTE: Numbers preceded by ‘#’ indicate sequential number of isolates. 

MIC, minimum inhibitory concentration; MEM, meropenem; KP, Klebsiella pneumoniae ; BAL, bronchoalveolar lavage; AA, amino acid; NS, not specified; BA, bronchoaspirate; CF, Citrobacter freundii ; EH, Enterobacter hormaechei. 
a KPC variant before CAZ-AVI-based treatment (when occurred). 
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Table 3 

Molecular data of ceftazidime/avibactam-resistant isolates 

Reference 

No. of 

isolates ST Associated resistance genes 

Mobile element harbouring 

KPC gene Replicon/plasmid a 

Humphries et al. 

[ 11 , 15 ] 

1 258 bla SHV-11 , bla SHV-12 Tn 4401d IncX3-pUCLAKPC 

Shields et al. [28] 6 258 bla TEM-1 , bla SHV-11 , bla OXA-9 , aadA1, aac(6 ′ )-Ib, strAB, sul2, dfrA14 �Tn 1331–Tn 4401d IncFIA-pBK30683 

Shields et al. [16] 1 258 NS NS NS 

Giddins et al. [29] 5 307 bla CTX-M-1 , bla OXA-1 Tn 4401e IncA/C, IncFIB K 
Raisanen et al. [30] 1 39 bla SHV-11 NS NS 

Gaibani et al. [31] 2 1519 #1,#2, bla TEM-1A , bla OXA-9 , bla SHV-11 , aac(6 ′ )-Ib, aadA2, aph(3 ′ )-Ia, aac(6 ′ )-Ib -cr, 

oqxA, oqxB 

#1, mgrB 

NS #1,#2, IncFIIK, IncFIB(pQIL), IncFIBK(Kpn3), 

IncFIB(pKPHS1), IncX3, ColRNAI 

#2, Col(BS512) 

Gottig et al. [32] 1 101 NS NS NS 

Athans et al. [33] 2 NS bla TEM-1 , bla SHV-11 , bla SHV-12 NS NS 

Galani et al. [34] 8 #1, 39 

#2–#8, 147 

#1,#2, bla SHV-11 , bla OXA-10 , bla TEM-1B , rmtB1 

#1, bla VEB-14 

#2–#8, bla VEB-25 

NS IncA/C2 

Voulgari et al. [35] 2 #1, 147 

#2, 258 

#1,#2, aadA1, aadA2, aph(2 ′ ′ )-Ia, aph(3 ′ ′ )-Ia, aph(3 ′ ′ )-Ib, aph(6)-Id, rmtB1, 

bla VEB-25 , bla OXA-10 , bla TEM-1 , oqxA, oqxB, fosA, mdfA, cmlA1, floR2, arr-2, sul1, 

sul2, tetA, tetG, dfrA12 

#1, bla SHV-11 

#2, aac(6 ′ )-Ib -cr, bla SHV-182 , mphA, catA1, dfrA14, dfrA23 

NS #1, IncA/C2, IncR, IncFIB(pKPHS1), 

IncFIB(pQil), IncFII(K), IncA/C2, IncFIB(K) 

#2, ColRNAI, IncX3 

Cano et al. [36] 5 NS NS NS NS 

Hemarajata et al. [37] 1 258 bla OXA-9 , bla SHV-11 , bla TEM-1A NS NS 

Coppi et al. [38] 2 258 #1, aph(3 ′ )-Ia, aadA2, aac(3)-IIa, aac(6 ′ )-Ib3, bla OXA-1 , catA1, catB3, dfrA12, 

dfrA14, qnrB1, sul1, aac(6 ′ )-Ib 

#2, bla TEM-1 

Tn 4401a-1 , Tn 4401a-2 #1, IncFII K7 -IncFIB k , IncFIB k -ColE 

#2, IncFII K7 -IncFIB k , IncFIB k –ColE 

Antonelli et al. [39] 1 512 bla SHV-11 , bla TEM-1 , aph(3 ′ )-Ia, aac(6 ′ )-Ib, ant(3 ′ ′ )-Ia, catA1, sul1, dfrA12, mphA NS NS 

Mueller et al. [40] 1 395 bla TEM-1 , bla SHV , bla CMY NS IncFII-type 

Gaibani et al. [41] 3 #1, 512 

#2, 258 

#3, 1519 

#1, bla SHV-11 , aac(6 ′ )-Ib, oqxA, oqxB, aac(6 ′ )-Ib -cr, sul1 

#2, bla SHV-12 , aadA2, aph(3 ′ )-Ia, aac(6 ′ )-Ib -cr, oqxA, oqxB, sul1 

#3, bla TEM-1A , bla OXA-9 , bla SHV-11 , aadA2, aph(3 ′ )-Ia, aac(6 ′ )-Ib -cr, oqxA, oqxB, 

sul1 

Tn 4401 #1, IncFIB (K), IncFIB(pKPHS1), IncX3, ColRNAI 

#2, IncFIIK, IncFIB(K), IncX3, ColRNAI 

#3, IncFIB (pQIL), IncFIB(pKPSH1), IncFIB(K), 

IncFII(K), IncX3, ColRNAI, Col(BS512) 

Gaibani et al. [42] 1 1519 bla TEM-1A , bla SHV-11 , bla OXA-9 , aac(6 ′ )-Ib, oqxA, oqxB, aac(6 ′ )-Ib -cr, fosA Tn 4401a IncFIB(pQIL), IncFIB(K), ColRNAI, Col(BS512), 

IncX3 

Venditti et al. [43] 2 512 bla TEM-1A , bla SHV-128 , bla OXA-9 , aac(6 ′ )-Ib, aadA2, aph(3 ′ )-Ia, fosA, mphA, catA1, 

oqxA, oqxB, sul1, dfrA12 

NS IncFII(K), IncFIB(pQil) 

Galani et al. [44] 1 258 bla TEM-1A , bla SHV-11 , bla OXA-9 , aac(6 ′ )-Ib, aph(3 ′ )-Ia, aadA2, fosA, catA1, sul1, 

tetA, dfrA12 

Tn 4401a IncFIIk-FIB 

Shields et al. [45] 5 258 NS NS NS 

García et al. [46] 3 11 bla CTX-M-15 NS NS 

Castanheira et al. [47] 1 NS NS NS NS 

Munoz-Price et al. [48] 2 #1, 258 

#2, 407 

#2, bla OXA-9 , bla TEM- 1, aac(6 ′ )-Ib, aadA1, strB, strA, sul2, dfrA14 #2, Tn 5403 NS 

NOTE: Numbers preceded by ‘#’ indicate sequential number of isolates. 

NS, not specified. 
a Replicon/plasmid content of study isolates as indicated in original reports. 
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Table 4 

Clinical and epidemiological data of patients with infections or colonisations by ceftazidime/avibactam (CAZ-AVI)-resistant isolates 

Reference Country (year) 

No. of 

patients 

Sex, age 

(years) 

Prior CAZ-AVI 

exposure Main underlying diseases Infection/colonisation Antibiotic regimen Outcome 

Humphries 

et al. [ 11 , 15 ] 

USA 

(2015––2017) 

1 F, 62 No Splenectomy 

Pancreatic cancer 

Liver abscess 

BSI 

SXT + PMB Improved 

Shields et al. 

[28] 

USA (2017) 3 #1, F, 40 

#2, F, 50 

#3, M, 70 

#1, yes (14 days) 

#2, yes (19 days) 

#3, yes (15 days) 

#1, lung transplant 

#2, subphrenic abscess 

#3, oesophageal cancer 

#1, pneumonia 

#2, urinary colonisation 

#3, pneumonia 

#1, MEM + GEN 

#2, none 

#3, MEM + COL 

#1, died 

#2, discharged 

#3, improved 

Shields et al. 

[16] 

USA (2017) 1 M, 67 Yes (30 days) Oesophageal cancer Intra-abdominal abscess 

BSI 

MEM + drainage 

MEM 

Discharged 

Giddins et al. 

[29] 

USA (2018) 1 M, 40 Yes (12 days) Diabetes 

Hypertension 

Acute pancreatitis 

Pancreatitis 

HAP 

MEM + PMB Died 

Raisanen et al. 

[30] 

Finland (2019) 1 NS Yes (34 days) None BSI SXT + COL Recovered 

Gaibani et al. 

[31] 

Italy (2018) 1 M, NS Yes (17 days) Liver transplant BSI 

HAP 

MEM + GEN Died 

Gottig et al. 

[32] 

Germany 

(2019) 

1 F, 60 a Yes (14 days) Myocardial infarction Respiratory, intestinal, wound 

colonisation 

Sepsis (NS) 

CAZ-AVI + TIG Died 

Athans et al. 

[33] 

USA (2019) 1 M, 24 Yes (33 days) Liver transplant BSI 

Subphrenic abscess 

GEN + PMB + TIG 

MEM/vaborbactam + TIG 

Recovered 

Galani et al. 

[34] 

Greece (2020) 8 #1, NS, 50 

#2, NS, 85 

#3, NS, 85 

#4, NS, 65 

#5, NS, 75 

#6, NS, 70 

#7, NS, 60 

#8, NS, 55 

#1, yes 

#2, no 

#3, no 

#4, no 

#5, no 

#6, no 

#7, no 

#8, no 

#1, subarachnoid haemorrhage 

#2, subdural haematoma 

#3, metastatic cancer 

#4, subarachnoid haemorrhage 

#5, subarachnoid haemorrhage 

#6, acute coronary syndrome 

#7, metastatic cancer 

#8, acute coronary syndrome 

#1, colonisation 

#2, CRBSI 

#3, VAP 

#4, colonisation 

#5, colonisation 

#6, CRBSI 

#7, colonisation 

#8, colonisation 

#1, NS 

#2, CAZ/AVI + FOS + MEM 

#3, ATM + CAZ/AVI + FOS 

#4, NS 

#5, NS 

#6, CAZ/AVI + MEM 

#7, NS 

#8, NS 

#1, discharged 

#2, died 

#3, died 

#4, discharged 

#5, discharged 

#6, died 

#7, died 

#8, discharged 

Voulgari et al. 

[35] 

Greece (2020) 2 #1, F, 60 a 

#2, M, 30 a 

#1, no 

#2, no 

#1, cardiopulmonary arrest 

#2, epidural haematoma 

#1, CRBSI 

#2, respiratory colonisation 

#1, NS 

#2, NS 

#1, NS 

#2, NS 

Cano et al. [36] Spain (2019) 1 M, 47 Yes (12 days) Pancreatectomy for cancer Intra-abdominal infection Imipenem/cilastatin + GEN + TIG Improved 

Hemarajata 

et al. [37] 

USA (2019) 1 M, 40 a Yes (13 days) Hypertension 

Alcohol abuse 

End-stage liver disease 

End-stage renal disease 

BSI MEM Discharged 

Coppi et al. 

[38] 

Italy (2020) 1 NS No Kidney transplant UTI 

BSI 

Nephrectomy + double 

carbapenem + TIG 

Recovered 

( continued on next page ) 
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Table 4 ( continued ) 

Reference Country (year) No. of 

patients 

Sex, age 

(years) 

Prior CAZ-AVI 

exposure 

Main underlying diseases Infection/colonisation Antibiotic regimen Outcome 

Antonelli et al. 

[39] 

Italy (2019) 1 NS Yes (14 days) Surgical site infection Intestinal colonisation None NS 

Mueller et al. 

[40] 

Switzerland 

(2019) 

1 M, 72 Yes (24 days) Pancreatic cancer Cholangitis COL + MEM Recovered 

Gaibani et al. 

[41] 

Italy (2020) 3 NS No (3/3) NS BSI (3/3) NS NS 

Gaibani et al. 

[42] 

Italy (2020) 1 M, 50 Yes (18 days) Liver transplant Intestinal colonisation None NS 

Venditti el al. 

[43] 

Italy (2019) 2 #1, F, 27 

#2, M, 53 

#1, yes (30 days) 

#2, yes (25 days) 

#1, liver transplant 

#2, HIV/AIDS 

#1, respiratory colonisation 

#2, respiratory colonisation 

#1, none 

#2, none 

#1, died 

#2, discharged 

Galani et al. 

[44] 

Greece (2019) 1 NS No NS NS NS NS 

Shields et al. 

[45] 

USA (2018) 4 #1, F, 49 

#2, F, 58 

#3, M, 73 

#4, F, 43 

#1, yes (10 days) 

#2, yes (19 days) 

#3, yes (15 days) 

#4, yes (11 days) 

#1, lung transplant 

#2, Intra-abdominal infection 

#3, oesophageal cancer 

#4, lung transplant 

#1, pneumonia 

#2, urinary colonisation 

#3, pneumonia 

#4, pneumonia 

#1, GEN + MEM 

#2, None 

#3, COL + MEM 

#4, CAZ-AVI 

#1, died 

#2, survived 

#3, survived 

#4, died 

Garcia et al. 

[46] 

Argentina 

(2020) 

3 NS No (3/3) NS Urinary infection/colonisation (3/3) NS NS 

Castanheira 

et al. [47] 

USA (2018) 1 F, 44 Yes (12 days) End-stage renal disease 

Intestinal perforation 

Peritonitis AMK + CAZ-AVI + TIG Died 

Munoz-Price 

et al. [48] 

USA (2019) 2 #1, M, 69 

#2, F, 63 

#1, yes (47 days) 

#2, yes (47 days) 

#1, liver transplant 

#2, NS 

#1, intestinal colonisation 

#2, intestinal colonisation 

#1, none 

#2, none 

#1, NS 

#2, NS 

NOTE: Numbers preceded by ‘#’ indicate sequential number of patients. 

BSI, bloodstream infection; SXT, trimethoprim/sulfamethoxazole; PMB, polymyxin B; MEM, meropenem; GEN, gentamicin; COL, colistin; HAP, hospital-acquired pneumonia; NS, not specified; TIG, tigecycline; CRBSI, catheter- 

related bloodstream infection; VAP, ventilator-associated pneumonia; FOS, fosfomycin; ATM, aztreonam; UTI, urinary tract infection; HIV/AIDS, human immunodeficiency virus/acquired immune deficiency syndrome; AMK, 

amikacin. 
a Approximate age. 
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Fig. 1. Literature selection procedure. 
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.3. Clinical description of case reports and case series 

.3.1. Clinical and epidemiological data 

Our search retrieved 42 patients infected ( n = 27) or colonised 

 n = 15) by CAZ-AVI-resistant KPC-E ( Table 4 ). Among patients 

ith infections caused by CAZ-AVI-resistant strains, 53% were male 

nd the mean ± standard deviation (S.D.) age was 57 ± 17 years. 

s predisposing factors, 39% patients had cancer and 22% were 

olid-organ transplant recipients. CAZ-AVI was administered as in- 

ermittent infusion with dosages reflecting the manufacturers’ data 

heets (i.e. 2.5 g every 8 h) and adjusted for glomerular filtration 

ate when needed. The mean ± S.D. duration of CAZ-AVI admin- 

stration was 17 ± 7 days; this long duration is particularly influ- 

nced by the presence of patients with intra-abdominal abscess in 

he case series. The fatality rate of infected patients was 37%. Ten 

atients (23.8%) developed bloodstream infection (BSI) by CAZ-AVI- 

esistant strains. 

Among colonised patients, the mean age was 54 years and the 

atality rate was 15%. 

CAZ-AVI in combination with other antibiotics (usually gentam- 

cin or tigecycline; 45% combination regimens for each) was ad- 

inistered to 69% of infected patients before the emergence of 

AZ-AVI resistance. Meropenem was part of the regimen in only 

ne case. Conversely, known CAZ-AVI-resistant strains were com- 

only treated with combination therapy (85% of cases were re- 

ated to infections), with meropenem being the commonest antibi- 

tic used (65% of cases), followed by tigecycline (30%), gentamicin 

25%), colistin (25%) and fosfomycin (10%). One case was treated 

ith a regimen including meropenem/vaborbactam. Despite the 

mergence of resistance, 35% of patients received CAZ-AVI, in all 

ut one as part of combination therapy. 

.3.2. Detection of CAZ-AVI resistance in the absence of previous 

AZ-AVI treatment 

The first report of infection due to CAZ-AVI-resistant KPC-3- 

roducing K. pneumoniae was that of a 62-year-old woman who 
276 
nderwent a pancreaticoduodenectomy for cancer [11] . She then 

eveloped bacteraemic cholangitis abscesses due to carbapenem- 

esistant K. pneumoniae . After failure of combinations regimens in- 

luding gentamicin, cefepime, colistin, high-dose meropenem and 

igecycline, the patient was admitted to the intensive care unit and 

eceived CAZ-AVI. Surprisingly, one carbapenem-resistant K. pneu- 

oniae isolated from blood turned out to be resistant to CAZ- 

VI, likely owing to the combination of porin alterations and in- 

reased KPC-3 expression [15] . Apparent synergy between avibac- 

am and meropenem was detected in vitro and a combined reg- 

men of CAZ-AVI, meropenem and polymyxin B was commenced, 

ith possible beneficial effects [11] . Porin alterations and increased 

PC-3 expression were also responsible for CAZ-AVI resistance in 

 pandrug-resistant KPC-producing K. pneumoniae causing urinary 

ract infection and bacteraemia in a kidney transplant recipient in 

hom bilateral nephrectomy was necessary to resolve the infec- 

ion [38] . In a laboratory-based surveillance study, three CAZ-AVI- 

esistant KPC-E were isolated from CAZ-AVI-unexposed patients 

ith BSIs. In this study, CAZ-AVI resistance was conferred by porin 

lterations plus increased expression of KPC-3 in two of the cases 

nd by mutation of the bla KPC-2 gene in the other [41] . No fur-

her details regarding clinical history were available, in line with 

he laboratory-based nature of the study. The same lack of clinical 

istory applies to a few other clinical isolates of CAZ-AVI-resistant 

PC-E from some other laboratory-based studies [44–46] . 

CAZ-AVI resistance in KPC-E isolated from patients without 

rior CAZ-AVI exposure was also reported by Voulgari et al. who 

eported two patients harbouring CAZ-AVI-resistant isolates dis- 

laying only intermediate susceptibility to tigecycline (one isolated 

rom blood and the other from the lower respiratory tract) and 

n which resistance to CAZ-AVI was conferred by VEB-25, a vari- 

nt of VEB-1 that is not inhibited by avibactam [35] . CAZ-AVI re- 

istance due to VEB-25 production was also reported by Galani 

t al. in seven patients with KPC-E isolates not exposed to CAZ- 

VI (two patient s with catheter-related BSI, one with VAP and four 

nly colonised) [34] . Clinical improvement was observed in one of 
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he patients with catheter-related BSI and in the patient with VAP 

ho were treated with combinations of CAZ-AVI plus meropenem 

lus fosfomycin and CAZ-AVI plus aztreonam plus fosfomycin, re- 

pectively (death due to other causes was subsequently registered 

n both cases). Failure of CAZ-AVI plus meropenem salvage therapy 

ith subsequent infection-related death was conversely registered 

n the other patient with catheter-related BSI. 

.3.3. Emergence of CAZ-AVI resistance after CAZ-AVI treatment 

In 2017, Shields et al. reported three cases of emergence of CAZ- 

VI resist ance after CAZ-AVI treatment in patients KPC-E infections 

28] . The first patient was a lung transplanted woman with urinary 

ract infection and pneumonia, the second a woman with sub- 

hrenic abscess, and the third a man with oesophageal cancer and 

neumonia. All of these infections were caused by carbapenem- 

esistant but CAZ-AVI-susceptible K. pneumoniae and were treated 

ith CAZ-AVI. However, an inverse susceptibility phenotype (CAZ- 

VI-resist ant but meropenem-susceptible) was recorded in sub- 

equent K. pneumoniae isolates from the first and third patients 

ho were treated with meropenem plus gentamicin and with 

eropenem plus colistin, respectively. An unfavourable and a 

avourable outcome (death in the first patient and survival in the 

hird patient) were ultimately registered. No further therapy was 

eemed necessary in the second patient in whom the CAZ-AVI- 

esistant isolates were considered colonisers. In this study, muta- 

ions in the bla KPC-3 gene were found to be responsible for CAZ-AVI 

esistance and restored meropenem susceptibility, although the lat- 

er was not observed for the second patient [28] . In the same year,

he same authors reported another male patient with oesophageal 

ancer who developed pneumonia from a KPC-3-producing CAZ- 

VI-susceptible K. pneumoniae treated with a combination of CAZ- 

VI and aerosolised gentamicin [16] . Subsequently, the patient de- 

eloped an intra-abdominal abscess and BSI due to carbapenem- 

usceptible and CAZ-AVI-resistant K. pneumoniae . The abscess was 

esolved with complete drainage, whereas the bacteraemic event 

esolved after meropenem monotherapy. Again, mutations in the 

la KPC-3 gene were deemed responsible for the modified phenotype 

16] . 

Mutations in the bla KPC-3 gene leading to KPC variants that 

onferred resistance to CAZ-AVI in CAZ-AVI-treated patients were 

lso described in other case reports or small case series. Gaibani 

t al. reported a young liver transplanted man with a BSI due to a 

AZ-AVI-susceptible KPC-3-producing K. pneumoniae , initially suc- 

essfully treated with a combination of CAZ-AVI and gentamicin 

31] . Two days after treatment discontinuation, the patient devel- 

ped bacteraemic pneumonia from CAZ-AVI-resistant strains (one 

ith low-level and one with high-level meropenem resistance), 

reated with a combination of high-dose meropenem and gen- 

amicin with initial improvement, although an unfavourable out- 

ome was eventually registered. A similar scenario was described 

y Cano et al. who reported a male patient who, following pancre- 

tectomy for cancer, developed a complicated intra-abdominal in- 

ection due to a CAZ-AVI-susceptible KPC-3-producing K. pneumo- 

iae , with subsequent isolation after CAZ-AVI treatment of a CAZ- 

VI-resist ant and carbapenem-susceptible K. pneumoniae produc- 

ng a KPC-3 variant [36] . In this patient, clinical improvement was 

bserved after initiation of a combined regimen with gentamicin, 

igecycline and imipenem/cilastatin. Two cases of emergent KPC- 

 variants conferring CAZ-AVI resistance and reduced meropenem 

ICs were also reported by Venditti et al. [43] . The first of the

wo patients had been previously treated with CAZ-AVI plus fos- 

omycin for VAP and complicated intra-abdominal infection caused 

y CAZ-AVI-susceptible KPC-3-producing K. pneumoniae (developed 

fter liver transplantation). The second patient, who had human 

mmunodeficiency virus (HIV) infection and Kaposi sarcoma, had 

een previously treated with CAZ-AVI and tigecycline for VAP and 
277 
acteraemia due to CAZ-AVI-susceptible KPC-3-producing K. pneu- 

oniae . 

Of note, development of CAZ-AVI resistance due to mutations 

n bla KPC-3 was also observed in rectal KPC-E colonisers harboured 

y patients who received CAZ-AVI treatment for other indica- 

ions (e.g. targeted treatment of a systemic KPC-E infection or 

mpirical treatment) [ 32 , 39 , 40 , 42 , 48 ]. Mutations, this time in the

la KPC-2 gene, were registered in the case of emergent CAZ-AVI re- 

istance in six CAZ-AVI-treated patients with KPC-2-producing En- 

erobacterales colonisation or infection in the USA ( n = 4), Greece 

 n = 1) and Finland ( n = 1), not always associated with concomi-

ant restoration of meropenem susceptibility [ 29 , 30 , 33 , 34 , 37 , 47 ].

inally, among 19 and 37 patients receiving CAZ-AVI treatment 

or various types of KPC-2-producing Enterobacterales and KPC-3- 

roducing Enterobacterales infections, CAZ-AVI resistance emerged 

n 0% (0/19) and 21.6% (8/37) of cases, respectively. Of note, in this 

atter study development of resistance was independently associ- 

ted with receipt of renal replacement therapy in patients with 

icrobiological failure ( n = 25) during CAZ-AVI treatment (odds 

atio = 26.7, 95% confidence interval 2.2–317.1; P = 0.009) [45] . 

 summary of the types of infection, antibiotic therapy and out- 

ome of both these latter cases and all other patients with CAZ- 

VI-resist ant KPC-E described above is available in Table 4 . The 

ountry-wise distribution of resistant cases and the most impor- 

ant related features are shown in Fig. 2 . 

. Discussion 

Resistance to CAZ-AVI has become a serious cause of concern 

22] . When reported in studies involving > 10 isolates, resistance 

ates mostly ranged between 0% and 4% [ 41 , 49–64 ], with only

wo studies reporting the higher resistant rate of 8.1% (3/37 iso- 

ates) and 12.8% (6/47 isolates), respectively, among KPC-producers 

 58 , 60 ]. However, these data represent the overall rates of resis- 

ance to CAZ-AVI reported in the scientific literature, taking into 

ccount the diversity of examined populations and the evaluation 

f different epidemiological or therapeutic contexts. Interestingly, 

ow rates of CAZ-AVI-resistant isolates have also been retrospec- 

ively reported in strains isolated before the introduction of CAZ- 

VI in clinical practice (2015) [ 51 , 55 , 56 ]. This is an important point

ecause isolates with baseline resistance to CAZ-AVI, although dis- 

ributed at very low rates, could represent a reservoir of resistance 

hat could be potentially enhanced under inappropriate CAZ-AVI- 

ased treatment. Notably, an important percentage of isolates with 

aseline resistance to CAZ-AVI (33.3%; n = 19) has also been found 

n our search. 

Our work represents the first review of the literature summaris- 

ng the emergence of resistance to CAZ-AVI in real-life clinical case 

eports or case series. Overall, we can speculate that resistance to 

AZ-AVI, although uncommon, has rapidly emerged with signifi- 

ant numbers, especially considering the very recent history of this 

rug. Clinical cases reporting the emergence in vivo of resistance 

ccurred in seven countries, accounting for 42 patients with infec- 

ions or colonisations sustained by resistant isolates. Notably, 80% 

f patients were reported in the USA ( n = 14; 9 reports), Greece 

 n = 11; 3 reports) and Italy ( n = 9; 6 reports), commonly known

s endemic countries for KPC-E ( Fig. 2 ). Intensive use of CAZ-AVI in

hese countries could be conceivable, hence potentially increasing 

he local CAZ-AVI resistance rate. To date, more than 50 CAZ-AVI- 

esistant KPC-E have been reported in clinical cases or case series 

i.e. 57 resistant isolates in 23 reports). Almost two-thirds of them 

ere isolated from patients previously exposed to CAZ-AVI and al- 

ost all the involved resistant bacteria were K. pneumoniae strains. 

ne-fifth of the CAZ-AVI-resistant isolates were also resistant to 

olistin and ~80% of the isolates were also extended-spectrum β- 

actamases (ESBL)-producers. 
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Fig. 2. Country-wise distribution of ceftazidime/avibactam-resistant cases and most relevant features. 
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An important cause of concern is represented by the high fatal- 

ty rate related to infected patients (37%). However, this rate is sim- 

lar to those previously described for infections caused by CAZ-AVI- 

usceptible KPC-E [65] . The mortality rate of patients with CAZ- 

VI-resist ant systemic infections (10%) was much lower compared 

ith the overall mortality (37%), hence highlighting the pivotal 

ole of patient co-morbidities (cancer, transplantation, cardiopathy) 

n increasing the overall mortality rate attributable to CAZ-AVI- 

esistant isolates. In fact, as previously reported, a higher clinical 

ure does not necessarily result in a reduction of in-hospital mor- 

ality [66] . Moreover, the high percentage of CAZ-AVI-resistant iso- 

ates in patients with important co-morbidities mostly reflects the 

ntensive exposure to antimicrobials in this population. 

Another major concern is related to the several mechanisms of 

esistance described so far, determining various levels of resistance 

o CAZ-AVI. Reported mechanisms of resistance include amino acid 

ubstitutions or deletions of the KPC enzyme and permeability de- 

ects (i.e. alterations in OmpK35, OmpK36 and OmpK37), some- 

imes in association with an increased expression of KPC or even 

SBL determinants (SHV-, CTX-M- or VEB-type β-lactamases). In 

articular, most substitutions occurred within the KPC �-loop (po- 

itions 165–179), thereby enhancing ceftazidime affinity and pos- 

ibly restricting avibactam binding [17] . Resistant isolates were 

ostly KPC-3-producing K. pneumoniae belonging to ST258. The 

179Y variant, both in KPC-2 and KPC-3 determinants, alone 

r in combination with other substitutions or resistance mecha- 

isms (i.e. non-functional porins), was the most reported resis- 

ance mechanism and manifested the strongest phenotypes (CAZ- 

VI MICs of 128–256 mg/L), determining a 5- to 7-fold increase of 

he initial CAZ-AVI MICs. As expected, KPC variants commonly had 

 plasmidic nature, being mostly harboured by Tn 4401 -like trans- 

osons. Despite the mobile genetic nature of mutated enzymes, 

arge outbreaks due to CAZ-AVI-resistant isolates have not been de- 

cribed so far. While KPC mutations were mainly reported follow- 

ng treatment with CAZ-AVI, permeability defects related to non- 
278 
unctional porins have been described even in the absence of pre- 

ious exposure to the drug (baseline resistance), hence inhibiting 

he diffusion of AVI across the outer membrane, with higher CAZ- 

VI MICs (256 mg/L) mostly associated with the presence of the 

EB-25 determinant. 

Restoration of susceptibility to meropenem occurred mostly 

n isolates harbouring the D179Y variant, sometimes reaching 

ery low post-treatment MICs (0.5–0.25 mg/L) and determining 

 2- to 9-fold reduction of the initial meropenem MICs. These 

ata could indicate that infections caused by CAZ-AVI-resistant 

nd carbapenem-susceptible K. pneumoniae could also, theoreti- 

ally, be treated with carbapenems. However, in real life, the role 

f carbapenems in treating patients with infections caused by 

AZ-AVI-resistant KPC-E is unclear. In fact, in vitro studies have 

emonstrated that under selective pressure with carbapenems, 

he MICs of these compounds can increase, while the organism 

aintains its resistance to CAZ-AVI [17] . As an important finding, 

hen data were reported, our search revealed 12 patients (28.6%) 

ith infections sustained by CAZ-AVI-resistant KPC-E treated with 

eropenem-based therapy (alone or in combination). It is of note 

hat six (50%) of them died. 

This point represents a serious challenge for the treatment of 

PC-E because the application of combination therapy related to 

he need to protect the activity of CAZ-AVI, but also of carbapen- 

ms, should be considered. One of the most recent studies re- 

orted the highest percentage of resistant isolates (12.7%) among 

hose treated with CAZ-AVI-based monotherapy, highlighting the 

ossible role of combination therapy in the correct clinical man- 

gement of CAZ-AVI, although with the limitation of the small 

ample size and the inherent difficulties in reliably assessing ef- 

ectiveness of combinations versus monotherapy for the treatment 

f KPC-E [ 60 , 67 ]. Our search highlights the emergence of resis-

ance to CAZ-AVI when administered either in monotherapy and 

n a combination regimen. Indeed, considering only infected pa- 

ients before the emergence of CAZ-AVI resistance, 69% received 
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[

AZ-AVI in combination with other antibiotics (usually gentam- 

cin or tigecycline). Moreover, 85% of CAZ-AVI-resistant strains re- 

ated to infections were commonly treated with combination ther- 

py, with meropenem as the commonest antibiotic used (65% of 

ases). Notably, despite the emergence of resistance, 35% of pa- 

ients received CAZ-AVI, in all but one as part of combination ther- 

py. Given together, these data highlight how an optimal therapeu- 

ic regimen for CAZ-AVI, either in monotherapy or combination, 

emains an unanswered question. Recent IDSA guidance on the 

reatment of antimicrobial-resistant Gram-negative infections rec- 

mmended against routine combination therapy for carbapenem- 

esistant Enterobacterales infections according to previous data re- 

orting no additional benefit of combination therapy [ 6 , 68 ]. How- 

ver, conflicting evidence exists [69] and we believe this is still an 

pen issue. 

Taking into consideration that the main mechanism of resis- 

ance to CAZ-AVI is represented by the presence of metallo- β- 

actamases, the role of other β-lactam/ β-lactamase inhibitor com- 

inations (i.e. meropenem/vaborbactam and imipenem/relebactam) 

s overall limited. However, the increasing use of CAZ-AVI for 

reating infections caused by KPC-E could change this situation. 

eropenem/vaborbactam has been successfully used in the pres- 

nce of specific mutations of genes encoding carbapenemases, sug- 

esting a role as salvage therapy [33] . 

It is likely that the lack of adequate source control alongside 

n extended antibiotic course (mean duration of 17 days) could 

ave contributed to resistance development. Moreover, the admin- 

stration of CAZ-AVI as prolonged/continuous infusions (never de- 

ected in our search) could be a key strategy to prevent thera- 

eutic failures [70] . However, it is important to underline that the 

onclusions are limited by the fact that the data at best come 

rom small series, in particular fatality rate data are likely under- 

stimated both for infected and colonised patients owing to some 

issing data on outcomes, and that further studies are needed to 

learly elucidate the most important features involved in CAZ-AVI 

esistance development. 

. Conclusions 

Although CAZ-AVI resistance remains uncommon, it is being in- 

reasingly reported and the fatality rate in patients infected with 

AZ-AVI-resistant strains appears to be high (almost 40%). There- 

ore, it is imperative to improve CAZ-AVI use from an antimicro- 

ial stewardship perspective in order both to delay the emergence 

nd spread of further resistance, while at the same time guarantee- 

ng the prompt and correct use of this agent in patients with sus- 

eptible KPC-E infections who may benefit from its administration. 

rom this standpoint, the availability of prompt antimicrobial sus- 

eptibility testing including CAZ-AVI for Enterobacterales is likely 

ssential. In conclusion, CAZ-AVI resistance is an urgent issue to 

onitor in order to improve both empirical and targeted CAZ-AVI 

se as well as the management of patients with infections caused 

y CAZ-AVI-resistant strains. 
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