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ABSTRACT The activities of ceftolozane-tazobactam and comparator agents against
organisms deemed to be the cause of pneumonia among patients hospitalized in
the United States during 2013 to 2015 were evaluated. Organisms included 1,576
Pseudomonas aeruginosa and 2,362 Enterobacteriaceae isolates susceptibility tested
using reference broth microdilution methods. Ceftolozane-tazobactam, cefepime,
ceftazidime, meropenem, and piperacillin-tazobactam inhibited 96.3%, 84.8%, 83.5%,
80.0%, and 78.6%, respectively, of the P. aeruginosa isolates. Ceftolozane-tazobactam
inhibited 77.5 to 85.1% of isolates nonsusceptible to antipseudomonal �-lactams
and 86.6% and 71.0% of the 372 (23.6% overall) multidrug- and 155 (9.8%) exten-
sively drug-resistant isolates tested. The activity of this combination was greater
than those of other �-lactams evaluated against P. aeruginosa groups across all U.S.
census divisions. Ceftolozane-tazobactam was active against 90.6% of the Enterobac-
teriaceae, being less active than only meropenem (95.6% susceptible) among the
�-lactams evaluated. Against 145 Escherichia coli and Klebsiella pneumoniae isolates
carrying extended-spectrum-�-lactamase (ESBL)-encoding genes without carbapen-
emases, ceftolozane-tazobactam inhibited 82.8% of these isolates and was more ac-
tive than cefepime and piperacillin-tazobactam (15.2% and 74.3% susceptible, re-
spectively). ESBL genes included in this analysis were mainly blaCTX-M-15-like (89
isolates) and blaCTX-M-14-like (22) genes but also blaSHV (31) and blaTEM (3).
Ceftolozane-tazobactam also displayed activity (84.6% susceptible) against 13 iso-
lates harboring acquired AmpC genes. All �-lactams displayed limited activity
against blaKPC-carrying isolates. Ceftolozane-tazobactam was the most active
�-lactam tested against P. aeruginosa isolates from isolates that were the probable
cause of pneumonia and displayed in vitro activity against Enterobacteriaceae, includ-
ing isolates resistant to cephalosporins and carrying ESBL genes.
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Nosocomial pneumonia infections are associated with high morbidity and mortality
rates worldwide (1, 2). Patients with these infections are usually started on

empirical antimicrobial therapy (3, 4). Knowledge of local antimicrobial susceptibility
patterns is very important for selecting appropriate antimicrobial agents that will
directly impact mortality rates (1, 3).

Among organisms causing pneumonia in hospitalized patients, Pseudomonas aerugi-
nosa and Enterobacteriaceae species among other organisms such as Gram-positive
bacteria and other Gram-negative bacteria are important causes of hospital-acquired
pneumonia (HAP) and ventilator-associated pneumonia (VAP) (3, 4). P. aeruginosa
isolates are intrinsically less susceptible to several antimicrobial agents, and isolates
displaying resistance to antipseudomonal agents are not uncommon in the hospital
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setting. Furthermore, the prevalence of extended-spectrum-�-lactamase (ESBL)-
producing Enterobacteriaceae is increasing worldwide; these organisms can colonize
different body sites and can cause, among other diseases, pneumonia (5).

Using parenteral colistin or tigecycline monotherapy to manage nosocomial pneu-
monia caused by ESBL-producing Enterobacteriaceae or P. aeruginosa infections still
requires cautious evaluation (1), and carbapenems are often used as last-resort agents
to treat infections caused by these organisms. Noncarbapenem agents and combina-
tions have been suggested in the literature (6, 7), and among these options,
ceftolozane-tazobactam has demonstrated acceptable treatment success rates for se-
rious infections caused by P. aeruginosa, including carbapenem-resistant isolates (8, 9)
and ESBL-producing Enterobacteriaceae isolates from complicated urinary tract and
intra-abdominal infections (10).

Ceftolozane-tazobactam has recently been approved by the U.S. Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) for the treatment of
complicated intra-abdominal infections (in combination with metronidazole) and com-
plicated urinary tract infections (11). A phase 3 clinical trial of ceftolozane-tazobactam
for the treatment of hospital-acquired and ventilator-associated pneumonia is in
progress (ClinicalTrials.gov registration no. NCT02070757).

In this study, we evaluated the activity of ceftolozane-tazobactam against 1,576 P.
aeruginosa and 2,362 Enterobacteriaceae isolates deemed to be the probable cause of
pneumonia among patients hospitalized in the United States during 2013 to 2015. This
collection included multidrug- and extensively drug-resistant (MDR and XDR) P. aerugi-
nosa, Escherichia coli, and Klebsiella pneumoniae isolates characterized for the presence
of ESBL-encoding genes.

RESULTS

Ceftolozane-tazobactam inhibited 96.3% of the 1,576 P. aeruginosa isolates
deemed to be the probable cause of pneumonia among patients hospitalized in the
United States at the current CLSI breakpoint criteria (MIC, �4/4 �g/ml).
Ceftolozane-tazobactam inhibited a greater number of isolates at its susceptible
MIC breakpoint than did cefepime (84.8%), ceftazidime (83.5%), meropenem
(80.0%), and piperacillin-tazobactam (78.6%) at each of their respective susceptible
MIC breakpoints (Fig. 1). Additionally, ceftolozane-tazobactam displayed greater in
vitro activity than those of the other �-lactams tested against isolates of P. aerugi-
nosa that were nonsusceptible to comparator �-lactams. A total of 260 (16.5%
overall isolates) ceftazidime-, 240 (15.2%) cefepime-, 315 (20.0%) meropenem-, and
337 (21.4%) piperacillin-tazobactam-nonsusceptible isolates were observed in this
collection, and ceftolozane-tazobactam inhibited 77.5 to 85.1% of these isolates.
In-class comparators inhibited 0.0 to 55.9% of these different groups, using CLSI
breakpoints (Fig. 1).

MDR (372 isolates) and XDR (155) P. aeruginosa corresponded to 23.6% and 9.8% of
the isolates tested, and ceftolozane-tazobactam inhibited 86.6% and 71.0% of the
isolates, respectively, at the CLSI susceptible breakpoint. MDR and XDR isolates dis-
played reduced susceptibility rates for the comparator �-lactams that included
cefepime, ceftazidime, piperacillin-tazobactam, and meropenem, ranging from 27.2 to
51.1% for MDR isolates and 8.4 to 25.2% for XDR isolates. For both groups of isolates,
ceftolozane-tazobactam exhibited the highest susceptibility rates, followed by ceftazi-
dime (51.1% and 25.2%, respectively). Meropenem had the lowest susceptibility rates
for MDR (27.2% susceptible) and XDR (8.4% susceptible) isolates among the 4 compar-
ators shown in Fig. 1.

The activity of ceftolozane-tazobactam was stable regardless of the U.S. census
division and was greater than those of other �-lactams. The P. aeruginosa susceptibility
rates for this combination ranged from 91.4 to 99.5%, being lower in the Pacific division
and higher in the West North Central. Ceftazidime- and piperacillin-tazobactam-
nonsusceptible P. aeruginosa isolates were more common in the Mid-Atlantic division
(24.8% and 30.2%, respectively), whereas piperacillin-tazobactam- and meropenem-
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nonsusceptible isolates were more common in the East South Central division (27.2%
and 33.0%, respectively). The highest MDR P. aeruginosa rate was noted in the East
South Central (33.0%) division, followed by the West South Central (32.7%) and the
Mid-Atlantic (27.7%) divisions. XDR isolates were more frequently observed in the East
South Central (15.5%), Pacific (14.2%), and the West South Central (13.1%) divisions. As
observed for ceftolozane-tazobactam, isolates from the West North Central division

FIG 1 Susceptibility profiles of P. aeruginosa isolates collected from hospitalized patients with pneumonia in the United States.
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displayed higher susceptibility rates for comparator �-lactams agents and combina-
tions than did other isolates from census divisions (Fig. 1).

Pan-drug-resistant (PDR) P. aeruginosa isolates were not observed among hospital-
ized patients with pneumonia during the study period.

Ceftolozane-tazobactam inhibited 90.6% of the 2,362 Enterobacteriaceae isolates
recovered from the respiratory tracts of patients hospitalized in the United States
during the study period (Table 1). Among �-lactam agents, ceftolozane-tazobactam
was more active than ceftazidime (84.0% susceptible), piperacillin-tazobactam
(86.1%), and cefepime (88.2%) and less active than only meropenem (95.6% sus-
ceptible [Table 2]).

Ceftolozane-tazobactam inhibited 85.8% of the 627 K. pneumoniae isolates, 98.0% of
the 441 E. coli isolates, and 94.4% of the 354 Serratia spp., which were mostly S.
marcescens (345 isolates) but also included 3 other species (Table 1). K. pneumoniae, E.
coli, and Serratia spp. were the most common Enterobacteriaceae pathogens deemed as
the probable cause of pneumonia in the United States and represented �60% of the
isolates evaluated.

The lowest ceftolozane-tazobactam susceptibility rates were observed for Citrobac-
ter freundii (32 isolates; 68.8% susceptible), but this combination demonstrated activity
against all 42 Citrobacter koseri isolates tested (Table 1). Ceftazidime and piperacillin-
tazobactam also displayed low susceptibility rates with C. freundii (62.5% and 71.9%
susceptible, respectively). Ceftolozane-tazobactam inhibited 83.3 to 98.9% of the iso-
lates belonging to other Enterobacteriaceae genera or species tested (Table 2).

Among 269 E. coli (n � 86) and K. pneumoniae (n � 161) isolates displaying elevated
MICs for ceftazidime, ceftriaxone, and/or aztreonam (CLSI ESBL markers) that were
screened for �-lactamase-encoding genes, 145 isolates carried genes encoding ESBLs
without carbapenemases or transferable cephalosporinases (plasmid-mediated AmpCs).
ESBL-carrying isolates comprised 77 K. pneumoniae and 68 E. coli isolates, and 111 of these
carried blaCTX-M genes alone (63 E. coli and 48 K. pneumoniae isolates). The most common
blaCTX-M group observed was the group including blaCTX-M-15-like genes, and 98 isolates
carrying these genes were distributed in all U.S. census divisions. Isolates carrying
blaCTX-M-15-like genes accounted for �36% of the E. coli (44 isolates [51.2%]) and K.
pneumoniae (45 [27.9%]) isolates recovered from the respiratory tracts of hospitalized
patients that displayed the CLSI ESBL screening criteria.

Isolates carrying blaCTX-M-14-like genes were also noted in all U.S. census divisions,
but in smaller numbers (1 to 5 isolates) than for blaCTX-M-15-like genes (2 to 42 isolates).
Fifty-two isolates carried blaSHV ESBL, but only 31 isolates did not harbor genes
encoding carbapenemases or transferable AmpCs in addition to blaSHV. Five isolates
yielded positive results for blaTEM ESBL; 2 of these carried blaKPC or blaCTX-M-14-like
genes, and 1 isolate carried a blaCTX-M-2-like gene.

Transferable AmpC genes were detected among 13 isolates, including 11 isolates
carrying blaCMY-2-like genes, 2 blaFOX, and 1 blaDHA. Additionally, 70 isolates showing
elevated MICs for the CLSI ESBL markers were also resistant to 1 or more carbapenems
and carried blaKPC. These isolates were mostly K. pneumoniae (69/70 isolates) and were
observed mainly in the Mid-Atlantic division (47/70 isolates). Isolates carrying blaKPC

were observed in 5 other U.S. census divisions, but in much smaller numbers (1 to 13
isolates).

Ceftolozane-tazobactam inhibited 82.8% of the isolates harboring ESBL encoding
genes using the CLSI current breakpoint (�2/4 �g/ml [Table 1]). The activity of this
combination was greater than the activities of ceftazidime (20.0% susceptible),
cefepime (15.2%), and piperacillin-tazobactam (74.3%) against ESBL-carrying E. coli and
K. pneumoniae isolates. Meropenem was the only �-lactam with activity greater than
that of ceftolozane-tazobactam, inhibiting 97.9% of the isolates when using the CLSI
breakpoints. Amikacin, colistin, and tigecycline exhibited activities against 93.8%,
97.2%, and 97.9% of these isolates, respectively. Isolates carrying ESBL-encoding genes
were considerably less susceptible (29.0%) to levofloxacin than E. coli (60.2%) and K.
pneumoniae (82.5%) isolates overall (Table 2).
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Against isolates harboring blaCTX-M and blaCTX-M-15-like genes, the activity of
ceftolozane-tazobactam (88.3% and 85.4% susceptible) was greater than the activities
of ceftazidime (23.4% and 9.0%), cefepime (4.5% and 1.1%), and piperacillin-
tazobactam (77.3% and 71.6%). All isolates carrying blaCTX-M-14-like genes were suscep-
tible to ceftolozane-tazobactam, piperacillin-tazobactam, and meropenem.

Ceftolozane-tazobactam displayed activity similar to that of cefepime against iso-
lates carrying transferable AmpC genes, and both compounds inhibited 84.6% of these
isolates, whereas piperacillin-tazobactam inhibited only 61.5%. Meropenem, amikacin,
colistin, and tigecycline inhibited all isolates when the CLSI or EUCAST (colistin)
breakpoints were applied.

Tigecycline and colistin were the only agents with acceptable activity against
isolates harboring blaKPC.

DISCUSSION

In a review of European data on nosocomial pneumonia infections, more than 30
antimicrobial regimens were used for the initial treatment of VAP (3). Approximately
one-third of the patients received monotherapy, one-third received 2 antimicrobial
agents, and the last third of patients received 3 or more agents. Carbapenems (18.5%),
piperacillin-tazobactam (13.1%), and fluoroquinolones (9.9%) were among the antimi-
crobials used. The same European study concluded that the mortality rates of noso-
comial pneumonia affecting critically ill patients was greater than 35.0% and that when
patients received appropriate initial antimicrobial therapy, mortality was lower than for
patients who received inappropriate therapy.

The National Healthcare Safety Network (NHSN) reported that P. aeruginosa, Kleb-
siella spp., Enterobacter spp., and E. coli were among the top 6 pathogens most
frequently causing VAP during 2011 and 2012 in U.S. acute-care hospitals, long-term-
care centers, and inpatient rehabilitation facilities (4). Interestingly, these are 4 out of
the 6 pathogens among the ESKAPE organisms (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp.), which were highlighted as important challenges to the available
antimicrobial chemotherapy armamentarium by the Infectious Diseases Society of
America in 2009 (12).

Initiating appropriate antimicrobial chemotherapy is pivotal for successfully treating
patients with nosocomial pneumonia. Ceftolozane-tazobactam has been shown to be
an effective agent for P. aeruginosa isolates that show resistance to other antimicrobial

TABLE 2 Susceptibility profiles of Enterobacteriaceae isolates collected from hospitalized patients with pneumonia in U.S. hospitals

Organism or organism group (no. tested)

% susceptibility using CLSI interpretative criteria

Ceftolozane-
tazobactam Ceftazidime Cefepime Meropenem

Piperacillin-
tazobactam Amikacin Colistina Levofloxacin Tigecyclineb

Enterobacteriaceae (2,362) 90.6 84.0 88.2 95.6 86.1 98.0 75.1 84.2 98.5
Escherichia coli (441) 98.0 85.9 85.0 99.8 90.4 99.5 99.5 60.2 100.0
Klebsiella pneumoniae (627) 85.8 77.5 78.6 88.7 81.7 93.8 96.8 82.5 99.0
Klebsiella oxytoca (190) 97.4 97.4 97.4 98.9 88.9 100.0 100.0 98.9 100.0
Enterobacter cloacae (270) 83.3 74.4 90.0 98.9 81.0 99.6 79.6 96.3 99.6
Enterobacter aerogenes (161) 90.1 78.9 98.1 98.8 81.2 99.4 96.3 97.5 99.4
Citrobacter koseri (42) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 92.9 100.0
Citrobacter freundii (32) 68.8 62.5 87.5 96.9 71.9 100.0 96.9 96.9 100.0
Proteus mirabilis (90) 98.9 98.9 96.7 98.9 100.0 100.0 0.0 67.8 75.6
Indole-positive Proteeae (46) 95.7 89.1 93.5 100.0 97.8 100.0 0.0 69.6 93.5
Serratia spp. (354) 94.4 95.2 95.2 96.9 90.7 99.2 5.1 95.2 99.7
Isolates carrying ESBL genes (145) 82.8 20.0 15.2 97.9 74.3 93.8 97.2 29.0 97.9

Isolates carrying blaCTX-M (111) 88.3 23.4 4.5 98.2 77.3 95.5 98.2 22.5 97.3
Isolates carrying blaCTX-M-15-like genes (89) 85.4 9.0 1.1 97.8 71.6 94.4 97.8 25.8 96.6
Isolates carrying blaCTX-M-14-like genes (22) 100.0 81.8 18.2 100.0 100.0 100.0 100.0 9.1 100.0

Isolates carrying blaSHV ESBL (31) 61.3 6.5 51.6 96.8 61.3 87.1 93.5 54.8 100.0
Isolates carrying blaTEM ESBL (3) 100.0 33.3 33.3 100.0 100.0 100.0 100.0 0.0 100.0

Isolates carrying blaKPC (70) 1.4 0.0 1.4 2.9 0.0 54.3 85.3 8.6 100.0
Isolates carrying transferable AmpC genes (13) 84.6 7.7 84.6 100.0 61.5 100.0 100.0 53.8 100.0

aEUCAST breakpoints were applied for colistin.
bFDA package insert breakpoints were applied for tigecycline.
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agents and for MDR strains (8, 9). The in vitro data presented in this study support the
idea that ceftolozane-tazobactam is active against P. aeruginosa isolates collected from
respiratory tract infections (RTIs) that were deemed as the probable cause of pneumo-
nia, including isolates nonsusceptible to other antipseudomonal �-lactams and MDR
isolates. Additionally, this combination displayed greater activity against XDR isolates
than did comparator antipseudomonal �-lactam agents and combinations.

Enterobacteriaceae species are also an important cause of nosocomial pneumonia (3,
4), and isolates producing ESBL enzymes can be associated with these infections (1, 5).
Data obtained by Popejoy et al. (10) in 2 double-blinded phase 3 noninferiority clinical
trials for ceftolozane-tazobactam presented a 97.4% overall clinical cure rate for ESBL-
producing Enterobacteriaceae infections when the infections were treated with this
combination. These trials were focused on isolates from complicated urinary tract
infections and complicated intra-abdominal infections for which the therapy was a
combination of ceftolozane-tazobactam and metronidazole (10).

In this study, we demonstrate that ceftolozane-tazobactam exhibited in vitro activity
against Enterobacteriaceae isolates producing ESBLs that were detected among 13.4%
of the E. coli and K. pneumoniae isolates collected from U.S. hospitals during 2013 to
2015. This combination was active against isolates carrying blaCTX-M, including those
carrying blaCTX-M-15-like and blaCTX-M-14-like genes, which are commonly detected in
U.S. hospitals (13). This combination was less active only than meropenem against
blaCTX-M-carrying isolates and displayed activity greater than or equal to that of
piperacillin-tazobactam and greater than those of ceftazidime and cefepime. Addition-
ally, ceftolozane-tazobactam demonstrated acceptable activity against isolates carrying
transferable AmpCs that are poorly inhibited by tazobactam. Although only a small
number of isolates harboring transferable AmpCs was noted, the main representatives
of this �-lactamase group observed in the United States (13) were included.

As with other �-lactams, the in vitro activity of ceftolozane-tazobactam was limited
against isolates carrying blaKPC that were detected mainly among K. pneumoniae from
the northeastern coast divisions.

A clinical trial is currently ongoing to evaluate the safety and efficacy of ceftolozane-
tazobactam against organisms causing ventilated nosocomial pneumonia (https://
clinicaltrials.gov/show/NCT02070757), and it is expected that the results will elucidate
the role of this �-lactam–�-lactamase combination to treat these serious infections.

MATERIALS AND METHODS
Bacterial isolates. A total of 1,576 P. aeruginosa and 2,362 Enterobacteriaceae clinical isolates were

collected in 31 U.S. hospitals during 2013 to 2015 as part of the Program to Assess Ceftolozane-
Tazobactam Susceptibility (PACTS). Participating institutions were requested to collect consecutive
bacterial isolates from lower respiratory tract invasive sampling (transtracheal aspiration, bronchoalveo-
lar lavage, protected brush samples, qualified sputum samples, etc.) considered significant by local
criteria as the reported probable cause of pneumonia. Only 1 isolate per patient infection episode was
included in the study. Species identification was confirmed when necessary by matrix-assisted laser
desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) using a Bruker Daltonics MALDI
Biotyper (Billerica, MA) according to the manufacturer’s instructions.

Antimicrobial susceptibility testing. Ceftolozane-tazobactam and comparator antimicrobial agents
were susceptibility tested using the reference broth microdilution method as described by CLSI (14).
Tazobactam was tested at a fixed concentration of 4 �g/ml. Categorical interpretations for all antimi-
crobials were those found in CLSI document M100-S26 (15), EUCAST guidelines (colistin for Enterobac-
teriaceae only) (16), or the FDA package insert (tigecycline) (17). Quality control was performed using E.
coli ATCC 25922 and 35218, K. pneumoniae ATCC 700603, and P. aeruginosa ATCC 27853 (18), and results
were within the CLSI published ranges (15).

Resistant subsets. P. aeruginosa isolates were categorized as MDR, XDR, or PDR according to criteria
initially published by Magiorakos et al. (19) and adapted by Farrell et al. (20), which define MDR as
nonsusceptible to �1 agent in �3 antimicrobial classes, XDR as nonsusceptible to �1 agent in all but
�2 antimicrobial classes, and PDR as nonsusceptible (CLSI criteria) to all antimicrobial classes tested. The
antimicrobial classes and drug representatives used in the analysis for P. aeruginosa were antipseudo-
monal cephalosporins (ceftazidime and cefepime), carbapenems (imipenem, meropenem, and dorip-
enem), broad-spectrum penicillins combined with a �-lactamase inhibitor (piperacillin-tazobactam),
fluoroquinolones (ciprofloxacin and levofloxacin), aminoglycosides (gentamicin, tobramycin, and amika-
cin), and the polymyxins (colistin).
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Screening for �-lactamases. A total of 269 E. coli and K. pneumoniae isolates displaying the CLSI
ESBL screening criteria (MIC, �1 �g/ml for aztreonam, ceftazidime, and/or ceftriaxone) (18) were tested
for �-lactamase-encoding genes using the microarray based assay Check-MDR CT101 kit (Check-Points,
Wageningen, Netherlands). The assay was performed according to the manufacturer’s instructions and
has the capability to detect blaCTX-M groups 1 (blaCTX-M-15-like), 2 (blaCTX-M-2-like), 8 plus 25 and 9
(blaCTX-M-14-like), blaTEM wild type (WT) and ESBL, blaSHV WT and ESBL, blaACC, blaACT/MIR, blaCMY-2-like,
blaDHA, blaFOX, blaKPC, and blaNDM-1-like genes. The most common amino acid alterations that expand the
spectrum of TEM and SHV enzymes are detected by this assay, and these include E104K, R164S/H, or
G238S for TEM and G238A/S and E240K for SHV. Validation of the assay against U.S. isolates was
previously performed (13).
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