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Objectives: To evaluate the in vitro activity of ceftolozane/tazobactam and comparator agents tested against
contemporary Gram-negative bacteria. Ceftolozane/tazobactam is an antipseudomonal cephalosporin com-
bined with a well-established b-lactamase inhibitor.

Methods: A total of 10532 Gram-negative organisms (2191 Pseudomonas aeruginosa and 8341 Enterobacteriaceae)
were consecutively collected from 31 medical centres located in 13 European countries plus Turkey and Israel.
The organisms were tested for susceptibility by broth microdilution methods as described by the CLSI M07-A9
document and the results interpreted according to EUCAST as well as CLSI breakpoint criteria. Selected ceftazi-
dime- and/or meropenem-resistant P. aeruginosa isolates were screened for the presence of b-lactamase genes
by PCR.

Results: P. aeruginosa exhibited high rates of multidrug-resistant (31.9%) and extensively drug-resistant (24.6%)
isolates and 11.6% of isolates were susceptible only to colistin. When tested against P. aeruginosa, ceftolozane/
tazobactam (MIC50, 1 mg/L) was generally 4-fold more active than ceftazidime (MIC50, 4 mg/L) and inhibited
.90% of isolates with an MIC of ≤8 mg/L in nine countries. In contrast, the highest susceptibility rates observed
for ceftazidime and meropenem, respectively, were 86.0%/86.0% (UK) and 85.2%/86.1% (Ireland) (67.2%/
67.1% overall). Ceftolozane/tazobactam (MIC50/90, 0.25/2 mg/L; 93.7% and 95.2% inhibited at ≤4 and
≤8 mg/L, respectively), meropenem [MIC50/90, ≤0.06/≤0.06 mg/L; 98.0% susceptible (EUCAST)] and tigecycline
[MIC50/90, 0.12/1 mg/L; 94.1% susceptible (EUCAST)] were the most active compounds tested against
Enterobacteriaceae.

Conclusions: Ceftolozane/tazobactam was the most active b-lactam agent tested against P. aeruginosa and
demonstrated higher in vitro activity than currently available cephalosporins and piperacillin/tazobactam
when tested against Enterobacteriaceae.
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Introduction
Antimicrobial resistance represents a serious threat to public
health in Europe, leading to increasing healthcare costs, treat-
ment failure and deaths. Surveillance of antimicrobial resistance
is a fundamental part of an effective response to this threat.1

The increasing trend in antimicrobial resistance is most worrisome
for Gram-negative bacteria, because there has been little progress
in the development of new antimicrobial agents targeting these
organisms.2 Multidrug-resistant (MDR) Gram-negative organisms
have become prevalent in hospitals worldwide in recent years and
we are now facing infections caused by extensively drug-resistant
(XDR) and pandrug-resistant (PDR) bacteria that are resistant

to most (XDR) or all (PDR) antimicrobial agents available for
clinical use.3,4

Among the Gram-negative organisms, Enterobacteriaceae
and Pseudomonas aeruginosa are responsible for the vast major-
ity of infections in the hospital setting and the susceptibility of
these organisms to antimicrobial agents has drastically changed
in the last two decades.1,3,5 The proliferation of b-lactamases,
especially extended-spectrum b-lactamases (ESBLs), has had a
great negative impact on the treatment of Enterobacteriaceae
infections, with the most prominent ESBLs worldwide being the
CTX-M-14 and CTX-M-15 enzymes.6 The global spread of CTX-M
enzymes is one of the most remarkable examples of rapid dissem-
ination of resistance genes among bacterial pathogens and more
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recently we are witnessing the spread of carbapenemase-
producing Enterobacteriaceae in some geographic regions.1,7 – 9

P. aeruginosa represents a major cause of hospital-acquired
infections, particularly pneumonia, and is often resistant to
multiple antimicrobial agents.10 This organism exhibits intrinsic
decreased susceptibility to a wide range of antimicrobials because
of low outer membrane permeability, which facilitates secondary
adaptive resistance mechanisms to work more efficiently, includ-
ing b-lactamases and efflux pumps.11 Furthermore, prompt initi-
ation of proper antimicrobial therapy is crucial when treating
infections caused by this organism, since it has been shown
that delay in the initiation of appropriate antimicrobial therapy
is associated with increased morbidity and mortality in patients
with severe P. aeruginosa infections.12

Ceftolozane/tazobactam is an antibacterial consisting of cef-
tolozane (formerly CXA-101 or FR264205), an antipseudomonal
cephalosporin, with tazobactam, a well-established b-lactamase
inhibitor.13 Ceftolozane has shown potent activity against
P. aeruginosa and stability against various resistance mechanisms
employed by this organism to other b-lactam compounds.14,15

Tazobactam is a potent inhibitor of most common class A and C
b-lactamases that, by binding to the active site of these enzymes,
protects ceftolozane from hydrolysis and broadens coverage to
include most ESBL-producing Enterobacteriaceae.16 Ceftolozane/
tazobactam is currently in Phase 3 trials for treatment of
complicated intra-abdominal infections (http://clinicaltrials.gov,
identifiers NCT01147640, NCT01445665 and NCT01445678),
complicated urinary tract infections (NCT01345955, NCT01345929
and NCT00921024) and ventilator-associated pneumonia
(NCT01853982). In this investigation, we evaluated the in vitro
activities of ceftolozane/tazobactam, ceftazidime, piperacillin/
tazobactam, meropenem and other comparator agents when
tested against clinical isolates of P. aeruginosa and Entero-
bacteriaceae collected from European hospitals in 2011
and 2012.

Methods

Sampling sites and organisms
A total of 10532 Gram-negative organisms, including 8341 Entero-
bacteriaceae and 2191 P. aeruginosa, were consecutively collected from
31 medical centres located in 13 European countries plus Turkey and
Israel by the Program to Assess Ceftolozane/Tazobactam Susceptibility.
All organisms were isolated from documented infections and only one iso-
late per patient infection episode was included in the surveillance collec-
tion. Each year, the participating medical centres were requested to
consecutively collect (prevalence mode) a predetermined number of bac-
terial isolates from specific sites of infections; all Enterobacteriaceae and
P. aeruginosa isolates were selected for this investigation. The isolates
evaluated were from bloodstream (3051 isolates; 29.0%), pneumonia in
hospitalized patients (2656 isolates; 25.2%), skin and soft tissue infections
(2294 isolates; 21.8%), urinary tract infections (1126 isolates; 10.7%),
intra-abdominal infections (396 isolates; 3.8%) and other sites (1009
isolates; 9.6%). Species identification was performed by the participant
medical centre and confirmed at JMI Laboratories (North Liberty, IA,
USA) when necessary by matrix-assisted laser desorption ionization
(MALDI)– time-of-flight mass spectrometry using the Bruker Daltonics
MALDI Biotyper (Billerica, MA, USA) by following the manufacturer’s
instructions.

Antimicrobial susceptibility testing
Isolates were tested for susceptibility to multiple antimicrobial agents at a
reference laboratory (JMI Laboratories) by standardized broth microdilu-
tion methods as described by the CLSI M07-A9 document.17,18 MIC results
were interpreted according to CLSI criteria in M100-S2419 as well as
EUCAST breakpoint tables (version 4.0)20 and US FDA breakpoint criteria
(tigecycline only).21 Escherichia coli, Klebsiella pneumoniae and Proteus
mirabilis isolates were grouped as ‘ESBL screen-positive phenotype’
based on the CLSI screening criteria for potential ESBL production, i.e.
MIC of ≥2 mg/L of ceftazidime or ceftriaxone or aztreonam.19 Although
the ESBL screen-positive phenotype isolates were not submitted to an
ESBL confirmation test and other b-lactamases, such as AmpC and
K. pneumoniae carbapenemases (KPC), may also produce an ESBL screen-
positive phenotype, these isolates were grouped together because they
usually demonstrate resistance to various broad-spectrum b-lactam
compounds.

To better evaluate the activities of ceftolozane/tazobactam against
b-lactam-resistant Enterobacteriaceae and P. aeruginosa, isolates were
stratified by susceptibility pattern to ceftazidime and meropenem based
on EUCAST breakpoint criteria. MDR, XDR and PDR bacteria were classified
as such as per recently recommended guidelines4 using the following anti-
microbial class representative agents and EUCAST interpretive criteria:20

(i) for P. aeruginosa—ceftazidime (≥16 mg/L), meropenem (≥4 mg/L),
piperacillin/tazobactam (≥32/4 mg/L), levofloxacin (≥2 mg/L), gentamicin
(≥8 mg/L) and colistin (≥4 mg/L); and (ii) for Enterobacteriaceae—
ceftriaxone (≥2 mg/L), meropenem (≥4 mg/L), piperacillin/tazobactam
(≥16/4 mg/L), levofloxacin (≥2 mg/L), gentamicin (≥4 mg/L), tigecycline
(≥2 mg/L) and colistin (≥4 mg/L). Classifications were based on the
following recommended parameters: MDR¼non-susceptible to at least
three antimicrobial classes; XDR¼susceptible to ≤2 antimicrobial classes;
and PDR¼non-susceptible to all antimicrobial classes tested.4

Genotypic detection of b-lactamases
P. aeruginosa isolates with ceftolozane/tazobactam MICs of ≥16 mg/L
collected in 2011 from countries with ≤80.0% of isolates inhibited by
≤8 mg/L of ceftolozane/tazobactam (i.e. Belgium, Greece, Poland, Russia
and Ukraine) were screened for the presence of blaIMP, blaVIM, blaGES, blaVEB,
blaPER, blaPSE and oxacillinases with ESBL spectrum (blaOXA-2-, blaOXA-10- and
blaOXA-30-group, blaOXA-18 and blaOXA-45) by PCR. Amplicons were sequenced
on both strands and the nucleotide sequences and deduced amino acid
sequences were analysed using the Lasergene software package
(DNASTAR, Madison, WI, USA). Sequences were compared with those avail-
able via Internet sources (http://www.ncbi.nlm.nih.gov/blast/). Isolates
were additionally tested using the Check-MDR CT101 kit (Check-points,
Wageningen, The Netherlands). The assay was performed according to
the manufacturer’s instructions. This kit has the capability to detect
CTX-M groups 1, 2, 8+25 and 9, TEM wild-type (WT) and ESBL, SHV WT
and ESBL, ACC, ACT/MIR, CMYII, DHA, FOX, KPC and NDM.22

Results

Ceftolozane/tazobactam activity against P. aeruginosa

P. aeruginosa exhibited high rates of resistance to most antimicro-
bial agents tested and ceftolozane/tazobactam was one of the
most active agents tested against this organism. Ceftolozane/
tazobactam MIC50/90 values were 1/.32 mg/L and 86.3% of iso-
lates were inhibited at ≤8 mg/L (Table 1). Based on the MIC50, cef-
tolozane/tazobactam was 4-fold more active than ceftazidime
and cefepime (MIC50, 4 mg/L for both compounds). Overall sus-
ceptibility rates (by EUCAST criteria; Table 2) for ceftazidime
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Table 1. Cumulative MIC distributions of ceftolozane/tazobactam tested against P. aeruginosa and Enterobacteriaceae, including various resistance subsets

Organism/resistance
subset (no. tested)

Number of isolates (cumulative %) inhibited at ceftolozane/tazobactam MIC (mg/L) of
MIC50

(mg/L)
MIC90

(mg/L)≤0.12 0.25 0.5 1 2 4 8 16 32 .32

P. aeruginosa (2191) 3 (0.1) 73 (3.5) 938 (46.3) 508 (69.5) 198 (78.5) 132 (84.5) 38 (86.3) 15 (86.9) 32 (88.4) 254 (100.0) 1 .32
MDR (698) 1 (0.1) 15 (2.3) 109 (17.9) 144 (38.5) 102 (53.2) 30 (57.4) 13 (59.3) 30 (63.6) 254 (100.0) 4 .32
XDR (538) 1 (0.2) 49 (9.3) 103 (28.4) 77 (42.8) 19 (46.3) 13 (48.7) 30 (54.3) 246 (100.0) 32 .32
CAZ-NS (371) 1 (0.3) 4 (1.3) 48 (14.3) 110 (43.9) 65 (61.5) 17 (66.0) 7 (67.9) 16 (72.2) 103 (100.0) 4 .32
MEM-NS (720) 2 (0.3) 88 (12.5) 136 (31.4) 113 (47.1) 81 (58.3) 22 (61.4) 13 (63.2) 26 (66.8) 239 (100.0) 4 .32
TZP-NS (810) 2 (0.3) 34 (4.4) 153 (23.3) 173 (44.7) 127 (60.4) 38 (65.1) 15 (66.9) 27 (70.3) 241 (100.0) 4 .32
CAZ-, MEM- and

TZP-NS (476)
25 (5.3) 94 (25.0) 77 (41.2) 18 (45.0) 13 (47.7) 22 (52.3) 227 (100.0) 32 .32

Enterobacteriaceae (8341) 1652 (19.8) 3416 (60.8) 1740 (81.6) 583 (88.6) 243 (91.5) 180 (93.7) 125 (95.2) 90 (96.3) 74 (97.1) 238 (100.0) 0.25 2
MDR (1387) 8 (0.6) 146 (11.1) 331 (35.0) 204 (49.7) 158 (61.1) 123 (69.9) 77 (75.5) 55 (79.5) 62 (83.9) 223 (100.0) 2 .32
XDR (187) 2 (1.1) 13 (8.0) 11 (13.9) 17 (23.0) 13 (29.9) 13 (36.9) 11 (42.8) 15 (50.8) 92 (100.0) 32 .32

E. coli (3843) 1207 (31.4) 1921 (81.4) 452 (93.2) 144 (96.9) 47 (98.1) 23 (98.7) 18 (99.2) 13 (99.5) 9 (99.8) 9 (100.0) 0.25 0.5
ESBL screen

positive (715)
19 (2.7) 177 (27.4) 271 (65.3) 132 (83.8) 44 (89.9) 23 (93.1) 18 (95.7) 13 (97.5) 9 (98.7) 9 (100.0) 0.5 4

K. pneumoniae (1408) 181 (12.9) 448 (44.7) 239 (61.6) 134 (71.2) 73 (76.3) 65 (81.0) 25 (82.7) 25 (84.5) 42 (87.5) 176 (100.0) 0.5 .32
MEM-S, ESBL screen

positive (493)
5 (1.0) 41 (9.3) 93 (28.2) 92 (46.9) 67 (60.4) 65 (73.6) 25 (78.7) 19 (82.6) 26 (87.8) 60 (100.0) 2 .32

MEM-NS (140) 1 (0.7) 1 (1.4) 0 (1.4) 0 (1.4) 6 (5.7) 16 (17.1) 116 (100.0) .32 .32

K. oxytoca (304) 94 (30.9) 123 (71.4) 39 (84.2) 15 (89.1) 13 (93.4) 6 (95.4) 3 (96.4) 2 (97.0) 1 (97.4) 8 (100.0) 0.25 2

Enterobacter spp. (899) 65 (7.2) 370 (48.4) 186 (69.1) 55 (75.2) 57 (81.5) 52 (87.3) 50 (92.9) 21 (95.2) 17 (97.1) 26 (100.0) 0.5 8
CAZ-NS (304) 12 (3.9) 41 (17.4) 38 (29.9) 50 (46.4) 50 (62.8) 49 (78.9) 21 (85.9) 17 (91.4) 26 (100.0) 4 32

Citrobacter spp. (389) 48 (12.3) 218 (68.4) 38 (78.1) 20 (83.3) 6 (84.8) 13 (88.2) 15 (92.0) 20 (97.2) 2 (97.7) 9 (100.0) 0.25 8
P. mirabilis (476) 3 (0.6) 87 (18.9) 327 (87.6) 30 (93.9) 12 (96.4) 4 (97.3) 6 (98.5) 6 (99.8) 1 (100.0) 0.5 1
Indole-positive

Proteae (449)
39 (8.7) 196 (52.3) 158 (87.5) 35 (95.3) 8 (97.1) 3 (97.8) 2 (98.2) 2 (98.7) 1 (98.9) 5 (100.0) 0.25 1

Serratia spp. (485) 3 (0.6) 21 (4.9) 278 (62.3) 140 (91.1) 25 (96.3) 8 (97.9) 4 (98.8) 1 (99.0) 0 (99.0) 5 (100.0) 0.5 1

CAZ, ceftazidime; MEM, meropenem; TZP, piperacillin/tazobactam; NS, non-susceptible.
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Table 2. Activity of ceftolozane/tazobactam and comparator antimicrobial agents when tested against P. aeruginosa and Enterobacteriaceae from
European hospitals (2011–12)

Organism (no. tested)/antimicrobial agent

MIC (mg/L) %S/%I/%R

50% 90% CLSIa EUCASTa

P. aeruginosa (2191)
ceftolozane/tazobactam 1 .32 —/—/— —/—/—
ceftazidime 4 .32 67.2/7.3/25.5 67.2/0.0/32.8
cefepime 4 .16 71.4/13.8/14.8 71.4/0.0/28.6
meropenem 1 .8 67.1/9.3/23.6 67.1/17.8/15.1
piperacillin/tazobactam 8 .64 63.0/17.4/19.6 63.0/0.0/37.0
levofloxacin 1 .4 64.1/5.2/30.7 56.3/7.8/35.9
amikacin 4 .32 85.2/3.4/11.4 81.3/3.9/14.8
gentamicin 2 .8 75.0/3.0/22.0 75.0/0.0/25.0
colistin 1 2 99.2/0.6/0.2 99.8/0.0/0.2

MDR (698)
ceftolozane/tazobactam 4 .32 —/—/— —/—/—
ceftazidime 32 .32 13.8/17.3/68.9 13.8/0.0/86.2
cefepime 16 .16 21.6/35.7/42.7 21.6/0.0/78.4
meropenem 8 .8 17.6/15.6/66.8 17.6/37.0/45.4
piperacillin/tazobactam .64 .64 5.4/41.7/52.9 5.4/0.0/94.6
levofloxacin .4 .4 15.0/6.9/78.1 7.5/7.5/85.0
amikacin 16 .32 54.6/10.3/35.1 46.3/8.3/45.4
gentamicin .8 .8 29.9/6.9/63.2 29.9/0.0/70.1
colistin 1 2 98.4/1.0/0.6 99.4/0.0/0.6

Enterobacteriaceae (8341)
ceftolozane/tazobactam 0.25 2 —/—/— —/—/—
ceftazidime 0.25 32 81.8/2.6/15.6 77.6/4.2/18.2
cefepime ≤0.5 .16 86.8/1.8/11.4 81.1/4.1/14.8
ceftriaxone ≤0.06 .8 76.2/1.0/22.8 76.2/1.0/22.8
meropenem ≤0.06 ≤0.06 97.8/0.2/2.0 98.0/0.5/1.5
piperacillin/tazobactam 2 64 86.2/5.6/8.2 81.4/4.8/13.8
levofloxacin ≤0.12 .4 77.0/2.8/20.2 75.3/1.7/23.0
gentamicin ≤1 .8 85.5/0.8/13.7 84.1/1.4/14.5
tigecyclineb 0.12 1 98.6/1.3/0.1 94.1/4.5/1.4
colistin 0.5 .4 —/—/— 80.9/0.0/19.1

MDR (1387)
ceftolozane/tazobactam 2 .32 —/—/— —/—/—
ceftazidime 32 .32 28.0/6.6/65.4 17.7/10.3/72.0
cefepime .16 .16 38.3/6.2/55.5 21.2/12.4/66.4
ceftriaxone .8 .8 12.4/1.9/85.7 12.4/1.9/85.7
meropenem ≤0.06 8 86.7/1.3/12.0 88.0/3.0/9.0
piperacillin/tazobactam 32 .64 48.0/20.0/32.0 28.5/19.5/52.0
levofloxacin .4 .4 20.2/9.3/70.5 13.6/6.6/79.8
gentamicin .8 .8 38.6/3.6/57.8 33.4/5.2/61.4
tigecyclineb 0.25 2 95.4/4.4/0.2 83.7/11.7/4.6
colistin 0.5 .4 —/—/— 73.9/0.0/26.1

E. coli (3843)
ceftolozane/tazobactam 0.25 0.5 —/—/— —/—/—
ceftazidime 0.25 8 88.0/2.4/9.6 83.3/4.7/12.0
cefepime ≤0.5 .16 88.1/1.9/10.0 83.3/3.2/13.5
ceftriaxone ≤0.06 .8 82.3/0.2/17.5 82.3/0.2/17.5
meropenem ≤0.06 ≤0.06 99.9/,0.1/0.1 99.9/,0.1/,0.1
piperacillin/tazobactam 2 16 90.8/4.3/4.9 86.1/4.7/9.2

Continued
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Table 2. Continued

Organism (no. tested)/antimicrobial agent

MIC (mg/L) %S/%I/%R

50% 90% CLSIa EUCASTa

levofloxacin ≤0.12 .4 70.2/2.2/27.6 69.9/0.3/29.8
gentamicin ≤1 .8 86.3/0.3/13.4 85.3/1.0/13.7
tigecyclineb 0.12 0.25 100.0/0.0/0.0 100.0/0.0/0.0
colistin ≤0.25 0.5 —/—/— 99.5/0.0/0.5

ESBL screen positive (715)
ceftolozane/tazobactam 0.5 4 —/—/— —/—/—
ceftazidime 16 .32 35.5/12.8/51.7 10.2/25.3/64.5
cefepime .16 .16 36.0/10.1/53.9 13.7/14.6/71.7
ceftriaxone .8 .8 4.9/1.1/94.0 4.9/1.1/94.0
meropenem ≤0.06 ≤0.06 99.6/0.1/0.3 99.7/0.2/0.1
piperacillin/tazobactam 8 .64 73.8/13.6/12.6 56.2/17.6/26.2
levofloxacin .4 .4 24.9/2.7/72.4 24.5/0.4/75.1
gentamicin 2 .8 61.0/0.7/38.3 59.3/1.7/39.0
tigecyclineb 0.12 0.25 100.0/0.0/0.0 100.0/0.0/0.0
colistin ≤0.25 0.5 —/—/— 99.4/0.0/0.6

K. pneumoniae (1408)
ceftolozane/tazobactam 0.5 .32 —/—/— —/—/—
ceftazidime 0.5 .32 59.7/4.3/36.0 55.9/3.8/40.3
cefepime ≤0.5 .16 65.4/3.7/30.9 58.7/3.9/37.4
ceftriaxone 0.25 .8 57.4/0.7/41.9 57.4/0.7/41.9
meropenem ≤0.06 2 89.3/0.8/9.9 90.1/1.9/8.0
piperacillin/tazobactam 8 .64 68.8/8.8/22.4 60.3/8.5/31.2
levofloxacin 0.25 .4 64.8/6.4/28.8 62.8/2.0/35.2
gentamicin ≤1 .8 73.0/1.5/25.5 71.8/1.2/27.0
tigecyclineb 0.25 1 98.9/1.1/0.0 94.9/4.0/1.1
colistin 0.5 1 —/—/— 94.6/0.0/5.4

ESBL screen positive (633)
ceftolozane/tazobactam 4 .32 —/—/— —/—/—
ceftazidime .32 .32 10.4/9.5/80.1 1.9/8.5/89.6
cefepime .16 .16 23.1/8.2/68.7 8.8/8.1/83.1
ceftriaxone .8 .8 5.2/1.6/93.2 5.2/1.6/93.2
meropenem ≤0.06 .8 76.6/1.3/22.1 77.9/4.4/17.7
piperacillin/tazobactam 64 .64 37.3/16.5/46.2 24.2/13.1/62.7
levofloxacin .4 .4 31.2/11.4/57.4 27.5/3.7/68.8
gentamicin .8 .8 43.0/3.0/54.0 40.3/2.7/57.0
tigecyclineb 0.25 1 98.4/1.6/0.0 92.9/5.5/1.6
colistin 0.5 2 —/—/— 90.3/0.0/9.7

K. oxytoca (304)
ceftolozane/tazobactam 0.25 2 —/—/— —/—/—
ceftazidime 0.12 1 95.7/0.7/3.6 91.4/4.3/4.3
cefepime ≤0.5 2 97.0/1.0/2.0 88.5/6.9/4.6
ceftriaxone ≤0.06 .8 82.6/0.6/16.8 82.6/0.6/16.8
meropenem ≤0.06 ≤0.06 98.7/0.6/0.7 99.3/0.0/0.7
piperacillin/tazobactam 2 .64 82.5/1.0/16.5 81.8/0.7/17.5
levofloxacin ≤0.12 0.5 93.8/2.3/3.9 92.1/1.6/6.3
gentamicin ≤1 ≤1 97.7/0.0/2.3 97.0/0.7/2.3
tigecyclineb 0.12 0.5 99.7/0.3/0.0 99.0/0.7/0.3
colistin ≤0.25 0.5 —/—/— 99.3/0.0/0.7

Continued
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Table 2. Continued

Organism (no. tested)/antimicrobial agent

MIC (mg/L) %S/%I/%R

50% 90% CLSIa EUCASTa

Enterobacter spp.c (899)
ceftolozane/tazobactam 0.5 8 —/—/— —/—/—
ceftazidime 0.5 .32 69.1/3.2/27.7 66.2/2.9/30.9
cefepime ≤0.5 8 91.3/1.3/7.4 81.5/8.5/10.0
ceftriaxone 0.25 .8 65.0/2.6/32.4 65.0/2.6/32.4
meropenem ≤0.06 ≤0.06 97.8/0.4/1.8 98.2/1.0/0.8
piperacillin/tazobactam 4 64 79.5/12.0/8.5 74.1/5.4/20.5
levofloxacin ≤0.12 2 90.9/1.5/7.6 89.1/1.8/9.1
gentamicin ≤1 8 89.3/1.0/9.7 88.1/1.2/10.7
tigecyclineb 0.25 0.5 98.8/1.2/0.0 95.9/2.9/1.2
colistin 0.5 .4 —/—/— 89.1/0.0/10.9

Citrobacter spp.d (389)
ceftolozane/tazobactam 0.25 8 —/—/— —/—/—
ceftazidime 0.25 .32 79.2/1.5/19.3 76.6/2.6/20.8
cefepime ≤0.5 1 96.4/0.0/3.6 90.7/5.4/3.9
ceftriaxone 0.12 .8 77.6/0.5/21.9 77.6/0.5/21.9
meropenem ≤0.06 ≤0.06 99.2/0.0/0.8 99.2/0.3/0.5
piperacillin/tazobactam 2 64 84.3/8.5/7.2 78.7/5.6/15.7
levofloxacin ≤0.12 1 92.0/2.1/5.9 91.3/0.7/8.0
gentamicin ≤1 ≤1 94.1/0.5/5.4 93.3/0.8/5.9
tigecyclineb 0.12 0.25 100.0/0.0/0.0 99.5/0.5/0.0
colistin ≤0.25 1 —/—/— 99.7/0.0/0.3

P. mirabilis (476)
ceftolozane/tazobactam 0.5 1 —/—/— —/—/—
ceftazidime 0.06 1 93.9/1.3/4.8 90.3/3.6/6.1
cefepime ≤0.5 1 95.8/0.4/3.8 90.5/4.9/4.6
ceftriaxone ≤0.06 4 87.2/1.5/11.3 87.2/1.5/11.3
meropenem ≤0.06 0.12 100.0/0.0/0.0 100.0/0.0/0.0
piperacillin/tazobactam ≤0.5 2 99.0/0.8/0.2 98.5/0.4/1.1
levofloxacin ≤0.12 .4 86.1/1.7/12.2 78.7/7.4/13.9
gentamicin ≤1 .8 81.9/1.3/16.8 78.5/3.4/18.1
tigecyclineb 2 4 83.6/15.8/0.6 37.2/46.4/16.4
colistin .4 .4 —/—/— 0.0/0.0/100.0

Indole-positive Proteaee (449)
ceftolozane/tazobactam 0.25 1 —/—/— —/—/—
ceftazidime 0.12 8 87.8/3.6/8.6 82.2/5.6/12.2
cefepime ≤0.5 ≤0.5 97.6/0.2/2.2 94.9/1.5/3.6
ceftriaxone ≤0.06 4 81.0/4.5/14.5 81.0/4.5/14.5
meropenem ≤0.06 0.12 99.8/0.2/0.0 100.0/0.0/0.0
piperacillin/tazobactam ≤0.5 2 98.0/1.3/0.7 97.6/0.4/2.0
levofloxacin ≤0.12 4 87.1/4.7/8.2 81.5/5.6/12.9
gentamicin ≤1 8 87.9/2.9/9.2 83.0/4.9/12.1
tigecyclineb 0.5 2 97.6/2.0/0.4 88.2/9.3/2.5
colistin .4 .4 —/—/— 0.0/0.0/100.0

Serratia spp.f (485)
ceftolozane/tazobactam 0.5 1 —/—/— —/—/—
ceftazidime 0.12 1 96.3/0.6/3.1 92.8/3.5/3.7
cefepime ≤0.5 1 96.7/0.6/2.7 92.3/3.8/3.9

Continued
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(67.2%), meropenem (67.1%), piperacillin/tazobactam (63.0%),
cefepime (71.4%), levofloxacin (56.3%), gentamicin (75.0%) and
amikacin (81.3%) were below that of ceftolozane/tazobactam at
≤8 mg/L (86.3%) and ≤4 mg/L (84.5%; Table 1). The susceptibility
rate for colistin (MIC50/90, 1/2 mg/L) was 99.8%/99.2% according
to EUCAST/CLSI breakpoint criteria (Table 2).

Only colistin exhibited good activity against MDR and XDR
isolates of P. aeruginosa [MIC50/90, 1/2 mg/L for both subsets;

99.4% susceptible for both groups (EUCAST criteria)]. The second
most active comparator agent was amikacin [MIC50/90, 16 –
32/.32 mg/L; 46.3%/36.1% susceptible (MDR/XDR; EUCAST
criteria)], whereas ceftolozane/tazobactam inhibited 57.4% and
46.3% of MDR and XDR P. aeruginosa isolates at ≤8 mg/L, respect-
ively (Table 1). Furthermore, ceftolozane/tazobactam exhibited
good activity (MIC, 1 mg/L) against the only PDR P. aeruginosa
isolate identified in this investigation.

Table 2. Continued

Organism (no. tested)/antimicrobial agent

MIC (mg/L) %S/%I/%R

50% 90% CLSIa EUCASTa

ceftriaxone 0.25 .8 82.4/2.1/15.5 82.4/2.1/15.5
meropenem ≤0.06 ≤0.06 99.0/0.0/1.0 99.0/0.8/0.2
piperacillin/tazobactam 2 16 92.6/4.9/2.5 89.5/3.1/7.4
levofloxacin ≤0.12 1 95.9/1.0/3.1 92.8/3.1/4.1
gentamicin ≤1 2 94.8/0.4/4.8 93.0/1.8/5.2
tigecyclineb 0.5 1 99.8/0.2/0.0 95.3/4.5/0.2
colistin .4 .4 —/—/— 7.4/0.0/92.6

aCriteria as published by the CLSI (2014)19 and EUCAST (2014).20

bIn the absence of CLSI breakpoints, US FDA breakpoints were applied when available (Tygacil Product Insert, 2012).21

cIncludes Enterobacter aerogenes (198 strains), Enterobacter amnigenus (3 strains), Enterobacter asburiae (2 strains), Enterobacter cloacae (685 strains),
Enterobacter intermedius (1 strain) and unspeciated Enterobacter (10 strains).
dIncludes Citrobacter braakii (19 strains), Citrobacter farmeri (3 strains), Citrobacter freundii (191 strains), Citrobacter koseri (154 strains), Citrobacter
sedlakii (1 strain), Citrobacter youngae (2 strains) and unspeciated Citrobacter (19 strains).
eIncludes Morganella morganii (303 strains), Proteus vulgaris (87 strains), Providencia rettgeri (20 strains), Providencia stuartii (28 strains), unspeciated
Morganella (1 strain), unspeciated Proteus (9 strains) and unspeciated Providencia (1 strain).
fIncludes Serratia liquefaciens (17 strains), Serratia marcescens (463 strains), Serratia rubidaea (1 strain) and unspeciated Serratia (4 strains).

Table 3. Antimicrobial activity of ceftolozane/tazobactam, ceftazidime and meropenem against P. aeruginosa strains stratified by country (2011–12)

Country (no. tested)
Ceftolozane/tazobactam MIC50/90

(%S at ≤8 mg/L)
Ceftazidime MIC50/90

(%S at ≤8 mg/L)a
Meropenem MIC50/90

(%S at ≤2 mg/L)a

Belgium (53) 2/.32 (64.2) 16/.32 (47.2) 8/.8 (34.0)
France (299) 1/4 (98.0) 4/32 (74.5) 0.5/8 (78.6)
Germany (124) 0.5/2 (95.2) 2/32 (81.5) 0.5/4 (80.6)
Greece (90) 0.5/.32 (80.0) 4/.32 (67.8) 1/.8 (65.6)
Ireland (122) 0.5/2 (100.0) 2/32 (85.2) 0.5/4 (86.1)
Israel (100) 0.5/2 (97.0) 4/.32 (71.0) 0.5/4 (81.0)
Italy (266) 0.5/4 (92.1) 2/32 (78.9) 0.5/8 (80.5)
Poland (90) .32/.32 (25.6) 32/.32 (16.7) .8/.8 (17.8)
Portugal (96) 1/.32 (81.3) 4/.32 (56.3) 2/.8 (57.3)
Russia (189) 2/.32 (60.3) 32/.32 (33.3) 4/.8 (33.3)
Spain (260) 0.5/2 (98.1) 2/32 (72.3) 0.5/8 (74.6)
Sweden (52) 0.5/2 (100.0) 2/16 (84.6) 0.5/4 (75.0)
Turkey (262) 1/8 (90.1) 4/.32 (74.0) 1/8 (64.1)
UK (107) 1/4 (99.1) 2/16 (86.0) 0.5/4 (86.0)
Ukraine (81) 4/.32 (54.3) 32/.32 (33.3) 4/.8 (39.5)
Five major countries (1056)b 0.5/4 (99.2) 2/32 (77.4) 0.5/8 (79.4)
Overall (2191) 1/.32 (89.5) 4/.32 (67.2) 1/.8 (67.1)

aAccording to the susceptible breakpoints established by CLSI (2014)19 and EUCAST (2014).20

bIncludes isolates from the five most populated Western European countries, i.e. France, Germany, Italy, Spain and the UK.
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P. aeruginosa susceptibility to antipseudomonal b-lactams
varied markedly among the nations that participated in the inves-
tigation (Table 3). The lowest susceptibility rates for ceftazidime
and meropenem were observed in Poland (16.7% and 17.8%, re-
spectively), Russia (33.3% for both compounds), Ukraine (33.3%
and 39.5%, respectively) and Belgium (47.2% and 34.0%,
respectively; Table 3). Ceftolozane/tazobactam activity was
also compromised when tested against P. aeruginosa isolates
from Poland (MIC50/90, .32/.32 mg/L; 25.6% inhibited at
≤8 mg/L), but it provided wider coverage against isolates from
Belgium (MIC50/90, 2/.32 mg/L; 64.2% inhibited at ≤8 mg/L),
Russia (MIC50/90, 2/.32 mg/L; 60.3% inhibited at ≤8 mg/L) and
Ukraine (MIC50/90, 4/.32 mg/L; 54.3% inhibited at ≤8 mg/L)
when compared with ceftazidime and meropenem (Table 3). In
contrast, when P. aeruginosa isolates from the five most popu-
lated Western European countries (i.e. France, Germany, Italy,
Spain and the UK) were combined (1056 isolates), susceptibility
rates for ceftazidime and meropenem were 77.4% and 79.4%,
respectively, and 99.2% of isolates were inhibited at ≤8 mg/L cef-
tolozane/tazobactam (Table 3).

Five countries (Belgium, Greece, Poland, Russia and Ukraine)
had ≤80.0% of P. aeruginosa isolates inhibited at ≤8 mg/L cefto-
lozane/tazobactam and 139 isolates with ceftolozane/tazobac-
tam MICs of ≥16 mg/L were isolated from these five countries
in 2011 and screened for b-lactamase genes. Among these iso-
lates, 100 (71.9%) carried a blaVIM-like gene, 32 (23.0%) a
blaOXA-like gene, 28 (20.1%) a blaGES-like gene (GES-1 and -4)
and 12 (8.6%) a PSE-1 gene (Table S1, available as
Supplementary data at JAC Online). Thirty-one isolates (22.3%)
had more than one b-lactamase gene and only two isolates
(1.4%), one from Greece and one from Russia, did not yield
positive amplification with any of the genes tested. VIM-2 was
the most prevalent b-lactamase (87 isolates; 62.6%) and was
detected in all hospitals surveyed. In addition to VIM-like
enzymes, GES-4 was the only other carbapenemase detected
(one isolate from Yekaterinburg, Russia; Table S1).

The second most common b-lactamase gene detected was
blaGES-1, which encodes an ESBL with no carbapenemase activity,
and this gene was found among 27 isolates (19.4%): 12 from
Russia (two hospitals) and 15 from a hospital located in Ukraine.
A class D OXA with ESBL activity (OXA-4, -14 and 35/101) was
observed in 9 isolates (6.5%), whereas blaPSE-1 was noted in 12
isolates, 2 from Greece and 10 from Poland (Table S1).

Ceftolozane/tazobactam activity against
Enterobacteriaceae

Ceftolozane/tazobactam (MIC50/90, 0.25/2 mg/L; 93.7% and
95.2% inhibited at ≤4 and ≤8 mg/L, respectively), meropenem
[MIC50/90, ≤0.06/≤0.06 mg/L; 98.0% susceptible (EUCAST)]
and tigecycline [MIC50/90, 0.12/1 mg/L; 94.1% susceptible
(EUCAST)] were the most active compounds tested against
Enterobacteriaceae (Tables 1 and 2). Gentamicin and colistin
were active against only 84.1% and 80.9% of isolates at
their respective EUCAST susceptible breakpoints, respectively
(Table 2). Ceftolozane/tazobactam retained activity against
the majority of MDR Enterobacteriaceae isolates (MIC50/90,
2/.32 mg/L; 69.9% and 75.5% inhibited at ≤4 and ≤8 mg/L,
respectively), but it was less active than meropenem [MIC50/90,
≤0.06/8 mg/L; 88.0% susceptible (EUCAST)] against this group

of organisms (Table 2). Similar to all other antimicrobial agents
tested, ceftolozane/tazobactam exhibited limited activity against
XDR isolates of Enterobacteriaceae (Table 1).

Ceftolozane/tazobactam demonstrated potent activity against
E. coli (MIC50/90, 0.25/0.5 mg/L; 98.7% and 99.2% inhibited at ≤4
and ≤8 mg/L, respectively), including ESBL screen-positive pheno-
type isolates (MIC50/90, 0.5/4 mg/L; 93.1% and 95.7% inhibited at
≤4 and≤8 mg/L, respectively). All ESBL screen-negative phenotype
(or non-ESBL phenotype) isolates were inhibited at a ceftolozane/
tazobactam MIC of ≤2 mg/L. Ceftolozane/tazobactam showed
potent activity against non-ESBL phenotype isolates of
K. pneumoniae (MIC50/90, 0.25/0.5 mg/L; highest MIC, 2 mg/L)
and retained activity against many meropenem-susceptible,
ESBL screen-positive isolates (MIC50/90, 2/.32 mg/L; 73.6% and
78.7% inhibited at ≤4 and ≤8 mg/L, respectively); however, it
was inactive against meropenem-non-susceptible K. pneumoniae
(MIC50/90, .32/.32 mg/L; Table 1). Only tigecycline [MIC50/90,
0.25/1 mg/L; 92.9% susceptible (EUCAST)] and colistin [MIC50/90,
0.5/2 mg/L; 90.3% susceptible (EUCAST)] exhibited good in vitro
activity against ESBL screen-positive phenotype K. pneumoniae
(Table 2).

Ceftolozane/tazobactam showed good activity against
Enterobacter spp. (MIC50/90, 0.5/8 mg/L; inhibited 87.3% and
92.9% of isolates at MIC of ≤4 and ≤8 mg/L, respectively), includ-
ing the majority of ceftazidime-non-susceptible isolates (MIC50/90,
4/32 mg/L; 62.8% and 78.9% inhibited at ≤4 and ≤8 mg/L,
respectively; Table 1). Ceftolozane/tazobactam also demonstrated
good activity against other frequently isolated Enterobacteriaceae,
such as Klebsiella oxytoca (MIC50/90, 0.25/2 mg/L), Citrobacter
spp. (MIC50/90, 0.25/8 mg/L), P. mirabilis (MIC50/90, 0.5/1 mg/L),
indole-positive Proteae (MIC50/90, 0.25/1 mg/L) and Serratia spp.
(MIC50/90, 0.5/1 mg/L; Table 1).

Five Enterobacteriaceae isolates (0.06%) were non-susceptible
to all antimicrobial agents tested (PDR). All PDR isolates were
K. pneumoniae, four from Italy [two hospitals located in Genoa
(three isolates) and Rome (one isolate)] plus one from Greece.

Discussion
The continuously evolving resistance of P. aeruginosa to antimi-
crobials has led to an increasing frequency of clinical infections
caused by MDR and XDR isolates.10,11 We tested .2000 contem-
porary (2011 –12) clinical isolates of P. aeruginosa from 31
European hospitals and found high rates of MDR (31.9%) and
XDR (24.6%) isolates. Although only one PDR isolate was
observed, 11.6% (254/2191) of isolates were susceptible only to
colistin (data not shown).

Our results are in agreement with those reported by the
European Antimicrobial Resistance Surveillance (EARS-Net) pro-
gramme1 in showing a great variation in resistance rates to
ceftazidime and carbapenems among the European countries,
with higher resistance rates in the southern (such as Greece and
Portugal) and eastern (Poland) countries compared with the
northern countries (such as Germany, Ireland, Sweden and the
UK). Furthermore, the results of our investigation demonstrated
susceptibility rates for ceftazidime and carbapenems (merope-
nem tested) slightly lower than those reported by the EARS-Net
programme for some countries that were included in both inves-
tigations.1 According to the data reported by the European Centre
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for Disease Prevention and Control in 2012, susceptibility rates for
ceftazidime and carbapenems for P. aeruginosa isolates from the
five major Western European countries (i.e. France, Germany,
Italy, Spain and the UK) combined were 87.3% and 83.6%,
respectively,1 whereas we observed susceptibility rates of 77.4%
and 79.4% for ceftazidime and meropenem, respectively,
among 1056 isolates isolated from these five countries combined.
Of note, 99.2% of those isolates were inhibited at ≤8 mg/L
ceftolozane/tazobactam (Table 3).

Resistance to antipseudomonal b-lactams was extremely
elevated in some nations (i.e. Belgium, Greece, Poland, Russia
and Ukraine). The overall susceptibility rates for ceftazidime and
meropenem among all isolates from these five nations (503 iso-
lates) were only 38.0% and 37.4%, respectively, and 57.1% of
these isolates were inhibited at ≤8 mg/L ceftolozane/tazobactam
(data not shown). Thus, it is important to note that a significant
proportion of isolates resistant to other antipseudomonal
b-lactams exhibited elevated ceftolozane/tazobactam MIC
values. Further characterization of resistant isolates indicated
that the dissemination of blaVIM-2 was the main factor responsible
for these elevated resistance rates. The dissemination of blaVIM-2 in
Eastern European countries (Belarus and Russia) has recently been
documented by other investigators.23 Edelstein et al.23 showed
that the emergence of MDR VIM-2-producing P. aeruginosa in
Russia was linked to the dissemination of a predominant ST235
clone. This VIM-2-producing ST235 clone was initially noted in
Russia and later disseminated to Belarus and Kazakhstan.23 In
another study, VIM-2-producing P. aeruginosa has also been linked
to the ST111 clone in Belgium, Greece and Italy.24

Our results also showed a great variety of b-lactamase enzyme
combinations among carbapenem-resistant P. aeruginosa from
Poland. VIM-2- and VIM-4-producing isolates from Poland often
harboured oxacillinase-encoding genes and/or PSE-1 and 12 dif-
ferent combinations were observed among isolates from that
country. Additionally, two new VIM variants were identified: one
distinct from VIM-4 by one amino acid substitution (A58S)
detected in Belgium and one from Poland that was most similar
to VIM-2 and VIM-6, and displayed one amino acid substitution
difference each (Q60R and S148N, respectively) when compared
with these enzymes.25

Resistance rates among Enterobacteriaceae also varied mark-
edly among the European nations evaluated.1,5 The occurrence of
MDR Enterobacteriaceae was highest in Poland (58.3%), Russia
(55.9%) and Ukraine (48.5%) and lowest in Sweden (2.7%) and
the UK (7.9%). Among the five major Western European countries
(France, Germany, Italy, Spain and the UK), the occurrence of
MDR Enterobacteriaceae was higher in Italy (24.6%) when com-
pared with the other four countries (7.9%– 10.8%; data not
shown). Similarly, resistance rates for ceftriaxone [MIC, ≥4 mg/L
(EUCAST)] among E. coli and K. pneumoniae were higher among
isolates from Italy (23.3% and 45.8%, respectively) compared
with France (6.7% and 39.7%, respectively), Germany (15.3%
and 22.5%, respectively), Spain (10.1% and 18.2%, respectively)
and the UK (16.2% and 8.5%, respectively).

Carbapenem-resistant Enterobacteriaceae (CRE) have recently
increased in some European nations and they frequently
harbour resistances mediated by carbapenemase production.9,26

Carbapenemases in Enterobacteriaceae are generally plasmid
encoded, which explains their common association with other
resistance markers and their MDR patterns.27 The prevalence of

CRE is variable across Europe: higher prevalence is reported in
Greece, Italy, Turkey and Israel, whereas low prevalence has
been reported in northern nations.1,27 The results of this investiga-
tion corroborate those recently reported by Canton et al.27

by showing elevated rates of CRE in Italy (7.6%), Israel (4.9%),
Greece (4.4%) and Turkey (4.0%). Additionally, we documented
a very high rate of CRE in Poland [32.6% (43/132)]. CRE were
not identified in Ireland, Portugal, Spain and the UK and CRE
occurrence rates were ≤0.3% in Belgium, France, Germany and
Sweden (data not shown). It is also important to note that
K. pneumoniae was the predominant [83.3% (140/168)] CRE-
producing species encountered in this study and 33.6% (72/214)
of K. pneumoniae isolates from Italy were resistant to meropenem.

In summary, ceftolozane/tazobactam demonstrated in vitro
activity against a large collection of contemporary (2011–12)
Gram-negative organisms isolated from patients in European
hospitals. Ceftolozane/tazobactam was the most active b-lactam
agent tested against P. aeruginosa and it remained active against
many MDR, ceftazidime-non-susceptible and meropenem-non-
susceptible isolates. Furthermore, ceftolozane/tazobactam
demonstrated greater in vitro activity than currently available
cephalosporins and piperacillin/tazobactam when tested
against Enterobacteriaceae. The results of this study corro-
borate other investigations demonstrating notable in vitro
activity of ceftolozane/tazobactam against P. aeruginosa and
Enterobacteriaceae.
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