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ABSTRACT Bacterial isolates were collected from patients hospitalized with pneu-
monia (PHP), including ventilator-associated pneumonia (VAP), from 76 U.S. medical
centers in 2011 to 2015. The Gram-negative organisms (n � 11,185, including 1,097
from VAP) were tested for susceptibility to ceftazidime-avibactam and comparators
by the broth microdilution method. �-Lactamase-encoding genes were screened us-
ing a microarray-based assay on selected isolates. Pseudomonas aeruginosa and Kleb-
siella spp. were the most common Gram-negative bacteria isolated from PHP and
VAP. Ceftazidime-avibactam was very active against P. aeruginosa (n � 3,402; MIC50/
MIC90, 2 and 4 �g/ml; 96.6% susceptible), including isolates nonsusceptible to mero-
penem (86.3% susceptible to ceftazidime-avibactam), piperacillin-tazobactam (85.6%
susceptible), or ceftazidime (80.6% susceptible). Ceftazidime-avibactam was also highly
active against Enterobacteriaceae (MIC50/MIC90, 0.12 and 0.5 �g/ml; 99.9% suscepti-
ble), including carbapenem-resistant Enterobacteriaceae (CRE) (n � 189; MIC50/MIC90,
0.5 and 2 �g/ml; 98.0% susceptible) and multidrug-resistant (MDR) (n � 674; MIC50/
MIC90, 0.25 and 1 �g/ml; 98.8% susceptible) and extensively drug-resistant (XDR)
(n � 156; MIC50/MIC90, 0.5 and 2 �g/ml; 98.1% susceptible) Enterobacteriaceae
isolates, as well as Klebsiella species isolates showing an extended-spectrum
�-lactamase (ESBL) screening-positive phenotype (n � 433; MIC50/MIC90, 0.25
and 1 �g/ml; 99.5% susceptible). Among Enterobacter spp. (24.8% ceftazidime non-
susceptible), 99.8% of the isolates, including 99.4% of ceftazidime-nonsusceptible
isolates, were susceptible to ceftazidime-avibactam. The most common �-lactamases
detected among Klebsiella pneumoniae and E. coli isolates were K. pneumoniae
carbapenemase (KPC)-like and CTX-M-15, respectively. Only 8 of 6,209 Enterobac-
teriaceae isolates (0.1%) were ceftazidime-avibactam nonsusceptible, three NDM-
1-producing strains with ceftazidime-avibactam MIC values of �32 �g/ml and five
isolates with ceftazidime-avibactam MIC values of 16 �g/ml and negative results for
all �-lactamases tested. Susceptibility rates among isolates from VAP were generally
similar or slightly higher than those from all PHP.

KEYWORDS ceftazidime-avibactam, pneumonia, ventilator-associated pneumonia,
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Pneumonia is the second most common infection in hospitalized patients, and the
initial antimicrobial management of patients with pneumonia is driven mainly by

an understanding of the causative pathogens (1–3). Although Staphylococcus aureus is
a significant cause of pneumonia in hospitalized patients, the importance of Gram-
negative organisms, such as Pseudomonas aeruginosa and Enterobacteriaceae species,
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mainly Klebsiella pneumoniae, Enterobacter spp., and Escherichia coli, has increased
substantially in recent years (4–6).

Avibactam is a member of a novel class of non-�-lactam �-lactamase inhibitors, the
diazabicyclooctanes (DBOs). Compared to currently available inhibitors for clinical use,
DBOs are more potent and have a broader spectrum and a different mechanism of
action. Avibactam effectively inactivates class A (including K. pneumoniae carbapen-
emase [KPC]), class C (AmpC), and some class D (OXA) �-lactamases with low 50%
inhibitory concentration (IC50) (the concentration resulting in 50% inhibition) values
and low turnover numbers (7). Avibactam does not inhibit metallo-�-lactamases (MBLs)
(8, 9).

Ceftazidime-avibactam has been approved by the U.S. Food and Drug Administra-
tion (FDA) for the treatment of complicated intra-abdominal infections (in combination
with metronidazole) and complicated urinary tract infections, including pyelonephritis,
in patients with limited or no alternative treatment options (10). In Europe, ceftazidime-
avibactam is also approved for these indications and for the treatment of hospital-
acquired pneumonia, including ventilator-associated pneumonia (VAP) (11). In this
study, we evaluated the activity of ceftazidime combined with avibactam when tested
against a large collection of contemporary clinical isolates recovered from patients
hospitalized with pneumonia (PHP) in U.S. medical centers in 2011 to 2015.

RESULTS

The frequencies of organisms isolated from PHP and VAP in 2015 are shown in Fig.
1. The five most common organisms in both groups (shown as percentages of the total
for PHP and VAP) were as follows: S. aureus (29.8% and 27.1%), P. aeruginosa (20.9% and
22.7%), Klebsiella spp. (9.9% and 11.8%), E. coli (6.6% and 9.0%), and Enterobacter spp.
(6.4% and 6.8%). Overall, Gram-negative organisms were isolated from 66.0% of pa-
tients, including 70.5% of those with VAP.

Ceftazidime-avibactam was very active against P. aeruginosa (n � 3,402; MIC50/
MIC90, 2 and 4 �g/ml; 96.6% susceptible), including isolates nonsusceptible to mero-
penem (MIC50/MIC90, 4 and 16 �g/ml; 86.3% susceptible to ceftazidime-avibactam),
piperacillin-tazobactam (MIC50/MIC90, 4 and 16 �g/ml; 85.6% susceptible), or ceftazi-
dime (MIC50/MIC90, 4 and 16 �g/ml; 80.6% susceptible) (Tables 1 and 2). Furthermore,
ceftazidime-avibactam retained potent in vitro activity against P. aeruginosa isolates
with multidrug-resistant (MDR) (MIC50/MIC90, 4 and 16 �g/ml; 82.7% susceptible) and
extensively drug-resistant (XDR) (MIC50/MIC90, 8 and 32 �g/ml; 76.2% susceptible)
phenotypes, as well as isolates nonsusceptible to meropenem, piperacillin-tazobactam,
and ceftazidime (MIC50/MIC90, 8 and 32 �g/ml; 69.9% susceptible) (Table 1).

The most active agent tested against P. aeruginosa was colistin (MIC50/MIC90, 1 and
2 �g/ml; 99.6% susceptible [Clinical and Laboratory Standards Institute {CLSI}]), fol-
lowed by ceftazidime-avibactam (MIC50/MIC90, 2 and 4 �g/ml; 96.6% susceptible) and
amikacin (MIC50/MIC90, 4 and 16 �g/ml; 95.3% susceptible), and no major differences
were observed between the susceptibility rates of P. aeruginosa isolates from VAP
compared to those from PHP (Tables 2 and 3). The addition of avibactam increased
ceftazidime coverage (percentage inhibited at �8 �g/ml) from 82.4% to 96.6% (Tables
2 and 3).

Ceftazidime-avibactam inhibited 99.9% of all Enterobacteriaceae at the susceptible
breakpoint of �8 �g/ml (Tables 1 to 3) and was highly active against carbapenem-
resistant Enterobacteriaceae (CRE) (n � 189; MIC50/MIC90, 0.5 and 2 �g/ml; 97.9%
susceptible) and MDR (n � 674; MIC50/MIC90, 0.25 and 1 �g/ml; 98.8% susceptible) and
XDR (n � 156; MIC50/MIC90, 0.5 and 2 �g/ml; 98.1% susceptible) isolates (Tables 1 and
2). Only 8 of 6,209 Enterobacteriaceae strains (0.1%) were ceftazidime-avibactam non-
susceptible: three NDM-1-producing strains (two K. pneumoniae and one E. coli) with
ceftazidime-avibactam MIC values of �32 �g/ml (Table 4) and five isolates (two Serratia
marcescens, one Enterobacter aerogenes, one Enterobacter cloacae, and one Providencia
stuartii) with ceftazidime-avibactam MIC values of 16 �g/ml and negative results for all
�-lactamases tested (data not shown).
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An extended-spectrum �-lactamase (ESBL) screening-positive phenotype (defined
as a MIC of �1 �g/ml for ceftazidime, ceftriaxone, and/or aztreonam) was observed
among 19.2, 20.8, 13.0, and 12.2% of E. coli, K. pneumoniae, Klebsiella oxytoca, and
Proteus mirabilis strains, respectively, and ceftazidime-avibactam retained potent in
vitro activity against these organisms (Table 1). Ceftazidime-avibactam inhibited 99.5%
of Klebsiella spp. isolates with an ESBL screening-positive phenotype (n � 433; MIC50/
MIC90, 0.25 and 1 �g/ml), whereas only 64.7% of the organisms were susceptible to
meropenem (Table 2). In addition, 98.7% of meropenem-nonsusceptible K. pneumoniae
isolates (n � 150; MIC50/MIC90, 0.5 and 2 �g/ml) were susceptible to ceftazidime-
avibactam (Table 1).

Among Enterobacter spp. (n � 1,304; 24.8% ceftazidime nonsusceptible), 99.8% of
isolates (MIC50/MIC90, 0.12 and 0.5 �g/ml), including 99.4% of ceftazidime-nonsusceptible
strains (MIC50/MIC90, 0.25 and 1 �g/ml), were ceftazidime-avibactam susceptible (Table 1).
Meropenem and gentamicin were active against 92.9% and 88.6% of ceftazidime-
nonsusceptible Enterobacter species isolates (Table 2). E. coli was the third most
common Enterobacteriaceae species isolated from PHP and VAP (Fig. 1) and exhibited
high rates of susceptibility to ceftazidime-avibactam (99.9%), meropenem (99.6%), and

FIG 1 Frequency of occurrence of isolates from PHP in 2015.
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piperacillin-tazobactam (90.5%) (Table 2). In general, susceptibility rates among Enter-
obacteriaceae isolates from VAP were similar to or slightly higher than those from all
PHP (Table 2), and no substantial yearly variation in susceptibility rates was noted (data
not shown).

Ceftazidime-avibactam activity against K. pneumoniae (n � 371) and E. coli (n � 235)
strains showing an ESBL screening-positive phenotype and stratified by �-lactamase
production is presented in Table 4. The most common �-lactamases detected among
K. pneumoniae isolates with an ESBL screening-positive phenotype (CLSI criteria) was
KPC-like. A KPC-like-encoding gene was detected in 125 isolates (33.7%), and approx-
imately half of the isolates (57/123; 46.3%) produced an ESBL and/or a plasmidic AmpC
enzyme in addition to the KPC. The highest ceftazidime-avibactam MIC value among
KPC-producing K. pneumoniae strains was only 2 �g/ml (MIC50/MIC90, 0.5 and 2 �g/ml)
(Table 4). The second and third most common �-lactamases produced by K. pneu-
moniae were CTX-M-15 (n � 105 [28.3%]; ceftazidime-avibactam MIC50/MIC90, 0.25 and
1 �g/ml) and SHV-ESBL (n � 58 [15.6%]; MIC50/MIC90, 0.12 and 2 �g/ml), and only two
isolates (0.5% of strains showing an ESBL screening-positive phenotype) produced an
MBL, both NDM-1 (12) (Table 4). Among E. coli strains, CTX-M-15-like (113 strains
[48.1%] and CTX-M-14 (46 strains [19.6%]) were the most common ESBLs detected.
Furthermore, CMY-2-like was detected in 23 strains (9.8%), and only one strain (0.8%)
produced an MBL (NDM-1). The highest ceftazidime-avibactam MIC value among E. coli
isolates producing CTX-M-15, CTX-M-14, and/or CMY-2-like was only 1 �g/ml (Table 4).

Only colistin (MIC50/MIC90, 1 and 2 �g/ml; 93.7% susceptible) exhibited good in vitro

TABLE 2 Susceptibility rates for ceftazidime-avibactam and comparator antimicrobial agents when tested against Gram-negative
organisms isolated from patients hospitalized with pneumonia (all cases combined [PHP] and VAP; United States, 2011 to 2015)

Organism/resistant subset
(no. tested [PHP/VAP])a

% susceptibleb

CAZ-AVI Ceftazidime Meropenem
Piperacillin-
tazobactam Gentamicin Levofloxacin

PHP VAP PHP VAP PHP VAP PHP VAP PHP VAP PHP VAP

P. aeruginosa (3,402/415) 96.6 97.8 82.4 85.8 79.1 78.8 78.2 79.5 84.8 90.1 72.5 78.3
MEM-NS (710/88) 86.3 92.0 54.2 64.8 0.0 0.0 42.8 42.0 64.8 72.7 31.8 43.2
P/T-NS (743/85) 85.6 90.6 27.2 38.8 45.3 40.0 0.0 0.0 69.4 80.0 42.8 52.9
CAZ-NS (599/59) 80.6 84.7 0.0 0.0 45.7 47.5 9.7 11.9 67.6 81.4 42.9 62.7
MDR (613/64) 82.7 87.5 31.2 42.2 22.0 10.9 19.1 15.6 48.0 57.8 16.6 28.1
XDR (365/32) 76.2 87.5 21.1 40.6 9.9 6.2 6.6 3.1 38.4 50.0 6.0 6.2

Enterobacteriaceae (6,209/604) 99.9 99.7 85.0 86.6 96.8 97.7 87.6 88.6 91.1 94.0 83.4 87.1
CRE (189/13) 97.9 84.6 5.8 15.4 1.6 0.0 3.2 7.7 54.0 53.8 24.9 46.2
MDR (674/40) 98.8 95.0 26.1 20.0 71.0 67.5 37.1 32.5 44.0 40.0 24.9 37.5
XDR (156/9) 98.1 77.8 2.6 11.1 14.1 22.2 3.8 0.0 36.5 22.0 9.6 0.0

Klebsiella spp. (2,260/196) 99.9 99.0 85.2 88.8 93.2 95.4 86.3 90.3 91.4 93.4 88.0 92.9
ESBL (433/29) 99.5 93.1 22.9 24.1 64.7 69.0 33.6 34.5 58.2 58.6 42.0 62.1
MEM-NS KPN (150/8) 98.7 75.0 2.7 0.0 0.0 0.0 1.3 0.0 57.3 62.5 16.7 37.5

Enterobacter spp. (1,304/145) 99.8 100.0 75.2 73.1 98.2 97.9 79.8 75.2 96.9 98.6 96.2 97.2
CAZ-NS (324/39) 99.4 100.0 0.0 0.0 92.9 94.9 21.0 10.3 88.6 94.9 86.7 92.3

E. coli (1,222/126) 99.9 100.0 86.2 88.1 99.6 99.2 90.5 92.1 84.6 88.0 59.5 61.1
ESBL (235/21) 99.6 100.0 28.1 28.6 97.9 95.2 74.8 81.0 66.8 71.4 18.3 33.3

S. marcescens (716/85) 99.7 100.0 99.7 97.6 98.2 98.8 93.3 96.5 96.6 97.6 96.1 96.5

P. mirabilis (319/24) 100.0 100.0 95.9 100.0 99.7 100.0 99.7 100.0 84.6 91.7 66.1 87.5
ESBL (39/�) 100.0 66.7 97.4 100.0 48.7 33.3

Citrobacter spp. (228/19) 100.0 100.0 85.1 84.2 98.7 100.0 90.3 94.7 95.2 100.0 94.3 94.7
Acinetobacter spp. (443/39) 35.0c 38.5c 37.5 51.3 41.5 56.4 32.3 43.6 45.6 64.1 36.1 51.3
aMEM-NS, meropenem nonsusceptible (MIC, �4 �g/ml for P. aeruginosa and �2 �g/ml for Enterobacteriaceae); P/T-NS, piperacillin-tazobactam nonsusceptible (MIC,
�16 �g/ml); CAZ-NS, ceftazidime nonsusceptible (MIC, �16 �g/ml for P. aeruginosa and �8 �g/ml for Enterobacteriaceae); ESBL, ESBL-screen-positive phenotype.

bU.S. FDA (CAZ-AVI [ceftazidime-avibactam]) or CLSI breakpoint criteria.
cPercentage inhibited at �8/4 �g/ml.
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activity against Acinetobacter baumannii isolates (Table 3). Amikacin, the second most
active compound, was active against only 63.4% of strains at the CLSI susceptible
breakpoint, and all the other compounds had susceptibility rates of less than 50.0%
(Table 3).

DISCUSSION

Prompt initiation of appropriate antimicrobial therapy is critical for the management
of PHP, especially those with VAP, and empirical antimicrobial regimens should be
guided primarily by an understanding of the causative pathogens and their anti-
microbial resistance profiles (2). The frequency of occurrence of organisms observed
in the present study for PHP is very similar to that reported for health care-
associated pneumonia (HAP) and VAP by other investigators (2, 3, 6, 13). Although
we were not able to separate community-acquired bacterial pneumonia (CABP) that
required hospitalization from HAP, the fact that the main organisms responsible for

TABLE 3 Activities of ceftazidime-avibactam and comparator antimicrobial agents when
tested against Gram-negative organisms isolated from patients hospitalized with
pneumonia (United States, 2011 to 2015)

Organism/antimicrobial
agent (no. of isolates)

MIC50

(�g/ml)
MIC90

(�g/ml)

CLSIa EUCASTa

% S % I % R % S % I % R

P. aeruginosa (3,402)
Ceftazidime-avibactam 2 4 96.6 3.4b 96.6 3.4
Ceftazidime 2 32 82.4 4.6 13.0 82.4 17.6
Cefepime 4 16 83.4 10.0 6.6 83.4 16.6
Piperacillin-tazobactam 4 �64 78.2 10.6 11.3 78.2 21.8
Meropenem 0.5 8 79.1 7.0 13.9 79.1 13.7 7.1
Imipenem 1 8 71.9 9.4 18.8 81.2 15.6 3.1
Ciprofloxacin 0.25 �4 75.6 6.5 18.0 68.3 7.3 24.4
Levofloxacin 0.5 �4 72.5 8.0 19.5 61.9 10.6 27.5
Gentamicin 2 �8 84.8 4.8 10.4 84.8 15.2
Amikacin 4 16 95.3 1.8 2.8 89.9 5.4 4.7
Colistin 1 2 99.6 0.3 0.1 99.9 0.1

Enterobacteriaceae (6,209)
Ceftazidime-avibactam 0.12 0.5 99.9 0.1b 99.9 0.1
Ceftazidime 0.25 32 85.0 1.5 13.5 82.2 2.9 15.0
Ceftriaxone 0.12 �8 80.7 1.3 18.0 80.7 1.3 18.0
Cefepime 0.06 8 88.0 3.2 8.8b 85.9 3.7 10.4
Ampicillin-sulbactam 16 �32 45.0 17.2 37.8 45.0 55.0
Piperacillin-tazobactam 2 64 87.6 4.8 7.6 83.0 4.6 12.4
Meropenem �0.06 �0.06 96.8 0.5 2.8 97.2 1.0 1.7
Imipenem �0.12 1 94.3 2.4 3.3 96.7 1.8 1.5
Aztreonam �0.12 �16 84.5 1.4 14.1 82.4 2.1 15.5
Ciprofloxacin �0.03 �4 81.8 1.6 16.7 77.3 2.7 20.0
Levofloxacin �0.12 �4 83.4 1.7 14.9 79.1 2.7 18.2
Gentamicin �1 4 91.1 1.6 7.2 89.7 1.4 8.9
Amikacin 1 4 98.3 1.3 0.4 97.1 1.2 1.7
Tigecycline 0.25 1 98.5 1.5 �0.1b 93.5 5.0 1.5
Colistin �0.5 �8 77.3 22.7

A. baumannii (443)
Ceftazidime-avibactam 16 �32
Ceftazidime �32 �32 37.5 4.1 58.5
Cefepime �16 �16 36.7 11.3 52.0
Ampicillin-sulbactam 16 �32 48.5 15.4 36.1
Piperacillin-tazobactam �64 �64 32.3 9.8 58.0
Meropenem �8 �8 41.5 1.8 56.7 41.5 7.4 51.0
Ciprofloxacin �4 �4 34.3 0.7 65.0 34.3 65.7
Levofloxacin �4 �4 36.1 2.3 61.6 35.2 0.9 63.9
Gentamicin �8 �8 45.6 4.1 50.3 45.6 54.4
Amikacin 8 �32 63.4 3.4 33.2 59.5 3.9 36.6
Colistin 1 2 93.7 6.3 93.7 6.3

aCriteria as published by CLSI (17) and EUCAST (14). R, resistant; I, intermediate; S, susceptible.
bBreakpoint from FDA package inserts (10, 20).
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CABP, such as Streptococcus pneumoniae and Haemophilus influenzae, represented a
small percentage of isolates from PHP indicates that the vast majority of cases included
in the study were HAP.

Interestingly, the frequency of occurrence of organisms isolated from VAP did not
differ significantly from that observed with PHP. The top nine organisms were the same
in both groups, with only small differences in the frequencies. It is important to note
that the Gram-negative organisms were isolated from 66.0% of PHP and 70.5% of VAP
cases in 2015, and P. aeruginosa and Enterobacteriaceae species comprised the vast
majority of Gram-negative organisms.

In the present study, the antimicrobial susceptibilities of 11,185 Gram-negative
isolates consecutively collected from hospitalized patients with pneumonia in U.S.
medical centers were evaluated, and the results indicated that very few agents remain
active against the most frequently isolated organisms. The carbapenems (meropenem
and imipenem) and piperacillin-tazobactam showed only moderate coverage against P.
aeruginosa and very limited activity against Klebsiella spp. with an ESBL screening-
positive phenotype. Meropenem was active against only 79.1% of P. aeruginosa isolates
and 64.7% of ESBL screening-positive phenotype Klebsiella spp.

Among other antimicrobial classes (non-�-lactams), the aminoglycosides were the
most active compounds overall. Amikacin remained active against P. aeruginosa (95.3%
and 89.9% susceptible by CLSI/EUCAST criteria) and Enterobacteriaceae (98.3% and
97.1% susceptible by CLSI/EUCAST criteria), whereas susceptibility rates for gentamicin
were slightly lower (84.8% for P. aeruginosa and 91.1% for Enterobacteriaceae [CLSI]).
Colistin exhibited good activity against P. aeruginosa and A. baumannii but was active
against only 77.3% of Enterobacteriaceae isolates at the EUCAST susceptible breakpoint
of �2 �g/ml (14). In contrast, tigecycline showed good in vitro activity against Enter-
obacteriaceae but very limited activity against P. aeruginosa (data not shown). Lastly,
the fluoroquinolones levofloxacin and ciprofloxacin exhibited only moderate activity
against P. aeruginosa and Enterobacteriaceae. Thus, no other agent tested provided
better overall coverage than ceftazidime-avibactam.

The molecular characterization of Enterobacteriaceae isolates showing an ESBL

TABLE 4 Ceftazidime-avibactam activity stratified by organism �-lactamase production

Organism/�-lactamase
(no. of isolates)

No. of isolates (cumulative %) inhibited at ceftazidime-avibactam MIC (�g/ml) of:
MIC
(�g/ml)

<0.03 0.06 0.12 0.25 0.5 1 2 4 8 >8a 50% 90%

K. pneumoniae (371) 23 (6.2) 25 (12.9) 76 (33.4) 80 (55.0) 84 (77.6) 58 (93.3) 21 (98.9) 2 (99.5) 0 (99.5) 2 (100.0) 0.25 1
KPC-like (125) 5 (4.0) 5 (8.0) 9 (15.2) 19 (30.4) 34 (57.6) 40 (89.6) 13 (100.0) 0.5 2
CTX-M-15 (105) 7 (6.7) 9 (15.2) 29 (42.9) 29 (70.5) 18 (87.6) 12 (99.0) 1 (100.0) 0.25 1
SHV ESBL (59) 9 (15.3) 4 (22.0) 18 (52.5) 11 (71.2) 14 (94.9) 0 (94.9) 3 (100.0) 0.12 2
Metallo-�-lactamases (2)b 2 (100.0) 1
Others (17)c 4 (23.5) 3 (41.2) 5 (70.6) 3 (88.2) 1 (94.1) 0 (94.1) 1 (100.0) 0.25 1
Negative (57)d 2 (3.5) 3 (8.8) 15 (35.1) 14 (59.7) 13 (82.4) 5 (91.2) 4 (98.2) 1 (100.0) 0.25 1

E. coli (235) 18 (7.7) 32 (21.3) 86 (57.9) 71 (88.1) 16 (94.9) 9 (98.7) 2 (99.6) 0 (99.6) 0 (99.6) 1 (100.0) 0.12 0.5
CTX-M-15 (113) 7 (6.2) 14 (18.6) 49 (61.9) 28 (86.7) 10 (95.6) 5 (100.0) 0.12 0.5
CTX-M-14 (46) 4 (8.7) 9 (28.3) 21 (73.9) 10 (95.7) 1 (97.8) 1 (100.0) 0.12 0.25
CMY-2 (23) 3 (13.0) 3 (26.1) 4 (43.5) 12 (95.7) 0 (95.7) 1 (100.0) 0.25 0.25
TEM-ESBL (9) 1 (11.1) 1 (22.2) 0 (22.2) 6 (88.9) 1 (100.0) 0.25
SHV-ESBL (6) 2 (33.3) 0 (33.3) 3 (83.3) 1 (100.0) 0.25
KPC-like (3) 1 (33.3) 2 (100.0) 0.25
NDM-1 (1) 1 (100.0)
Others (9)e 2 (22.2) 4 (66.7) 2 (88.9) 0 (88.9) 1 (100.0) 0.25 1
Negative (25)d 3 (12.0) 3 (24.0) 9 (60.0) 6 (84.0) 1 (8.0) 2 (96.0) 1 (100.0) 0.12 0.25

aAll three isolates are NDM-1 producers with ceftazidime-avibactam MIC values of �32 �g/ml.
bIncludes two isolates with NDM-1 (12).
cIncludes isolates with CTX-M-14 (6); CTX-M-14 and SHV-ESBL (4); CTX-M-15 and SHV-ESBL (4); CTX-M-15, SHV-ESBL, and OXA-1/30 (1); SHV-ESBL and DHA-like (1); and
SVH-ESBL, TEM-ESBL, and CMY-2 (1).

dNegative results by Check-Points for the following genes: CTX-M groups 1, 2, 8 plus 25, and 9; TEM ESBL; SHV ESBL; ACC; ACT/MIR; CMYII; DHA; FOX; KPC; and NDM-1.
eIncludes isolates with CTX-M-15 and CMY-2 (3); CTX-M-15 and CTX-M-14 (2); CTX-M-15, CMY-2, and OXA-1/30 (1); CTX-M-14 and TEM-ESBL (1); SHV-ESBL and CMY-2
(1); and FOX-like (1).
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screening-positive phenotype (i.e., MIC, �1 �g/ml for ceftriaxone, ceftazidime, or
aztreonam) revealed interesting results. Among K. pneumoniae, one-third of the iso-
lates (125/371) produced a KPC-like �-lactamase, which confers resistance to all
�-lactams and �-lactamase inhibitor combinations currently available for clinical use in
the United States, except ceftazidime-avibactam. Furthermore, an MBL-encoding gene
was detected in only two K. pneumoniae isolates (0.5%) (12). Among E. coli isolates,
two-thirds of the isolates produced CTX-M-15-like or CTX-M-14-like (159/235), and only
one MBL-producing strain was detected. In summary, ceftazidime-avibactam was highly
active against all �-lactamase-producing Enterobacteriaceae except three MBL-producing
strains (all NDM-1 producers), which still remain very uncommon in U.S. medical centers.

The selection of appropriate antimicrobials should consider local microbial epidemiol-
ogy, patient risk factors for MDR organisms, and patient-specific characteristics that may
influence treatment options. Although resistance rates and microbial epidemiology may
vary substantially from hospital to hospital, results from a large, well-monitored surveillance
network, such as those presented here, can provide useful information by detecting signs
of emerging pathogen populations/resistance patterns, as well as trends of antimicrobial
resistance mechanisms. Limitations of the study include the lack of differentiation between
CABP that needs hospitalization and HAP; thus, it is possible that some of the compar-
ators may have shown better activity against the subset of isolates from patients
hospitalized with CABP than against the organism collection evaluated in this investi-
gation. Another limitation of the study is the fact that the criteria used to categorize a
bacterial isolate as “clinically significant” were not defined in the study protocol and
were based on local algorithms, which may vary among participating medical centers.
However, it is very unlikely that these limitations introduced significant bias into the
study. It is also important to note that avibactam does not inhibit metallo-�-lactamases,
and ceftazidime-avibactam may be less active against MDR and XDR Enterobacteriaceae
in geographic regions where these �-lactamases are more prevalent. Despite the
limitations of the study, the results presented here indicate that ceftazidime-avibactam
is very active against the vast majority of P. aeruginosa and Enterobacteriaceae isolates
from patients with pneumonia hospitalized in U.S. medical centers, including isolates
showing MDR and XDR phenotypes. These in vitro results support further development
of ceftazidime-avibactam for treatment of HAP and VAP in the United States.

MATERIALS AND METHODS
Bacterial isolates. Isolates were collected from 76 medical centers distributed among 37 states from

all nine U.S. census regions in 2011 to 2015 as part of the International Network for Optimal Resistance
Monitoring (INFORM) program (15). Each participating center was requested to collect consecutive
bacterial isolates from lower respiratory tract sites determined to be significant by local criteria as the
reported probable cause of pneumonia. Only isolates from invasive sampling (transtracheal aspiration,
bronchoalveolar lavage, protected brush samples, qualified sputum samples, etc.) were accepted.
Although all bacterial species were collected, the INFORM program evaluates the antimicrobial suscep-
tibility of only Enterobacteriaceae, P. aeruginosa, and A. baumannii. Therefore, the frequency of occur-
rence of organisms described in Results above was based on all the organisms collected from PHP in the
same participating medical centers in 2015 (n � 5,417, including 543 from VAP). Species identification
was confirmed by standard biochemical tests and using the MALDI Biotyper (Bruker Daltonics, Billerica,
MA, USA) according to the manufacturer’s instructions where necessary.

Susceptibility testing. Broth microdilution test methods were conducted according to the CLSI
guidelines to determine the antimicrobial susceptibility of ceftazidime-avibactam (inhibitor at a fixed
concentration of 4 �g/ml) and comparator agents (16). Concurrent quality control (QC) testing was
performed to ensure proper test conditions and procedures. The QC strains included E. coli ATCC 25922
and 35218, K. pneumoniae ATCC 700603, and P. aeruginosa ATCC 27853. All QC results were within
published ranges. CLSI and EUCAST susceptibility interpretive criteria (M100-S26) (14, 17) were used to
determine susceptibility and resistance rates for comparator agents. Furthermore, U.S. FDA and EUCAST
breakpoint criteria were applied for ceftazidime-avibactam when testing Enterobacteriaceae and P.
aeruginosa, i.e., susceptible at �8 �g/ml and resistant at �16 �g/ml (10, 14).

Resistant subsets. E. coli, K. pneumoniae, K. oxytoca, and P. mirabilis isolates were grouped as “ESBL
screening-positive phenotype” based on the CLSI screening criteria for ESBL production, i.e., a MIC of �1
�g/ml for ceftazidime, ceftriaxone, and/or aztreonam (17), for the purpose of analysis of susceptibility
testing results. Although other �-lactamases, such as AmpC and KPC, may also produce an ESBL
screening-positive phenotype, these strains were grouped together because they usually demonstrate
resistance to various broad-spectrum �-lactam compounds. CRE was defined as resistant (MIC, �4 �g/ml
[CLSI]) to imipenem (imipenem was not applied to P. mirabilis and indole-positive Proteeae), meropenem,
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or doripenem. Further, isolates were categorized as MDR, XDR, or pan-drug-resistant (PDR) according to
criteria published by Magiorakos et al. (18), i.e., MDR is defined 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 represen-
tative drugs used in the analysis were broad-spectrum cephalosporins (ceftriaxone, ceftazidime, and
cefepime), carbapenems (imipenem, meropenem, and doripenem), broad-spectrum penicillin combined
with a �-lactamase inhibitor (piperacillin-tazobactam), fluoroquinolones (ciprofloxacin and levofloxacin),
aminoglycosides (gentamicin, tobramycin, and amikacin), glycylcyclines (tigecycline), and the polymyxins
(colistin) (EUCAST criteria) for Enterobacteriaceae, and antipseudomonal cephalosporins (ceftazidime and
cefepime), carbapenems (imipenem, meropenem, and doripenem), broad-spectrum penicillins combined
with a �-lactamase inhibitor (piperacillin-tazobactam), fluoroquinolones (ciprofloxacin and levofloxacin),
aminoglycosides (gentamicin, tobramycin, and amikacin), and the polymyxins (colistin) for P. aeruginosa.

Screening for �-lactamases. E. coli, K. pneumoniae, K. oxytoca, and P. mirabilis isolates displaying the
CLSI ESBL phenotypic criteria described above 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. The kit has the capability to detect CTX-M
groups 1, 2, 8 plus 25, and 9; TEM wild type (WT) and ESBL; SHV WT and ESBL; ACC; ACT/MIR; CMYII; DHA;
FOX; KPC; and NDM-1 (19).

ACKNOWLEDGMENTS
We thank all participants of the INFORM program for providing bacterial isolates.
This study was supported by Allergan.
Allergan was involved in the study design and the decision to present the results,

and JMI Laboratories received compensation fees for services in relation to preparing
the manuscript. Allergan had no involvement in the collection, analysis, and interpre-
tation of data. JMI Laboratories, Inc., contracted to perform services in 2016 for
Achaogen, Actelion, Allecra, Allergan, Ampliphi, API, Astellas, AstraZeneca, Basilea,
Bayer, BD, Biomodels, Cardeas, CEM-102 Pharma, Cempra, Cidara, Cormedix, CSA
Biotech, Cubist, Debiopharm, Dipexium, Duke, Durata, Entasis, Fortress, Fox Chase
Chemical, GSK, Medpace, Melinta, Merck, Micurx, Motif, N8 Medical, Nabriva, Nexcida,
Novartis, Paratek, Pfizer, Polyphor, Rempex, Scynexis, Shionogi, Spero Therapeutics,
Symbal Therapeutics, Synolgoic, TGV Therapeutics, the Medicines Company, Thera-
vance, ThermoFisher, Venatorx, Wockhardt, and Zavante. Some JMI employees are
advisors/consultants for Allergan, Astellas, Cubist, Pfizer, Cempra and Theravance. There
are no speakers’ bureaus or stock options to declare.

REFERENCES
1. Arnold A, Brouse SD, Pitcher WD, Hall RG II. 2010. Empiric therapy for

gram-negative pathogens in nosocomial and health care-associated
pneumonia: starting with the end in mind. J Intensive Care Med 25:
259 –270. https://doi.org/10.1177/0885066610371189.

2. Kalil AC, Metersky ML, Klompas M, Muscedere J, Sweeney DA, Palmer LB,
Napolitano LM, O’Grady NP, Bartlett JG, Carratala J, El Solh AA, Ewig S,
Fey PD, File TM, Jr, Restrepo MI, Roberts JA, Waterer GW, Cruse P, Knight
SL, Brozek JL. 2016. Management of adults with hospital-acquired and
ventilator-associated pneumonia: 2016 clinical practice guidelines by
the Infectious Diseases Society of America and the American Thoracic
Society. Clin Infect Dis 63:575–582. https://doi.org/10.1093/cid/ciw504.

3. Wilke M, Grube R. 2013. Update on management options in the treat-
ment of nosocomial and ventilator assisted pneumonia: review of actual
guidelines and economic aspects of therapy. Infect Drug Resist 7:1–7.
https://doi.org/10.2147/IDR.S25985.

4. Sader HS, Farrell DJ, Flamm RK, Jones RN. 2014. Antimicrobial suscepti-
bility of Gram-negative organisms isolated from patients hospitalized
with pneumonia in United States and European hospitals: results from
the SENTRY Antimicrobial Surveillance Program, 2009-2012. Int J Anti-
microb Agents 43:328 –334. https://doi.org/10.1016/j.ijantimicag.2014
.01.007.

5. Sader HS, Rhomberg PR, Farrell DJ, Jones RN. 2015. Arbekacin activity
against contemporary clinical bacteria isolated from patients hospital-
ized with pneumonia. Antimicrob Agents Chemother 59:3263–3270.
https://doi.org/10.1128/AAC.04839-14.

6. Sievert DM, Ricks P, Edwards JR, Schneider A, Patel J, Srinivasan A, Kallen
A, Limbago B, Fridkin S, National Healthcare Safety Network (NHSN)
Team, Participating NHSN Facilities. 2013. Antimicrobial-resistant patho-
gens associated with healthcare-associated infections: summary of data

reported to the National Healthcare Safety Network at the Centers for
Disease Control and Prevention, 2009 –2010. Infect Control Hosp Epide-
miol 34:1–14. https://doi.org/10.1086/668770.

7. Stachyra T, Levasseur P, Pechereau MC, Girard AM, Claudon M, Miossec
C, Black MT. 2009. In vitro activity of the �-lactamase inhibitor NXL104
against KPC-2 carbapenemase and Enterobacteriaceae expressing KPC
carbapenemases. J Antimicrob Chemother 64:326 –329. https://doi.org/
10.1093/jac/dkp197.

8. Bush K. 2015. A resurgence of beta-lactamase inhibitor combinations
effective against multidrug-resistant Gram-negative pathogens. Int J
Antimicrob Agents 46:483– 493. https://doi.org/10.1016/j.ijantimicag
.2015.08.011.

9. Zhanel GG, Lawson CD, Adam H, Schweizer F, Zelenitsky S, Lagace-Wiens
PR, Denisuik A, Rubinstein E, Gin AS, Hoban DJ, Lynch JP III, Karlowsky JA.
2013. Ceftazidime-avibactam: a novel cephalosporin/�-lactamase inhib-
itor combination. Drugs 73:159 –177. https://doi.org/10.1007/s40265
-013-0013-7.

10. FDA. 2015. Avycaz (ceftazidime-avibactam) package insert. FDA, Wash-
ington, DC. http://www.accessdata.fda.gov/drugsatfda_docs/label/
2015/206494s000lbl.pdf. Accessed March 2016.

11. AstraZeneca AB. 2016. Zavicefta package insert. European Medicines
Agency, London, United Kingdom. http://www.ema.europa.eu/docs/
en_GB/document_library/EPAR_-_Product_Information/human/004027/
WC500210234.pdf. Accessed September 2016.

12. Centers for Disease Control and Prevention. 2013. Notes from the field:
hospital outbreak of carbapenem-resistant Klebsiella pneumoniae pro-
ducing New Delhi metallo-beta-lactamase—Denver, Colorado, 2012.
MMWR Morb Mortal Wkly Rep 62:108.

13. Awad SS, Rodriguez AH, Chuang YC, Marjanek Z, Pareigis AJ, Reis G,

Ceftazidime-Avibactam against Bacteria from Pneumonia Antimicrobial Agents and Chemotherapy

April 2017 Volume 61 Issue 4 e02083-16 aac.asm.org 9

https://doi.org/10.1177/0885066610371189
https://doi.org/10.1093/cid/ciw504
https://doi.org/10.2147/IDR.S25985
https://doi.org/10.1016/j.ijantimicag.2014.01.007
https://doi.org/10.1016/j.ijantimicag.2014.01.007
https://doi.org/10.1128/AAC.04839-14
https://doi.org/10.1086/668770
https://doi.org/10.1093/jac/dkp197
https://doi.org/10.1093/jac/dkp197
https://doi.org/10.1016/j.ijantimicag.2015.08.011
https://doi.org/10.1016/j.ijantimicag.2015.08.011
https://doi.org/10.1007/s40265-013-0013-7
https://doi.org/10.1007/s40265-013-0013-7
http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/206494s000lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/206494s000lbl.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/004027/WC500210234.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/004027/WC500210234.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/004027/WC500210234.pdf
http://aac.asm.org


Scheeren TW, Sanchez AS, Zhou X, Saulay M, Engelhardt M. 2014. A phase
3 randomized double-blind comparison of ceftobiprole medocaril versus
ceftazidime plus linezolid for the treatment of hospital-acquired pneumo-
nia. Clin Infect Dis 59:51–61. https://doi.org/10.1093/cid/ciu219.

14. EUCAST. 2017. Breakpoint tables for interpretation of MICs and zone
diameters, version 7.0, January 2017. http://www.eucast.org/clinical
_breakpoints/. Accessed January 2017.

15. Sader HS, Flamm RK, Jones RN. 2013. Antimicrobial activity of
ceftaroline-avibactam tested against recent clinical isolates from USA
medical centers (2010-2011). Antimicrob Agents Chemother 57:
1982–1988. https://doi.org/10.1128/AAC.02436-12.

16. Clinical and Laboratory Standards Institute. 2015. M07-A10. Methods for
dilution antimicrobial susceptibility tests for bacteria that grow
aerobically; approved standard, 10th ed. Clinical and Laboratory Stan-
dards Institute, Wayne, PA.

17. Clinical and Laboratory Standards Institute. 2016. M100-S26. Perfor-
mance standards for antimicrobial susceptibility testing: 26th infor-

mational supplement. Clinical and Laboratory Standards Institute,
Wayne, PA.

18. Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG,
Harbarth S, Hindler JF, Kahlmeter G, Olsson-Liljequist B, Paterson DL,
Rice LB, Stelling J, Struelens MJ, Vatopoulos A, Weber JT, Monnet DL.
2012. Multidrug-resistant, extensively drug-resistant and pandrug-
resistant bacteria: an international expert proposal for interim standard
definitions for acquired resistance. Clin Microbiol Infect 18:268 –281.
https://doi.org/10.1111/j.1469-0691.2011.03570.x.

19. Castanheira M, Mendes RE, Jones RN, Sader HS. 2016. Changes in the
frequencies of beta-lactamase genes among Enterobacteriaceae isolates
in U.S. Hospitals, 2012 to 2014: activity of ceftazidime-avibactam tested
against beta-lactamase-producing isolates. Antimicrob Agents Che-
mother 60:4770 – 4777. https://doi.org/10.1128/AAC.00540-16.

20. Wyeth Pharmaceuticals, Inc. 2015. Tygacil package insert. Wyeth Pharma-
ceuticals, Inc., Madison, NJ. http://labeling.pfizer.com/ShowLabeling
.aspx?id�491. Accessed August 2015.

Sader et al. Antimicrobial Agents and Chemotherapy

April 2017 Volume 61 Issue 4 e02083-16 aac.asm.org 10

https://doi.org/10.1093/cid/ciu219
http://www.eucast.org/clinical_breakpoints/
http://www.eucast.org/clinical_breakpoints/
https://doi.org/10.1128/AAC.02436-12
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1128/AAC.00540-16
http://labeling.pfizer.com/ShowLabeling.aspx?id=491
http://labeling.pfizer.com/ShowLabeling.aspx?id=491
http://aac.asm.org

	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Bacterial isolates.
	Susceptibility testing.
	Resistant subsets.
	Screening for -lactamases.

	ACKNOWLEDGMENTS
	REFERENCES

