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Pseudomonas aeruginosa (n = 1531) and Enterobacteriaceae (n = 2373) clinical isolates from hospitalized patients
with pneumonia were collected from 31 US medical centers during 2015-2017. Isolates were susceptibility tested
against ceftolozane-tazobactam and comparators by broth microdilution. Results from intensive care unit (ICU) pa-
tients and patients with ventilator-associated bacterial pneumonia (VABP) were analyzed separately. Ceftolozane-
tazobactam was very active against P. aeruginosa (MICsqo0, 0.5/2 mg/L; 97.5% susceptible), including multidrug-
resistant (87.9% susceptible) and extensively drug-resistant (82.9% susceptible). Ceftolozane-tazobactam

ﬁfﬂ;ﬂi’ms aeruginosa inhibited 90.3% of Enterobacteriaceae isolates (MICsq/90, 0.25/2 mg/L), including non-carbapenem-resistant
Enterobacteriaceae Enterobacteriaceae isolates with an extended-spectrum [-lactamase phenotype (85.7% susceptible).
ESBL Ceftolozane-tazobactam activity was stable against P. aeruginosa regardless of the US census division or ICU
MDR and VABP subsets (>90%); small differences were noted among Enterobacteriaceae isolates from the Middle

Multidrug resistance
Klebsiella pneumoniae
E. coli

Atlantic (range 78.3-88.9%) and West South Central (range 86.4-89.2%) divisions. These in vitro results indicate
that ceftolozane-tazobactam may represent a valuable option for hospital-acquired bacterial pneumonia and

VABP caused by Enterobacteriaceae and P. aeruginosa in the United States.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Pneumonia is one of the leading causes of mortality in the United
States, accounting for more than 50,000 deaths in 2015 (CDC, 2017).
Optimal treatment of pneumonia involves selecting an empiric
antibiotic regimen that provides early appropriate antibiotic coverage
and avoiding unnecessary treatment that may lead to adverse drug
effects, Clostridium difficile infection, and antibiotic resistance (Jones
et al.,, 2015). Selecting the most appropriate empiric therapy regimen
requires knowledge of local epidemiology and antimicrobial suscepti-
bility patterns. In 2016, the Infectious Disease Society of America
and the American Thoracic Society recommended empiric coverage of
Staphylococcus aureus, Pseudomonas aeruginosa, and other Gram-
negative bacilli in patients with hospital-acquired bacterial pneumonia
(HABP) and ventilator-associated bacterial pneumonia (VABP) (Kalil
et al., 2016). Considering that P. aeruginosa isolates are intrinsically
less susceptible (S) to several antimicrobial agents, the current clinically
available antipseudomonal antibiotics include ceftazidime, cefepime,
piperacillin-tazobactam, aztreonam, carbapenems (except ertapenem),
fluoroquinolones, aminoglycosides, and polymyxins. However,
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P. aeruginosa isolates displaying resistance to these agents are not
uncommon in the hospital setting, and the prevalence of extended-
spectrum 3-lactamase (ESBL)-producing Enterobacteriaceae, which
are usually resistant to these agents, is increasing worldwide (Biehl
et al,, 2016).

Since aminoglycosides and polymyxins should be avoided if alterna-
tive agents with adequate Gram-negative activity are available (Kalil
et al., 2016), carbapenems, new agents, and inhibitor combinations
have been suggested in the literature for treating HABP caused by resis-
tant pathogens (Perez and Bonomo, 2012; Rodriguez-Bano, et al., 2012).
Among these options, ceftolozane-tazobactam has been demonstrated
to overcome the most prevalent resistance mechanisms, such as
chromosomal Ambler class C cephalosporinase, several ESBLs, loss of the
outer membrane porin, and upregulation of efflux pumps. Ceftolozane-
tazobactam also demonstrated activity against carbapenem-resistant
strains that do not produce carbapenemases (Bassetti et al., 2018;
Pfaller et al,, 2017). However, this agent is not active against serine
carbapenemases, such as Klebsiella pneumoniae carbapenemase (KPC),
or metallo-p-lactamases (Sucher et al., 2015).

Ceftolozane-tazobactam is a combination of a new cephalosporin
with a well-known p-lactamase inhibitor. It is approved for clinical
use in over 50 countries worldwide, including the United States and
Europe, for the treatment of complicated intra-abdominal infections
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(in combination with metronidazole) and complicated urinary tract in-
fections, including pyelonephritis, in adults (EMA, 2015; ZERBAXA,
2016). Ceftolozane-tazobactam has demonstrated acceptable
treatment success rates for serious infections caused by P. aeruginosa,
including carbapenem-resistant isolates (Dinh et al., 2017; Munita
et al., 2017) and ESBL-producing Enterobacteriaceae (Popejoy et al.,
2017). A phase 3 clinical trial to assess the safety and efficacy of
ceftolozane-tazobactam (3 g every 8 h intravenous, 60-min infusion)
compared with meropenem (1 g every 8 h intravenous, 60-min
infusion) for the treatment of HABP, including VABP, has met the
primary endpoint of noninferiority, although results have not yet been
published (ClinicalTrials.gov registration no. NCT02070757).

In this study, we evaluated the activity of ceftolozane-tazobactam
against 1531 P. aeruginosa and 2373 Enterobacteriaceae isolates from
pneumonia in hospitalized patients (PHP) in US medical centers during
2015-2017. Results were stratified by US census division. Isolates from
patients hospitalized in an intensive care unit (ICU) and those with
VABP were analyzed separately. The collection included multidrug-
resistant (MDR) and extensively drug-resistant (XDR) P. aeruginosa
and ESBL-phenotype Enterobacteriaceae isolates.

2. Materials and methods
2.1. Frequency of occurrence of bacterial organisms from PHP

Consecutive unique bacterial isolates were cultured from hospital-
ized patients with pneumonia in a prevalence sampling design as part
of the Program to Assess Ceftolozane-Tazobactam Susceptibility
(PACTS) surveillance program (Castanheira et al., 2018). Medical
records were not available to make epidemiological inferences about
the origin of infection. Thus, hospitalized patients with pneumonia in-
clude patients hospitalized for any reason and presenting with pneumo-
nia at any point during their hospital stay. Each participating center was
requested to collect 100 consecutive bacterial isolates from lower
respiratory tract sites determined to be significant by local criteria as
the reported probable cause of pneumonia. Isolates were recovered by
transtracheal aspiration, bronchoalveolar lavage, protected brush
samples, qualified sputum samples, etc. The frequency of occurrence
of organisms in ICU patients (regardless of VABP status) and the fre-
quency of those from ICU patients with VABP were analyzed separately.
Although all organisms were collected, only P. aeruginosa and
Enterobacteriaceae isolates were tested for susceptibility against
ceftolozane-tazobactam and comparator agents.

2.2. Enterobacteriaceae and P. aeruginosa tested against ceftolozane-
tazobactam and comparator agents

A total of 1531 P. aeruginosa and 2373 Enterobacteriaceae isolates
were recovered from 31 US medical centers distributed among 22 states
from all 9 census divisions from 2015 through 2017. Isolates were proc-
essed locally and were forwarded to a central laboratory (JMI Laborato-
ries, Inc., North Liberty, IA) for reference identification and susceptibility
testing. Only 1 isolate referred per patient infection episode was in-
cluded in the study. Isolates referred by the participating medical center
as [CU-only or ICU and VABP were analyzed separately from those not
designated as ICU or VABP. Bacterial identification was confirmed
by matrix-assisted laser desorption ionization-time of flight mass
spectrometry using Biotyper (Bruker Daltonics, Billerica, MA) according
to the manufacturer's instructions.

2.3. Resistant subsets

P. aeruginosa isolates were categorized as MDR or XDR according to
criteria initially published by Magiorakos et al. (2012) and adapted by
Farrell et al. (2013), 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 pan-drug resistant as nonsusceptible to all
agents in all antimicrobial classes tested, using CLSI criteria to define
nonsusceptibility. The antimicrobial classes and drug representatives
used in the analysis for P. aeruginosa were antipseudomonal cephalo-
sporins (ceftazidime and cefepime), carbapenems (meropenem),
broad-spectrum penicillins combined with a B-lactamase inhibitor
(piperacillin-tazobactam), fluoroquinolones (levofloxacin), aminogly-
cosides (amikacin), and the polymyxins (colistin). Escherichia coli,
K. pneumoniae, Klebsiella oxytoca, and P. mirabilis isolates were grouped
as “ESBL screening-positive phenotype” based on the CLSI screening
criteria for ESBL production, i.e., MIC of >1 mg/L for ceftazidime, ceftriax-
one, and/or aztreonam, for the purpose of susceptibility testing results
analysis. Carbapenem-resistant Enterobacteriaceae (CRE) isolates were
defined as displaying MIC values >4 mg/L for imipenem (P. mirabilis
and indole-positive Proteeae were not included due to the intrinsically
elevated MIC values), meropenem, and/or doripenem. Since
carbapenemase-producing isolates may also appear to have an
ESBL phenotype, non-carbapenem-resistant ESBL-phenotype (ESBL,
non-CRE) isolates were analyzed.

2.4. Susceptibility tests

Broth microdilution test methods conducted according to CLSI
methods were performed to determine the antimicrobial susceptibility
of ceftolozane-tazobactam (inhibitor at fixed concentration of 4 mg/L)
and comparator agents (CLSI, 2018a). Categorical interpretations for
all antimicrobials were those found in CLSI document M100 (CLSI,
2018b) and EUCAST guidelines (colistin for Enterobacteriaceae only)
(EUCAST, 2018). Quality control was performed using E. coli ATCC
25922 and ATCC 35218, K. pneumoniae ATCC 700603, and
P. aeruginosa ATCC 27853, and results were within the CLSI published
ranges (CLSI, 2018b).

3. Results
3.1. Frequency of occurrence of bacterial organisms from PHP

The frequency was calculated based on the total number of isolates
collected from PHP in 2017. Although all organisms were collected,
only P. aeruginosa and Enterobacteriaceae isolates were tested for sus-
ceptibility to ceftolozane-tazobactam and comparator agents. S. aureus
(27.5%) was the most frequent pathogen, followed by P. aeruginosa
(24.7%); K. pneumoniae (7.8%), and E. coli (6.5%). Isolates recovered
from ICU patients (40.7%) presented similar frequency distributions:
S. aureus (26.9%), P. aeruginosa (20.9%), K. pneumoniae (8.6%), and
E. coli (7.6%). However, although S. aureus (23.1%) and P. aeruginosa
(22.9%) were the most frequent pathogens among VABP isolates
(11.6%), Stenotrophomonas maltophilia (6.8%) was the third most fre-
quent pathogen followed closely by K. pneumoniae (6.7%) and E. coli
(6.1%). Overall, P. aeruginosa and Enterobacteriaceae isolates combined
represented 54.5% of pathogens recovered from PHP, 57.3% recovered
from ICU patients, and 60.0% recovered from patients with VABP.

3.2. Ceftolozane-tazobactam activity against P. aeruginosa

Ceftolozane-tazobactam inhibited 97.5% of P. aeruginosa isolates
(n = 1531) at the current CLSI, US FDA, and EUCAST susceptible
breakpoint criterion of <4/4 mg/L and displayed greater in vitro activity
than all other antipseudomonal 3-lactams tested (Tables 1 and 2). This
compound remained active against isolates nonsusceptible to other
p-lactams, inhibiting 89.1% of isolates nonsusceptible to piperacillin-
tazobactam (MICsg/90, 1/8 mg/L), 85.7% of isolates nonsusceptible to
ceftazidime (MICsg/90, 2/8 mg/L), 86.1% of isolates nonsusceptible to
cefepime (MICsp/00, 2/8 mg/L), and 90.8% of isolates nonsusceptible to
meropenem (MICsg90, 1/4 mg/L; Tables 1 and 2). In addition,
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X;':ilsli]crobial activity of ceftolozane-tazobactam tested against P. aeruginosa and Enterobacteriaceae from pneumonia in hospitalized patients in US medical centers (2015-2017).
Organism/organism group (no. of isolates) No. of isolates at MIC (mg/L; cumulative %) MICsg MICgyg
<0015 003 006 012 025 05 1 2 4 8 16 32 =2
P. aeruginosa (1531) 8.0 3).1 (5>.4 ﬁa ?;é égg 379 32.1 gg.s 519?;.4 ;8.8 39.0 }go.o 05 2
Piperacillin-tazobactam nonsusceptible (>16 mg/L) (341) 8.0 2).3 ?28 ;%13 322 g!l)l ;37 ;4.7 35.3 }g0.0 1 8
Ceftazidime nonsusceptible (>8 mg/L) (266) 8.0 é% g;o ;22 227 ;(3)6 ;3'2 34'0 }(6)0.0 2 8
Cefepime nonsusceptible (~2 mg/L) (251) 8.0 2.2 gg.o 23.7 gg,l ‘.]9(2).8 ;3.6 &134.0 }(5)0.0 2 8
Meropenem nonsusceptible (>2 mg/L) (368) g.o Z.g ;(1).70 (152.03 :?.2 :g.s sla;.s s795.7 ;6.2 }30.0 1 4
MDR (307) 00 07 114 508 749 8 915 941 o48 1000 ' 8
XDR (193) 00 31 45 a3 39 76 912 w2 100 2 16
Enterobacteriaceae (2373) 8.0 B 01 ﬁ ggi 23.92 g?i) ;g% 33.3 8(2).9 3(5).0 5292.2 ;2.9 Zgo.o 025 2
Non-ESBL (1059) g.o 3?0 :ZZ ggg .3)31 33.7 ?00.0 02505
ESBL, non-CRE (280) 8.0 5.7 (1578 gg.e 2;51;.6 ?31 3‘51.7 ;Z.s 34.6 5737.1 ;7.5 Zoo.o 05 4
Escherichia coli (435) g.o ;()3 4212.27 ;321 Zg.o &192.1 :G.G 27.9 38.6 39.1 5139.3 ?00.0 025 05
Non-ESBL (298) g.o g.o égi g;.s sl)g.o ?00.0 012025
ESBL, non-CRE (134) g.o c1).7 }3.4 ﬁ.o ‘71:.4 slag.s ;1.0 34.8 37.0 5197.8 ;8.5 300.0 05 2
Kiebsiella spp. (864) g‘o }35 §i21 é% 33(1);5 gg.] 5233.9 ;;.4 23.4 ;}1‘7 ;5.5 ?30.0 025 2
K. pneumoniae (664) g.o 3.9 ;22 gi 3;.7 gg.o :;3.8 513(1).3 ;2.3 ;411.0 34.7 ?go.o 025 4
Non-ESBL (503) g.o ?,0 ;2% %2 gg.s ;g.e ?oo.o 025 05
ESBL, non-CRE (116) g.o (1).9 3.3 }gz ?71.9 22.4 ;g.z 37.9 31.4 ge.e 36.6 ‘1100.0 1 8
K- oxytoca (196) g.o ;.6 23,0 2(5).1 38.3 93)1.8 34.9 36.4 37.4 37.4 ;8.5 ?00.0 01205
Non-ESBL (170) g.o 4711 3(5).0 g(]).o 332.4 }00.0 012025
Enterobacter spp. (510) g.o (1).2 ‘11.0 ;(1).?5 ég.% 23.4 ?3.9 33,8 ;g.s 3;.9 ;;.1 36.1 ?go.o 025 8
E. cloacae species complex (334) g.o 3).3 ?.2 g?.o 51335.70 gg.s ;(2).4 ;g.l §}.4 ég.s ;(2).5 34.0 fgo.o 025 16
E- aerogenes (175) 8.0 (1).6 352)49 233 gls 213(116 :sl.e ;g.o 29.4 }0040 025 4
Citrobacter spp. (96) g.o 3.1 23.7 391.0 57;1.2 26.5 ;7.5 ?39.6 32.7 53;5.3 51)6.9 ?oo.o 025 8
C. koseri (51) 3.0 §.9 gé.g zlzg.z 38.0 }00.0 01205
C. freundii species complex (44) 8.0 ;;.o 513:51.8 51.4 ;10.5 ;2.7 ?7.3 ;4.1 53;0.9 _3)3.2 ?00.0 025 16
P. mirabilis (96) g.o 3.1 gg.o 3;7 ;7.9 ;9.0 gg.o gg.o gg.o 39.0 }00.0 025 05
Non-ESBL (85) 8.0 3.5 ‘512.5 32.5 2298.8 :00.0 025 05
Indole-positive Proteus spp- (65) g.o 431.6 Zs.4 §§.4 ?s;.z 51)0.8 ;2.3 36.9 ;8.5 88.5 100.0 025 1
Serratia spp. (275) g.o ?.1 3.4 333.74 gg.s 36.4 ‘.196.7 ;7.1 (9)7.1 37.1 ?00.0 05 1
. marcescens (267) g.o 3.7 ?1).6 ;228 32.3 :6.3 ;6.6 ;7.0 (9)7.0 87.0 ?00.0 05 1

¢ Greater than the highest dilution tested.

ceftolozane-tazobactam was the most active B-lactam compound
tested against the entire P. aeruginosa collection (Table 2).

MDR (n = 307) and XDR (n = 193) P. aeruginosa isolates
represented 20.1% and 12.6% of the P. aeruginosa isolates tested, and
ceftolozane-tazobactam was active against 87.9% and 82.9% of these
isolates, respectively. In contrast, cefepime, ceftazidime, piperacillin-
tazobactam, and meropenem displayed reduced susceptibility rates
against MDR (20.2-34.2%S) and XDR (9.3-25.4%S) P. aeruginosa isolates.
Colistin (MICsg/90, £0.5/1 mg/L; >99%S) and amikacin (MICsg,90,

4-8/16->32 mg/L; 73.1-93.7%S) were also very active against the en-
tire P. aeruginosa collection, including MDR and XDR isolates. Only 1
pan-drug-resistant P. aeruginosa isolate was observed in this collection:
an isolate recovered in 2016 from an ICU patient in the New England US
census division that was susceptible only to ceftolozane-tazobactam
(MIC, 2 mg/L) among the antimicrobial agents tested.

P. aeruginosa isolates recovered from the ICU and VABP patients had
slightly higher susceptibility rates to ceftolozane-tazobactam (97.9%
and 99.5%S, respectively) compared to the entire P. aeruginosa collection



96 C.G. Carvalhaes et al. / Diagnostic Microbiology and Infectious Disease 94 (2019) 93-102

X;I:ilrilizcrobial activity of ceftolozane-tazobactam and comparator agents tested against 1531 P. aeruginosa and 2373 Enterobacteriaceae isolates from pneumonia in hospitalized patients.
Organism/organism group (no. of isolates) MICsq MiICgg Range CLSI? EUCAST?
Antimicrobial agent (mg/L) %S %R %S %R
P. aeruginosa

All isolates (1531)

Ceftolozane-tazobactam 0.5 2 0.03 to >32 97.5 1.6 97.5 2.5
Amikacin 4 16 <0.25 to >32 93.7 3.7 87.0 6.3
Aztreonam 8 >16 <0.12 to >16 69.0 193 10.5 193
Cefepime 4 16 <0.5to >16 83.6 5.4 83.6 16.4
Ceftazidime 2 32 <0.25 to >32 82.6 124 82.6 17.4
Colistin <0.5 1 <0.5t0 4 99.9 0.1 99.9 0.1
Levofloxacin 1 >4 <0.12 to >4 71.7 18.7 60.8 39.2
Meropenem 0.5 16 <0.015 to >32 76.0 17.4 76.0 10.6
Piperacillin-tazobactam 4 >64 <0.5 to >64 77.7 11.0 77.7 223
Piperacillin-tazobactam nonsusceptible (341)
Ceftolozane-tazobactam 1 8 0.25 to >32 89.1 73 89.1 109
Amikacin 4 32 <0.25 to >32 85.9 9.4 74.2 141
Aztreonam >16 >16 2t0>16 11.7 68.6 0.0 68.6
Cefepime 16 >16 2to>16 40.9 212 40.9 59.1
Ceftazidime 32 >32 1to>32 27.0 54.3 27.0 73.0
Colistin <0.5 1 <0.5to 4 99.4 0.6 99.4 0.6
Levofloxacin 4 >4 <0.12 to >4 42.2 413 284 71.6
Meropenem 8 32 <0.015 to >32 40.2 52.2 40.2 36.1
Piperacillin-tazobactam 64 >64 32 to>64 0.0 493 0.0 100.0
Ceftazidime nonsusceptible (266)
Ceftolozane-tazobactam 2 8 0.5 to >32 85.7 9.4 85.7 14.3
Amikacin 8 >32 <0.25 to >32 81.2 124 70.3 188
Aztreonam >16 >16 1to>16 83 714 0.4 714
Cefepime 16 >16 2to>16 30.8 27.8 30.8 69.2
Ceftazidime 32 >32 16 to >32 0.0 71.4 0.0 100.0
Colistin <0.5 1 <0.5to 4 99.6 0.4 99.6 0.4
Levofloxacin 4 >4 <0.12 to >4 421 447 30.5 69.5
Meropenem 8 32 0.06 to >32 39.1 523 39.1 33.8
Piperacillin-tazobactam >64 >64 <0.5 to >64 6.4 60.9 6.4 93.6
Cefepime nonsusceptible (251)
Ceftolozane-tazobactam 2 8 0.5 to >32 86.1 9.2 86.1 139
Amikacin 8 >32 <0.25 to >32 79.3 13.1 62.5 20.7
Aztreonam >16 >16 0.5to>16 11.2 733 3.2 733
Cefepime 16 >16 16 to >16 0.0 32.7 0.0 100.0
Ceftazidime 32 >32 0.25 to >32 26.7 59.8 26.7 73.3
Colistin <0.5 1 <0.5to 4 99.6 0.4 99.6 0.4
Levofloxacin >4 >4 <0.12 to >4 33.1 52.6 19.5 80.5
Meropenem 8 32 0.06 to >32 35.1 56.6 35.1 41.0
Piperacillin-tazobactam >64 >64 1to>64 19.9 534 19.9 80.1
Meropenem nonsusceptible (368)
Ceftolozane-tazobactam 1 4 0.25 to >32 90.8 6.2 90.8 9.2
Amikacin 8 32 <0.25 to >32 85.3 9.8 74.2 14.7
Aztreonam >16 >16 0.5t0>16 272 514 14 514
Cefepime 8 >16 1to>16 55.7 17.7 55.7 443
Ceftazidime 8 >32 1to>32 56.0 31.2 56.0 44.0
Colistin <0.5 1 <0.5to 4 99.7 0.3 99.7 0.3
Levofloxacin >4 >4 <0.12 to >4 31.0 52.2 17.9 82.1
Meropenem 8 32 4to>32 0.0 72.6 0.0 440
Piperacillin-tazobactam 32 >64 <0.5 to >64 44.6 27.7 44.6 55.4
MDR (307)
Ceftolozane-tazobactam 1 8 0.25 to >32 879 8.1 87.9 12.1
Amikacin 8 >32 <0.25 to >32 78.8 13.0 61.9 21.2
Aztreonam >16 >16 0.5to>16 16.0 64.5 2.6 64.5
Cefepime 16 >16 4to>16 342 244 34.2 65.8
Ceftazidime 16 >32 0.25 to >32 342 489 34.2 65.8
Colistin <0.5 1 <0.5to 4 99.3 0.7 99.3 0.7
Levofloxacin >4 >4 <0.12 to >4 19.2 62.5 9.1 90.9
Meropenem 8 32 0.12 to >32 20.2 66.4 20.2 44.6
Piperacillin-tazobactam 64 >64 1to>64 20.8 433 20.8 79.2
XDR (193)
Ceftolozane-tazobactam 2 16 0.5 to >32 829 124 829 171
Amikacin 8 >32 0.5 to >32 73.1 17.6 52.8 26.9
Aztreonam >16 >16 0.5to>16 8.8 72.5 1.6 72.5
Cefepime 16 >16 4to>16 228 332 228 772
Ceftazidime 32 >32 1to>32 254 55.4 254 74.6
Colistin <0.5 1 <0.5to 4 99.0 1.0 99.0 1.0
Levofloxacin >4 >4 <0.12to >4 6.7 72.5 2.6 97.4
Meropenem 16 32 0.12 to >32 114 75.6 114 523
Piperacillin-tazobactam 64 >64 2 to >64 9.3 49.2 9.3 90.7

Enterobacteriaceae”
All isolates (2373)
Ceftolozane-tazobactam 0.25 2 0.03 to >32 90.3 7.1 87.5 12.5
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Table 2 (continued)

Organism/organism group (no. of isolates) MICso MiICqg Range CLSI? EUCAST?
Antimicrobial agent (mg/L) %S %R %S %R
Amikacin 2 4 <0.25 to >32 98.7 03 97.3 13
Ampicillin-sulbactam 16 >32 <0.5 to >32 39.5 44,5 39.5 60.5
Aztreonam <0.12 >16 <0.12 to >16 80.3 18.1 774 19.7
Cefepime <0.12 16 <0.12 to >16 85.5 11.0 834 12.8
Ceftazidime 0.25 >32 0.03 to >32 80.5 18.2 76.8 19.5
Ceftriaxone 0.12 >8 <0.06 to >8 75.9 224 759 224
Colistin 0.12 >8 <0.06 to >8 78.7¢ 78.7 213
Gentamicin 0.5 8 <0.12 to >8 89.5 8.6 88.5 10.5
Levofloxacin 0.06 >4 <0.03 to >4 83.0 15.1 78.4 18.7
Meropenem 0.03 0.06 <0.015 to >32 96.0 32 96.8 1.8
Piperacillin-tazobactam 2 64 <0.5 to >64 86.0 8.2 80.6 14.0
ESBL, non-CRE (280)°¢
Ceftolozane-tazobactam 0.5 4 0.06 to >32 85.7 8.2 771 229
Amikacin 2 8 <0.25 to >32 97.1 0.4 91.1 2.9
Ampicillin-sulbactam 32 >32 4 t0>32 93 77.5 9.3 90.7
Aztreonam >16 >16 <0.12 to >16 22.1 70.4 9.6 77.9
Cefepime >16 >16 <0.12 to >16 26.1 575" 20.7 65.4
Ceftazidime 32 >32 0.06 to >32 289 66.1 8.6 71.1
Ceftriaxone >8 >8 0.12 to >8 118 85.4 11.8 85.4
Colistin 0.12 0.25 <0.06 to >8 9544 95.4 4.6
Gentamicin 1 >8 <0.12 to >8 59.6 379 57.1 40.4
Levofloxacin >4 >4 <0.03 to >4 40.0 55.7 31.8 61.8
Meropenem 0.03 0.06 <0.015to 2 98.2 0.0 100.0 0.0
Piperacillin-tazobactam 8 >64 <0.5 to >64 69.5 219 51.6 30.5
E. coli
All isolates (435)
Ceftolozane-tazobactam 0.25 0.5 0.06 to >32 96.6 2.1 96.1 3.9
Amikacin 2 8 0.5 to 32 99.1 0.0 95.9 0.9
Ampicillin-sulbactam 16 >32 <0.5 to >32 393 439 393 60.7
Aztreonam <0.12 >16 <0.12 to >16 731 23.0 68.7 26.9
Cefepime <0.12 >16 <0.12 to >16 743 21.6 73.1 234
Ceftazidime 0.25 >32 0.06 to >32 76.6 21.6 70.1 234
Ceftriaxone <0.06 >8 <0.06 to >8 69.4 29.9 69.4 29.9
Colistin 0.12 0.25 <0.06 to 4 99.5¢ 99.5 0.5
Gentamicin 1 >8 0.25 to >8 79.1 20.2 78.2 209
Levofloxacin 0.5 >4 <0.03 to >4 55.5 42.9 54.4 44.5
Meropenem <0.015 0.03 <0.015to 16 99.3 0.7 99.3 0.2
Piperacillin-tazobactam 2 16 <0.5 to >64 90.6 6.5 83.6 9.4
ESBL, non-CRE (134)
Ceftolozane-tazobactam 0.5 2 0.06 to >32 91.0 52 89.6 104
Amikacin 4 16 0.5 to 32 97.8 0.0 89.6 2.2
Ampicillin-sulbactam 32 >32 4 t0>32 12.7 73.9 12.7 87.3
Aztreonam >16 >16 0.5 to>16 14.9 72.4 0.7 85.1
Cefepime >16 >16 <0.12 to >16 18.7 679" 14.9 739
Ceftazidime 32 >32 0.5 to >32 26.1 67.9 5.2 739
Ceftriaxone >8 >8 0.5to>8 3.0 94.8 3.0 94.8
Colistin 0.12 0.25 <0.06 to 4 99.3 ¢ 99.3 0.7
Gentamicin 1 >8 0.25 to >8 59.0 40.3 57.5 41.0
Levofloxacin >4 >4 <0.03 to >4 16.4 82.8 15.7 83.6
Meropenem 0.03 0.03 <0.015t0 0.5 100.0 0.0 100.0 0.0
Piperacillin-tazobactam 8 64 <0.5 to >64 85.0 9.8 66.9 15.0

Klebsiella pneumoniae
All isolates (664)

Ceftolozane-tazobactam 0.25 4 0.06 to >32 89.8 8.7 87.0 13.0
Amikacin 1 4 <0.25 to >32 96.8 0.8 94.7 32

Ampicillin-sulbactam 8 >32 1to>32 63.6 25.5 63.6 36.4
Aztreonam <0.12 >16 <0.12 to >16 79.8 19.6 78.6 20.2
Cefepime <0.12 >16 <0.12 to >16 81.3 16.0 80.0 17.6
Ceftazidime 0.25 >32 0.03 to >32 79.2 20.0 76.2 20.8
Ceftriaxone <0.06 >8 <0.06 to >8 79.1 20.6 79.1 20.6
Colistin 0.12 0.25 <0.06 to >8 98.0¢ 98.0 2.0

Gentamicin 0.25 8 <0.12 to >8 89.2 8.9 88.1 10.8
Levofloxacin 0.06 >4 <0.03 to >4 86.4 11.9 79.8 14.9
Meropenem 0.03 0.06 <0.015 to >32 92.8 6.0 94.0 4.1

Piperacillin-tazobactam 4 >64 0.12 to >64 84.8 11.6 77.1 15.2

ESBL, non-CRE (116)

Ceftolozane-tazobactam 1 8 0.06 to >32 80.2 121 66.4 33.6
Amikacin 1 8 0.5 to >32 95.7 09 92.2 43

Ampicillin-sulbactam >32 >32 4 to>32 43 81.9 4.3 95.7
Aztreonam >16 >16 <0.12 to >16 233 733 16.4 76.7
Cefepime 16 >16 <0.12 to >16 319 56.9 25.0 62.9
Ceftazidime 32 >32 1to>32 19.8 76.7 2.6 80.2
Ceftriaxone >8 >8 0.12to>8 19.0 79.3 19.0 79.3
Colistin 0.12 0.25 <0.06 to >8 9744 97.4 2.6

(continued on next page)
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Table 2 (continued)

Organism/organism group (no. of isolates) MICsq MiICqg Range CcLsI? EUCAST?
Antimicrobial agent (mg/L) %S %R %S %R
Gentamicin 2 >8 <0.12 to >8 54.3 414 50.9 45.7
Levofloxacin 1 >4 <0.03 to >4 60.3 319 431 42.2
Meropenem 0.03 0.12 <0.015to 2 95.7 0.0 100.0 0.0
Piperacillin-tazobactam 16 >64 0.5 to >64 58.6 276 371 414
Enterobacter spp. (510)¢
Ceftolozane-tazobactam 0.25 8 0.03 to >32 79.8 13.5 73.9 26.1
Amikacin 1 2 0.5 to 32 99.8 0.0 99.2 0.2
Ampicillin-sulbactam 32 >32 2to>32 14.1 64.1 14.1 85.9
Aztreonam <0.12 >16 <0.12 to >16 71.0 26.9 68.2 29.0
Cefepime <0.12 4 <0.12 to >16 89.0 7.1 849 9.0
Ceftazidime 0.5 >32 0.03 to >32 69.6 28.8 67.3 304
Ceftriaxone 0.25 >8 <0.06 to >8 66.5 320 66.5 320
Colistin 0.12 >8 <0.06 to >8 86.2 ¢ 86.2 13.8
Gentamicin 0.25 0.5 <0.12 to >8 93.3 4.1 93.1 6.7
Levofloxacin <0.03 1 <0.03 to >4 93.1 53 89.0 9.6
Meropenem 0.03 0.12 <0.015 to >32 95.7 2.7 973 0.6
Piperacillin-tazobactam 4 64 <0.5 to >64 76.2 9.2 70.5 238
Citrobacter spp. (96)
Ceftolozane-tazobactam 0.25 8 0.06 to >32 87.5 104 86.5 135
Amikacin 1 2 <0.25 to 4 100.0 0.0 100.0 0.0
Ampicillin-sulbactam 8 >32 1to>32 69.8 24.0 69.8 30.2
Aztreonam <0.12 >16 <0.12 to >16 81.2 18.8 81.2 18.8
Cefepime <0.12 1 <0.12 to >16 94.8 4.2 90.6 42
Ceftazidime 0.25 >32 0.06 to >32 81.2 16.7 79.2 18.8
Ceftriaxone 0.12 >8 <0.06 to >8 81.2 17.7 81.2 17.7
Colistin 0.12 0.25 <0.06 to 1 100.0 0.0
Gentamicin 0.5 1 <0.12 to >8 91.7 7.3 90.6 83
Levofloxacin <0.03 1 <0.03 to >4 94.8 3.1 89.6 52
Meropenem <0.015 0.06 <0.015to 16 96.9 2.1 97.9 1.0
Piperacillin-tazobactam 2 64 0.5 to >64 844 8.3 80.2 15.6
P. mirabilis (96)
Ceftolozane-tazobactam 0.25 0.5 0.12 to >32 99.0 1.0 97.9 2.1
Amikacin 4 4 1to32 97.9 0.0 97.9 2.1
Ampicillin-sulbactam 2 16 <0.5 to >64 844 6.2 84.4 15.6
Aztreonam <0.12 <0.12 <0.12 to >16 979 2.1 94.8 2.1
Cefepime <0.12 2 <0.12 to >16 91.7 3.1 89.6 42
Ceftazidime 0.06 0.25 0.03 to >32 94.8 4.2 91.7 52
Ceftriaxone <0.06 0.25 <0.06 to >8 92.7 5.2 92.7 52
Colistin >8 >8 8t0>8 0.0 100.0
Gentamicin 1 4 0.25to>8 91.7 6.2 88.5 83
Levofloxacin 0.06 >4 <0.03 to >4 64.6 30.2 61.5 375
Meropenem 0.06 0.12 0.03to 16 99.0 1.0 99.0 1.0
Piperacillin-tazobactam <0.5 1 <0.5to 4 100.0 0.0 100.0 0.0
S. marcescens (267)
Ceftolozane-tazobactam 0.5 1 0.12 to >32 96.3 34 933 6.7
Amikacin 2 4 0.5 to >32 98.5 0.4 98.5 1.5
Ampicillin-sulbactam >32 >32 4to>32 1.9 929 19 98.1
Aztreonam <0.12 4 <0.12 to >16 929 6.4 88.0 7.1
Cefepime <0.12 0.5 <0.12 to >16 94.8 22 929 4.1
Ceftazidime 0.25 1 0.06 to >32 94.4 5.6 92.5 5.6
Ceftriaxone 0.5 8 <0.06 to >8 794 135 79.4 135
Colistin >8 >8 0.12 to >8 9.8 90.2
Gentamicin 0.5 1 0.12 to >8 95.9 34 95.1 4.1
Levofloxacin 0.12 1 <0.03 to >4 94.8 3.0 88.0 8.2
Meropenem 0.06 0.06 0.03 to >32 95.5 4.1 959 2.6
Piperacillin-tazobactam 2 16 <0.5 to >128 91.0 34 86.5 9.0

@ Criteria as published by CLSI, 2018a, 2018b and EUCAST, 2018.

Y Organisms include Citrobacter amalonaticus/farmeri (1), C. freundii (14), C. freundii species complex (30), C. koseri (51), Cronobacter sakazakii (1), Enterobacter aerogenes
(175), E. asburiae (5), E. cloacae (165), E. cloacae species complex (163), E. kobei (1), E. taylorae (1), Escherichia coli (435), Ewingella americana (1), Hafnia alvei (6), Klebsiella
oxytoca (196), K. pneumoniae (664), K. variicola (4), Kluyvera ascorbata (1), Kosakonia cowanii (1), Morganella morganii (24), Pantoea agglomerans (3), P. dispersa (1),
Pluralibacter gergoviae (1), P. mirabilis (96), P. vulgaris (2), P. vulgaris group (4), Providencia rettgeri (12), P. stuartii (23), Rahnella aquatilis (2), Raoultella ornithinolytica
(7), R. planticola (1), S. liquefaciens (8), S. marcescens (267), unspeciated Cedecea (1), unspeciated Pantoea (3), and unspeciated Raoultella (3).

€ Organisms include E. coli (134), K. oxytoca (21), K. pneumoniae (116), and P. mirabilis (9).

4 Percentage of wild type based on epidemiologic cutoff value. (CLSI, 2018b).

€ Organisms include: Enterobacter aerogenes (175), E. asburiae (5), E. cloacae (165), E. cloacae species complex (163), E. kobei (1), E. taylorae (1).

(MICs¢/MICgg, 0.5/2 mg/L; 97.5%S; Table 3). Ceftolozane-tazobactam (MICs50/MICgq, 0.5/16 mg/L; 73.9-76.8%S) that demonstrated limited ac-
was the most active R-lactam compound against isolates recovered tivity against these P. aeruginosa subsets (Table 3). Interestingly,
from ICU patients (MICso/MICgg, 0.5/2 mg/L; 97.9%S) and patients with ceftolozane-tazobactam remained active against highly resistant
VABP (MIC50/MICgg, 0.5/2 mg/L; 99.5%S), in contrast to piperacillin— subgroups, demonstrating 97.6% and 95.0% susceptibility against
tazobactam (MICso/MICqyg, 4/>64 mg/L; 76.4-77.3%S) and meropenem MDR and XDR P. aeruginosa isolates recovered from VABP, respectively
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Table 3
Antimicrobial activity of ceftolozane-tazobactam and comparator agents tested against
P. aeruginosa and Enterobacteriaceae isolates from US medical centers (2015-2017).

Antimicrobial agent PHP (all ICU VABP
isolates)
%S? %R? %S? %R? %S? %R?
P. aeruginosa (n = 1531) (n = 564) (n = 203)
Ceftolozane-tazobactam 97.5 1.6 97.9 1.6 99.5 0.0
Amikacin 93.7 3.7 96.1 2.0 96.1 15
Aztreonam 69.0 19.3 70.2 19.1 69.5 19.7
Cefepime 83.6 5.4 84.5 4.6 85.1 5.4
Ceftazidime 82.6 124 82.8 115 84.7 9.9
Colistin 99.9 0.1 99.6 0.4 100.0 0.0
Levofloxacin 71.7 18.7 75.5 16.8 75.9 15.8
Meropenem 76.0 174 76.8 154 73.9 17.2

Piperacillin-tazobactam  77.7 11.0 773 9.9 76.4 74
Enterobacteriaceae (n = 2373) (n =1129) (n = 349)
Ceftolozane-tazobactam  90.3 7.1 91.9 5.9 92.0 5.4

Amikacin 98.7 0.3 99.5 0.0 99.4 0.0
Ampicillin-sulbactam 395 44.5 399 43.2 38.7 43.8
Aztreonam 80.3 18.1 83.2 15.8 85.4 135
Cefepime 855 110" 884 91> 917 69"
Ceftazidime 80.5 18.2 83.7 15.1 85.4 12.6
Ceftriaxone 759 224 79.6 189 81.9 16.0
Colistin 78.7 ¢ 79.1°¢ 76.5 ¢
Gentamicin 89.5 8.6 91.9 6.8 94.8 4.6
Levofloxacin 83.0 15.1 86.7 12.0 879 115
Meropenem 96.0 3.2 96.9 23 97.7 2.0

Piperacillin-tazobactam  86.0 8.2 87.6 7.3 87.7 8.0
K. pneumoniae (n = 864) (n = 403) (n=179)
Ceftolozane-tazobactam  90.9 7.6 94.0 5.0 96.2 338

Amikacin 97.6 0.6 99.3 0.0 100.0 0.0
Ampicillin-sulbactam 58.9 240 69.1 18.9 78.5 13.9
Aztreonam 82.2 174 88.0 11.6 91.1 8.9
Cefepime 834 130" 897 93°% 911 7.6°
Ceftazidime 829 164 874 12.0 91.1 7.6
Ceftriaxone 81.2 184 874 12.6 91.1 8.9
Colistin 98.5 ¢ 98.7 ¢ 100.0 ¢
Gentamicin 90.5 7.6 93.0 6.0 97.5 25
Levofloxacin 89.2 9.4 934 5.6 97.5 2.5
Meropenem 93.9 5.2 95.7 3.0 96.2 2.5
Piperacillin-tazobactam  85.6 115 87.7 7.6 93.7 5.1
E. coli (n = 435) (n = 214) (n=172)
Ceftolozane-tazobactam  96.6 2.1 96.3 2.8 95.8 14
Amikacin 99.1 0.0 99.1 0.0 98.6 0.0
Ampicillin-sulbactam 393 439 36.9 444 30.6 514
Aztreonam 731 23.0 743 229 80.6 18.1
Cefepime 743  216° 757 215" 806 18.1°
Ceftazidime 76.6 21.6 78.0 20.1 81.9 153
Ceftriaxone 69.4 299 724 27.6 77.8 222
Colistin 99.5 ¢ 100.0 ¢ 100.0 ¢
Gentamicin 79.1 20.2 81.3 18.2 86.1 0.0
Levofloxacin 55.5 429 58.7 39.9 61.1 0.0
Meropenem 99.3 0.7 99.1 0.9 98.6 0.0

Piperacillin-tazobactam  90.6 6.5 90.7 7.9 86.1 14

Organisms include Citrobacter amalonaticus/farmeri (1), C. freundii (14), C. freundii species
complex (30), C. koseri (51), Cronobacter sakazakii (1), Enterobacter aerogenes (175),
E. asburiae (5), E. cloacae (165), E. cloacae species complex (163), E. kobei (1), E. taylorae
(1), Escherichia coli (435), Ewingella americana (1), Hafnia alvei (6), Klebsiella oxytoca
(196), K. pneumoniae (664), K. variicola (4), Kluyvera ascorbata (1), Kosakonia cowanii
(1), Morganella morganii (24), Pantoea agglomerans (3), P. dispersa (1), Pluralibacter
gergoviae (1), P. mirabilis (96), P. vulgaris (2), P. vulgaris group (4), Providencia rettgeri
(12), P. stuartii (23), Rahnella aquatilis (2), Raoultella ornithinolytica (7), R. planticola (1),
S. liquefaciens (8), S. marcescens (267), unspeciated Cedecea (1), unspeciated Pantoea (3),
and unspeciated Raoultella (3).

@ (riteria as published by CLSI (2018a, 2018b).

b Intermediate interpreted as susceptible-dose dependent.

¢ FDA breakpoints published 2017-DEC-13.

(Fig. 1). Ceftazidime, the second most active 3-lactam agent, displayed
limited activity against MDR (50.0%) and XDR (45.0%) P. aeruginosa
isolates recovered from patients with VABP (Fig. 1).

The activity of ceftolozane-tazobactam against P. aeruginosa isolates
was comparable across all US census divisions, ranging from 91.2% in
the Pacific division to 100% in the East South Central and West North

Central divisions (Fig. 2). The activity of this combination was also sim-
ilar among ICU (90.5-100.0%S) and VABP (96.3-100.0%S) isolates in all
census divisions. Of note, the activity of ceftolozane-tazobactam was
not affected by the frequency of MDR and XDR P. aeruginosa in some
census divisions, i.e., East South Central division demonstrated 100%S
of ceftolozane-tazobactam despite the high frequency of MDR and
XDR isolates (45% of all P. aeruginosa isolates from this division). In con-
trast, 38% of all P. aeruginosa isolates from the New England division
were classified as MDR or XDR isolates, but a decrease in ceftolozane-
tazobactam activity was observed in this division (82.4% for MDR and
76.0% for XDR isolates; Fig. 2).

3.3. Ceftolozane-tazobactam activity against Enterobacteriaceae

Ceftolozane-tazobactam inhibited >90% of all Enterobacteriaceae
isolates (n = 2373) at the current CLSI and US FDA susceptible
breakpoint criterion (<2/4 mg/L) and 87.5% at the current EUCAST
susceptible breakpoint criterion (<1/4 mg/L) (Tables 1 and 2).
Meropenem (MICsg/90, 0.03/0.06 mg/L; 96.0% susceptible) and
ceftolozane-tazobactam (MICsg/90, 0.25/2 mg/L; 90.3% susceptible)
were the most active B-lactam agents. Amikacin (MICsg/90, 2/
4 mg/L; 98.7% susceptible) was also very active against all
Enterobacteriaceae. When the ESBL-phenotype non-carbapenem-
resistant Enterobacteriaceae (ESBL, non-CRE) subgroup was evaluated,
colistin and the 4 agents described above remained the most active
antimicrobial agents.

Among Enterobacteriaceae species, ceftolozane-tazobactam
inhibited 89.8% of 664 K. pneumoniae isolates, 96.6% of 435 E. coli
isolates, 96.3% of 267 Serratia marcescens isolates, and 79.8% of
510 Enterobacter spp. isolates at the CLSI susceptible breakpoint
(Table 1). This combination also exhibited good activity against
Proteus mirabilis (99.0%S) and Citrobacter spp. (87.5%S). Compared
to other cephalosporins, such as cefepime, ceftazidime, and ceftriaxone,
ceftolozane-tazobactam had considerably higher susceptibility rates
against ESBL, non-CRE K. pneumoniae isolates (31.9%, 19.8%, 19.0%, and
80.2%, respectively). As expected, CRE isolates exhibited low suscepti-
bility to ceftolozane-tazobactam and all 3-lactams evaluated (n = 89;
4.5%, data not shown).

Interestingly, ceftolozane-tazobactam activity was similar for
Enterobacteriaceae isolates recovered from ICU patients and patients
with VABP (MICsg,90, 0.25/1-2; 91.9% and 92.0% susceptible, respec-
tively) (Table 3). Of note, K. pneumoniae isolates from ICU patients and
patients with VABP had slightly higher susceptibility rates than all
K. pneumoniae combined for all antimicrobials tested. In addition, in
the VABP subset, ceftolozane-tazobactam was as active as meropenem
against K. pneumoniae isolates (96.2%; Table 3). Meropenem (96.3%
susceptible), ceftolozane-tazobactam (81.5%), and piperacillin—-
tazobactam (74.1%) were the most active (3-lactams against ESBL,
non-CRE isolates recovered from patients with VABP (Fig. 1).

Ceftolozane-tazobactam exhibited high susceptibility rates against
Enterobacteriaceae isolates from most US census divisions, including
against ICU and VABP subsets (>90%S; Fig. 2). The lowest ceftolozane-
tazobactam susceptibility rate (78.3%S) for all Enterobacteriaceae iso-
lates combined was observed in the Middle Atlantic division; however,
this region also exhibited the highest frequency of ESBL, non-CRE iso-
lates (25% of all Enterobacteriaceae). In contrast, 7.9% of Enterobacteri-
aceae isolates from the East South Central division were categorized
as ESBL, non-CRE, and all isolates were susceptible to ceftolozane-
tazobactam (Fig. 2).

4. Discussion

Pneumonia in hospitalized patients is a challenging infection that re-
quires timely introduction of optimal empiric antimicrobial therapy to
achieve good clinical outcomes, especially among patients in need of in-
tensive care or mechanical ventilation. The frequency distribution of
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Fig. 1. -lactam agent susceptibility (%) against MDR and XDR P. aeruginosa and ESBL, non-CRE isolates from ICU and VABP subsets in US medical centers (2015-2017).

organisms in the 2015-2017 surveillance program presented in this
study is very similar to that previously reported for health care-associ-
ated pneumonia and VABP (Kalil et al., 2016; Sievert, et al., 2013). It is
important to note that Enterobacteriaceae and P. aeruginosa, in addition
to S. aureus, represented the main causative pathogens for PHP, including
ICU and VABP subsets, in this multicenter US surveillance study. As there
has been a dramatic increase worldwide in the number of MDR Gram-
negative bacteria, ESBL-producing Enterobacteriaceae and MDR
P. aeruginosa are among the most challenging pathogens to treat in clin-
ical practice (CDC, 2013; Giacobbe et al.,, 2018). In this collection, MDR
P. aeruginosa isolates corresponded to 20.1% of all P. aeruginosa isolates
referred as the cause of PHP. An alarming ESBL, non-CRE rate (280;
20.1%) was also observed among Enterobacteriaceae. Furthermore, CRE
isolates represented 3.8% of all Enterobacteriaceae. Similar rates of
MDR/XDR P. aeruginosa (18.1-33.4%) and ESBL-producing Enterobacte-
riaceae (6.1-11.4%) were reported during previous surveillance studies
in US hospitals (Castanheira et al,, 2013, 2018).

The results of this study confirm the high in vitro potency and broad
spectrum of ceftolozane-tazobactam against Enterobacteriaceae and
P. aeruginosa isolates circulating in US hospitals as presented in earlier
studies (Castanheira et al., 2018; Farrell et al., 2013). Furthermore, the
relevance of the data presented here relies on the evaluation of the
ICU and VABP subsets of PHP, where ceftolozane-tazobactam also
exhibited in vitro activity against highly resistant P. aeruginosa and
ESBL-phenotype Enterobacteriaceae isolates. In addition, since the
most active comparator agents in this study were amikacin (>97%)
and meropenem (>93%) for Enterobacteriaceae and colistin (>99%)
and amikacin (>93%) for P. aeruginosa, this new compound achieved
>90% susceptibility rates for both groups and may have an important
role in the treatment of these pathogens. Although under low-quality
evidence and stated as a weak recommendation, Infectious Diseases
Society of America guidelines for the management of adults with
HABP and VABP recommend avoiding aminoglycosides and polymyxins
if alternative agents are available (Kalil et al., 2016). In addition, the
emergence of CRE infections has caused a concern in the use of
carbapenem-based therapy and led to the search for alternative
treatments for infections caused by ESBL, non-CRE infections
(Giacobbe et al., 2018; Tamma and Rodriguez-Bano, 2017). As

previously reported, ceftolozane-tazobactam has limited activity
against carbapenemase-producing isolates, and resistance among clini-
cal isolates has also been reported in high-risk clone of P. aeruginosa
(ST175) due to mutations leading to the structural modifications of
ampC (Castanheira et al.,, 2013, 2018; Giacobbe et al., 2018).

Among the 9 US census divisions, ceftolozane-tazobactam showed a
uniformly high in vitro activity (range, 80-100%) against P. aeruginosa,
including isolates from ICU patients and those from VABP, except for
specific subsets from some census divisions, such as XDR and MDR iso-
lates from the Pacific division, ICU-XDR isolates from the Middle Atlantic
division, and XDR and MDR-ICU isolates from the New England division.
Similar distributions of ceftolozane-tazobactam activity in US census
divisions against MDR and XDR P. aeruginosa isolates were previously
reported among respiratory tract samples collected from 2013 to 2015
(Castanheira et al.,, 2018). In that investigation, Castanheira and
colleagues also performed the molecular characterization of ESBL-
producing Enterobacteriaceae and observed that ceftolozane-tazobac-
tam retained activity against isolates carrying CTX-M and TEM enzymes
but not against those carrying SHV and KPC, which mostly occur among
northeastern coastal regions (Castanheira et al,, 2018). In our study, we
observed a decrease of ceftolozane-tazobactam susceptibility rates
among ESBL, non-CRE isolates recovered from ICU and VABP subsets
in the West North Central, South Atlantic, and Mountain divisions. How-
ever, ceftolozane-tazobactam demonstrated good activity (>80% to
100%) in most US census divisions, including against ESBL, non-CRE iso-
lates and even against those recovered from ICU patients or patients
with VABP.

In summary, ceftolozane-tazobactam demonstrated potent in vitro
activity and a broad antimicrobial spectrum against a large collection
(n = 3904) of contemporary Gram-negative bacilli isolated from hospi-
talized patients with pneumonia in 31 US hospitals during a 3-year pe-
riod (2015-2017). Our results indicate that ceftolozane-tazobactam
may represent a valuable treatment option for PHP, including patients
in the ICU and on mechanical ventilation (VABP), caused by Enterobac-
teriaceae and P. aeruginosa, along with those caused by organisms resis-
tant to most antimicrobial agents currently available. The results of the
recently completed clinical trial of ceftolozane-tazobactam against or-
ganisms causing hospital-associated pneumonia is expected to further
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Fig. 2. Ceftolozane-tazobactam activity against P. aeruginosa and Enterobacteriaceae by US census division. No P. aeruginosa or Enterobacteriaceae isolates were recovered from VABP
patients in the Pacific division, and no P. aeruginosa isolates were recovered from patients in the New England division.

elucidate the role of this compound in treating these challenging
infections.
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