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ABSTRACT WCK 5222 consists of cefepime combined with zidebactam, a
bicyclo-acyl hydrazide �-lactam enhancer antibiotic with a dual action involving
binding to Gram-negative bacterial PBP2 and �-lactamase inhibition. We evaluated
the in vitro activity of cefepime-zidebactam against 7,876 contemporary (2015) clini-
cal isolates of Enterobacteriaceae (n � 5,946), Pseudomonas aeruginosa (n � 1,291),
and Acinetobacter spp. (n � 639) from the United States (n � 2,919), Europe (n �

3,004), the Asia-Pacific (n � 1,370), and Latin America (n � 583). The isolates were
tested by a reference broth microdilution method for susceptibility against
cefepime-zidebactam (1:1 and 2:1 ratios) and comparator agents. Cefepime-
zidebactam was the most active compound tested against Enterobacteriaceae (MIC50/

90, �0.03/0.12 �g/ml [1:1] and 0.06/0.25 �g/ml [2:1]; 99.9% of isolates were inhibited
at �4 [1:1] and �8 �g/ml [2:1]). Cefepime-zidebactam was active against individual
Enterobacteriaceae species (MIC50/90, �0.03 to 0.06/�0.03 to 0.5 �g/ml [1:1]) and re-
tained potent activity against carbapenem-resistant isolates (MIC50/90, 1/4 �g/ml;
99.3% of isolates were inhibited at �8 �g/ml [1:1]). Cefepime-zidebactam activity
was consistent among geographic regions, and only one isolate showed MIC val-
ues of �8 �g/ml (1:1). Cefepime-zidebactam was also very active against P. aerugi-
nosa with MIC50/90 values of 1/4 �g/ml, and 99.5% of isolates were inhibited at �8
�g/ml (1:1). The MIC values for cefepime-zidebactam at the 1:1 ratio were generally
2-fold lower than those for cefepime-zidebactam at the 2:1 ratio (MIC50/90, 2/8 �g/
ml) and zidebactam alone (MIC50/90, 4/8 �g/ml). Against Acinetobacter spp.,
cefepime-zidebactam at 1:1 and 2:1 ratios (MIC50/90, 16/32 �g/ml for both) was
4-fold more active than cefepime or ceftazidime. Zidebactam exhibited potent in
vitro antimicrobial activity against some organisms. These results support the
clinical development of WCK 5222 for the treatment of Gram-negative bacterial infec-
tions, including those caused by multidrug-resistant isolates.

KEYWORDS carbapenem-resistant Enterobacteriaceae, CRE, MDR, XDR, KPC, metallo-
�-lactamases

The trend of increasing antimicrobial resistance is most troublesome for Gram-
negative bacteria because few antimicrobial agents targeting this group of

organisms have been developed successfully (1). The occurrence of carbapenemase-
producing Enterobacteriaceae has increased rapidly in the last few years in some
geographic regions (2–4). In particular, clonal Klebsiella pneumoniae strains with K.
pneumoniae carbapenemases (KPC; class A carbapenemases) have disseminated widely
in the United States, Israel, and some European countries (3–7). We are now facing
infections caused by extensively drug-resistant (XDR) and pandrug-resistant (PDR)
organisms that are resistant to all (PDR) or almost all (XDR) antimicrobial agents
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currently available for clinical use (8). Thus, the use of second-line and more toxic
compounds, such as the polymyxins, has increased substantially in some geographic
regions, and new antimicrobial agents for the treatment of infections caused by
resistant Gram-negative organisms are greatly needed (1).

Zidebactam (C13H21N5O7S; Fig. 1) is a non-�-lactam antibiotic with a dual mode of
action involving selective and high-affinity Gram-negative bacterial PBP2 binding and
�-lactamase inhibition. Due to PBP2 binding, zidebactam demonstrates antibacterial
activity against various Enterobacteriaceae and Pseudomonas aeruginosa isolates (9).
Cefepime is a well-established parenteral fourth-generation cephalosporin with activity
against both Gram-positive and Gram-negative aerobic bacteria. Cefepime and other
�-lactam agents exert their antibacterial effects by binding to penicillin-binding pro-
teins (PBP) (10).

Cefepime displays potent in vitro activity against all common pathogens from the
family Enterobacteriaceae, including those that commonly produce chromosomally medi-
ated �-lactamases. Type I (AmpC) �-lactamases have a low affinity for cefepime; therefore,
cefepime retains its inhibitory activity against derepressed bacteria. In addition, cefepime
is not susceptible to hydrolysis by plasmid-mediated AmpC �-lactamases expressed
by Enterobacteriaceae species. However, similar to other �-lactams, cefepime can be
hydrolyzed by some class A �-lactamases, including extended-spectrum �-lactamases
(ESBLs) and KPCs, class B enzymes (metallo-�-lactamases [MBLs]), and some class D
enzymes (OXA) (11, 12). Cefepime also has excellent activity against P. aeruginosa, and
unlike imipenem and some second-generation cephalosporins, cefepime is a poor
inducer of type I �-lactamases. Another important characteristic of cefepime pertains to
its superior in vitro activity against some key Gram-positive bacterial pathogens, such
as Streptococcus pneumoniae and methicillin-susceptible staphylococci, compared to
the activities of other broad-spectrum cephalosporins. In summary, cefepime exhibits
activity superior to the activities of ceftazidime and ceftriaxone against most clinically
important Enterobacteriaceae and similar to the activity of ceftazidime against P.
aeruginosa (10, 13).

It is also important to note that cefepime clinical breakpoints for Enterobacteriaceae
have been revised by the Clinical and Laboratory Standards Institute (CLSI) on the basis
of results from clinical and pharmacokinetic/pharmacodynamic (PK/PD) studies and
contemporary MIC distributions (14, 15). According to the current CLSI breakpoint
criteria for Enterobacteriaceae, susceptible and resistant breakpoints for cefepime are
�2 and �16 �g/ml, respectively, and Enterobacteriaceae isolates with cefepime MIC
values of 4 and 8 �g/ml should be reported as “susceptible-dose dependent” (SDD).
The SDD interpretative criterion essentially provides three susceptible breakpoints for
cefepime according to the dosage utilized, i.e., �2 �g/ml for a dosage of 1 g every 12
h (q12h) (low dose), �4 �g/ml for a dosage of 1 g every 8 h (q8h) or 2 g q12h, and �8
�g/ml for a dosage of 2 g q8h (high dose) (15).

Cefepime was initially approved by the U.S. Food and Drug Administration (U.S.
FDA) in 1997. Current clinical indications include moderate to severe pneumonia,
complicated and uncomplicated urinary tract infections, complicated intra-abdominal
infections, and uncomplicated skin and skin structure infections, and it is also used as
empirical therapy for febrile neutropenic patients (16). Zidebactam combined with
cefepime (WCK 5222) is under clinical development with higher-dose regimens of 2 g
of cefepime and 1 g of zidebactam every 8 h for the treatment of Gram-negative bacterial

FIG 1 Chemical structure of zidebactam dihydrate.
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infections (registration no. NCT02707107 and NCT02674347 at www.ClinicalTrials.gov). We
evaluated the in vitro activity of cefepime combined with zidebactam against a large
worldwide collection of contemporary clinical isolates of Gram-negative organisms.

RESULTS

Cefepime-zidebactam was the most active compound tested against Enterobacteri-
aceae, with MIC50/90 values of �0.03/0.12 (1:1 ratio) and 0.06/0.25 �g/ml (2:1 ratio)
(Table 1). Moreover, 99.6 and �99.9% of isolates were inhibited at �2 and �8 �g/ml
(1:1 ratio), respectively (Table 2). Only one isolate (a K. pneumoniae isolate) showed a
cefepime-zidebactam (1:1) MIC value of �8 �g/ml.

Cefepime-zidebactam at a 1:1 ratio was generally 2-fold more active than cefepime-
zidebactam at a 2:1 ratio, and zidebactam alone exhibited variable antibacterial activity
(MIC50/90, 0.12/�64 �g/ml) when tested against Enterobacteriaceae (Table 2). Overall,
Escherichia coli (MIC50/90, 0.12/0.12 �g/ml) and Citrobacter species (MIC50/90, 0.12/0.5
�g/ml) isolates exhibited low zidebactam MIC values, whereas Proteus mirabilis, indole-
positive Proteeae, and Serratia marcescens showed much higher zidebactam MIC results
(MIC50, �64 �g/ml). Among the Klebsiella species (MIC50/90, 0.5/�64 �g/ml) and
Enterobacter species (MIC50/90, 0.12/�64 �g/ml) isolates, zidebactam MIC values ranged

TABLE 1 Summary of cefepime-zidebactam (1:1) activity against Enterobacteriaceae
isolates included in this study

Organism
No. of
isolates

MIC (�g/ml)
% of isolates
inhibited at
<8/8 �g/mlaRange 50% 90%

Enterobacteriaceae 5,946 �0.03 to 64 �0.03 0.12 �99.9
CRE 153 0.06 to 64 1 4 99.3

E. coli 2,494 �0.03 to 2 �0.03 0.12 100.0
MEM-NSb 7 0.12 to 2 0.25 – 100.0

Klebsiella spp. 1,517 �0.03 to 64 �0.03 0.5 99.9
K. pneumoniae 1,275 �0.03 to 64 �0.03 0.5 99.9

MEM-NS 134 0.12 to 64 1 4 99.3
Colistin-NSc 54 �0.03 to 8 1 4 100.0

Klebsiella oxytoca 234 �0.03 to 1 �0.03 0.06 100.0

P. mirabilis 383 �0.03 to 0.5 0.06 0.12 100.0

Enterobacter spp. 752 �0.03 to 4 �0.03 0.25 100.0
Enterobacter cloacae 569 �0.03 to 4 0.06 0.25 100.0
CAZ-NSd 169 �0.03 to 4 0.12 0.5 100.0

Morganella morganii 117 �0.03 to 0.25 �0.03 0.06 100.0

Citrobacter spp. 259 �0.03 to 1 �0.03 0.12 100.0
Citrobacter koseri 101 �0.03 to 0.06 �0.03 �0.03 100.0
Citrobacter freundii 147 �0.03 to 1 �0.03 0.12 100.0

S. marcescens 282 �0.03 to 1 0.06 0.12 100.0
Proteus vulgaris 34 �0.03 to 0.12 0.06 0.06 100.0
Providencia spp. 56 �0.03 to 0.5 �0.03 0.12 100.0
Other species 52 �0.03 to 0.25 �0.03 0.12 100.0

P. aeruginosa 1,291 0.06 to 32 1 4 99.5
CAZ-NS 235 0.5 to 32 4 8 97.4
MEM-NS 310 0.5 to 32 4 8 98.1

Acinetobacter spp. 639 0.06 to �64 16 32 44.3
aFor comparison purposes only.
bMEM-NS, meropenem nonsusceptible (MICs, �2 �g/ml for Enterobacteriaceae and �4 �g/ml for P. aeruginosa)
(15).

cColistin-NS, colistin nonsusceptible (MIC, �4 �g/ml) (23).
dCAZ-NS, ceftazidime nonsusceptible (MIC, �8 �g/ml for Enterobacter spp. and �16 �g/ml for P. aeruginosa)
(15).
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from �0.03 to �64 �g/ml, and 66.3 and 83.4% of isolates were inhibited at �8 �g/ml
of zidebactam, respectively (Table 2).

Cefepime-zidebactam was active against individual Enterobacteriaceae species
(MIC50/90, �0.03 to 0.06/�0.03 to 0.5 �g/ml [1:1 ratio]) and retained potent activity
against carbapenem-resistant Enterobacteriaceae (CRE; MIC50/90, 1/4 �g/ml; 99.3% of
isolates were inhibited at �8 �g/ml [1:1]), ESBL screening-positive E. coli (MIC50/90,
0.12/0.25 �g/ml; 100.0% were inhibited at �8 �g/ml [1:1]), ESBL screening-positive
Klebsiella spp. (MIC50/90, 0.25/2 �g/ml; 99.8% were inhibited at �8 �g/ml [1:1]),
meropenem-nonsusceptible K. pneumoniae (MIC50/90, 1/4 �g/ml; 99.3% were inhibited
at �8 �g/ml [1:1]), colistin-nonsusceptible K. pneumoniae (MIC50/90, 1/4 �g/ml; 100.0%
were inhibited at �8 �g/ml [1:1]), and ceftazidime-nonsusceptible Enterobacter spp.
(MIC50/90, 0.12/0.5 �g/ml; 100.0% were inhibited at �8 �g/ml [1:1]) (Table 1). Moreover,
cefepime-zidebactam (1:1 and 2:1 ratios) activity was consistent among geographic
regions, with �99.9 to 100.0% of isolates being inhibited at �8 �g/ml and 99.0 to
100.0% being inhibited at �2 �g/ml (1:1 ratio) (see Table 4).

Amikacin (MIC50/90, 2/4 �g/ml; 98.0/96.7% of isolates were susceptible at the
respective CLSI/EUCAST susceptible breakpoints) and meropenem (MIC50/90, 0.03/0.06
�g/ml; 97.2/97.5% were susceptible at the respective CLSI/EUCAST susceptible break-
points) were also very active overall, whereas cefepime (MIC50/90, 0.06/16 �g/ml) and
gentamicin (MIC50/90, �1/�8 �g/ml) were active against 84.3/82.6% and 85.8/85.3% of
Enterobacteriaceae isolates at the respective CLSI/EUCAST susceptible breakpoints (Ta-
ble 3).

The Enterobacteriaceae susceptibility rate for meropenem was the lowest in Latin
America (89.9%) when the rate was compared to that in the other geographic regions
(97.1 to 98.3%), and rates of susceptibility to ceftriaxone ranged from 52.9% in China,
59.7% in Latin America, 75.7% in Europe, and 81.5% in the Asia-West Pacific (APAC)
region, excluding China, to 84.0% in the United States (Table 4).

Susceptibility rates for meropenem among K. pneumoniae isolates were lower in
Latin America (70.9%; data not shown) than the other regions (87.6 to 94.7%; data not
shown), and the most active compounds tested against meropenem-nonsusceptible K.
pneumoniae isolates were cefepime-zidebactam (MIC50/90, 1/4 �g/ml; 99.3% of isolates
were inhibited at �8 �g/ml), colistin (MIC50/90, 0.25/�8 �g/ml; 71.4% were suscepti-
ble), and amikacin (MIC50/90, 16/�32 �g/ml; 54.1% were susceptible) (Table 3).

Cefepime-zidebactam was also very active against P. aeruginosa isolates, with
MIC50/90 values being 1/4 �g/ml and 99.5% of isolates being inhibited at �8 �g/ml (1:1
ratio) (Tables 1 and 2), and retained potent in vitro activity against isolates nonsuscep-
tible to ceftazidime (MIC50/90, 4/8 �g/ml; 97.4% were inhibited at �8 �g/ml [1:1 ratio])
and/or meropenem (MIC50/90, 4/8 �g/ml; 98.1% were inhibited at �8 �g/ml [1:1 ratio])
(Table 1). Furthermore, cefepime-zidebactam exhibited consistent activity against P.
aeruginosa isolates from all continents, whereas the susceptibility rates for the com-
parator agents were generally lower in Europe than the other geographic regions
(Table 4).

The in vitro activity of cefepime-zidebactam tested at the 2:1 ratio was slightly lower
(2-fold) than that of cefepime-zidebactam tested at the 1:1 ratio, with MIC50/90 values
being 2/8 �g/ml and 96.0% of isolates being inhibited at �8 �g/ml, and zidebactam
alone also exhibited potent in vitro activity against P. aeruginosa (MIC50/90, 4/8 �g/ml),
inhibiting 94.6% of isolates at �8 �g/ml (Table 2).

Colistin (MIC50/90, �0.5/1 �g/ml; 100.0% of isolates were susceptible) and amikacin
(MIC50/90, 4/16 �g/ml; 92.2% were susceptible) were also very active against P. aerugi-
nosa. In contrast, meropenem (MIC50/90, 0.5/16 �g/ml), piperacillin-tazobactam (MIC50/90,
4/64 �g/ml), and ceftazidime (MIC50/90, 2/32 �g/ml) were active against only 76.0%,
79.0%, and 81.7% of isolates at the current CLSI susceptible breakpoint, respectively
(Table 3).

Cefepime-zidebactam at 1:1 and 2:1 ratios (MIC50/90, 16/32 �g/ml at both ratios) was
at least 4-fold more active than cefepime (MIC50/90, 64/�64 �g/ml) against Acineto-
bacter spp. (Table 2). The most active compounds tested against Acinetobacter spp.
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TABLE 3 Activity of cefepime-zidebactam (1:1) and comparator antimicrobial agents when tested against 5,946 Enterobacteriaceae
isolates

Organism (no. of isolates) and
antimicrobial MIC50 (�g/ml) MIC90 (�g/ml)

CLSI criteriaa EUCAST criteriaa

% susceptible % resistant % susceptible % resistant

Enterobacteriaceae (5,946)
Cefepime-zidebactam 1:1 �0.03 0.12 — — — —
Cefepime 0.06 16 84.3 12.0 82.6 13.9
Ceftazidime 0.25 32 82.2 16.4 79.0 17.8
Ceftriaxone �0.06 �8 77.6 21.6 77.6 21.6
Piperacillin-tazobactam 2 32 88.7 6.4 85.4 11.3
Meropenem 0.03 0.06 97.2 2.5 97.5 1.7
Levofloxacin �0.12 �4 78.4 18.9 76.8 21.6
Gentamicin �1 �8 85.8 13.1 85.3 14.2
Amikacin 2 4 98.0 1.3 96.7 2.0
Colistin 0.12 �8 — — 81.9 18.1

CREb (153)
Cefepime-zidebactam 1:1 1 4 — — — —
Cefepime �64 �64 2.6 90.2 1.3 94.8
Ceftazidime �32 �32 2.0 98.0 1.3 98.0
Ceftriaxone �8 �8 0.7 99.3 0.7 99.3
Piperacillin-tazobactam �64 �64 2.6 91.4 1.3 97.4
Meropenem 32 �32 2.0 95.4 4.6 67.3
Levofloxacin �4 �4 17.8 78.9 13.2 82.2
Gentamicin 8 �8 40.8 48.0 38.8 59.2
Amikacin 16 �32 59.2 25.0 47.4 40.8
Colistin 0.12 �8 — — 71.7 28.3

E. coli (2,494)
Cefepime-zidebactam 1:1 �0.03 0.12 — — — —
Cefepime 0.06 16 84.2 11.7 82.8 13.8
Ceftazidime 0.25 16 85.7 12.4 81.8 14.3
Ceftriaxone �0.06 �8 81.0 18.8 81.0 18.8
Piperacillin-tazobactam 2 8 93.6 3.3 91.1 6.4
Meropenem �0.015 0.03 99.7 0.3 99.7 0.2
Levofloxacin �0.12 �4 69.6 27.2 69.1 30.4
Gentamicin �1 �8 84.4 15.2 84.3 15.6
Amikacin 2 4 99.4 0.2 98.1 0.6
Colistin 0.12 0.25 — — 99.5 0.5

Klebsiella spp. (1,517)
Cefepime-zidebactam 1:1 �0.03 0.5 — — — —
Cefepime 0.06 �64 74.6 22.2 73.4 24.1
Ceftazidime 0.25 �32 73.7 25.0 72.1 26.3
Ceftriaxone �0.06 �8 71.8 27.7 71.8 27.7
Piperacillin-tazobactam 2 �64 79.5 14.8 75.1 20.5
Meropenem 0.03 0.5 91.0 7.9 92.1 5.9
Levofloxacin �0.12 �4 79.2 18.9 77.4 20.8
Gentamicin �1 �8 81.7 17.2 81.2 18.3
Amikacin 1 4 94.7 3.6 92.7 5.3
Colistin 0.12 0.5 — — 96.2 3.8

Proteus mirabilis (383)
Cefepime-zidebactam 1:1 0.06 0.12 — — — —
Cefepime 0.06 2 91.4 5.0 89.6 6.5
Ceftazidime 0.06 0.5 96.3 3.4 92.4 3.7
Ceftriaxone �0.06 �8 87.5 11.5 87.5 11.5
Piperacillin-tazobactam �0.5 1 99.7 0.0 99.2 0.3
Meropenem 0.06 0.12 99.7 0.0 100.0 0.0
Levofloxacin �0.12 �4 75.2 20.4 71.8 24.8
Gentamicin �1 �8 83.6 12.8 81.7 16.4
Amikacin 2 4 98.2 1.3 97.4 1.8
Colistin �8 �8 — — 0.3 99.7

Enterobacter spp. (752)
Cefepime-zidebactam 1:1 �0.03 0.25 — — — —
Cefepime 0.06 4 87.2 8.0 83.6 9.3
Ceftazidime 0.25 �32 70.4 28.1 67.8 29.6

(Continued on following page)
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were colistin (MIC50/90, �0.5/1 �g/ml; 94.8% of isolates were susceptible) and amikacin
(MIC50/90, �32/�32 �g/ml; 44.4% were susceptible) (Table 3). The rates of susceptibility
to most antimicrobial agents tested of Acinetobacter isolates collected from U.S. med-
ical centers were substantially higher than those of Acinetobacter isolates collected
from other geographic regions (Table 3).

DISCUSSION

The results of the present study clearly demonstrate that the cefepime-zidebactam
combination possesses potent in vitro activity against Enterobacteriaceae, including
isolates producing the �-lactamases most commonly found in hospitals worldwide,
such as ESBLs, KPCs, and MBLs (3, 4, 17–20). Cefepime-zidebactam inhibited �99.9% of
Enterobacteriaceae strains at MIC values of �8 �g/ml, including 99.3% (152/153) of CRE
strains. Only one isolate, a K. pneumoniae isolate from Turkey harboring a blaNDM-1

gene, showed a cefepime-zidebactam MIC value of �8 �g/ml (1:1 ratio). Moreover, a
cefepime-zidebactam MIC of 8 �g/ml (1:1 ratio) was exhibited by only four isolates

TABLE 3 (Continued)

Organism (no. of isolates) and
antimicrobial MIC50 (�g/ml) MIC90 (�g/ml)

CLSI criteriaa EUCAST criteriaa

% susceptible % resistant % susceptible % resistant

Ceftriaxone 0.25 �8 66.7 32.6 66.7 32.6
Piperacillin-tazobactam 2 64 79.1 6.4 73.2 20.9
Meropenem 0.03 0.06 97.9 1.7 98.3 0.5
Levofloxacin �0.12 1 93.1 4.8 90.8 6.9
Gentamicin �1 �1 92.5 6.1 91.9 7.5
Amikacin 1 2 99.1 0.5 98.4 0.9
Colistin 0.12 �8 — — 84.6 15.4

Serratia marcescens (282)
Cefepime-zidebactam 1:1 0.06 0.12 — — — —
Cefepime 0.06 0.25 95.7 2.5 95.0 3.9
Ceftazidime 0.12 0.5 95.4 4.6 94.3 4.6
Ceftriaxone 0.25 2 88.3 8.2 88.3 8.2
Piperacillin-tazobactam 2 8 96.4 2.8 93.6 3.6
Meropenem 0.06 0.06 97.9 2.1 97.9 1.8
Levofloxacin �0.12 1 96.1 1.8 92.5 3.9
Gentamicin �1 �1 96.8 1.4 96.4 3.2
Amikacin 2 4 98.9 1.1 97.5 1.1
Colistin �8 �8 — — 5.3 94.7

P. aeruginosa (1,291)
Cefepime-zidebactam 1:1 1 4 — — — —
Cefepime 2 32 81.6 10.1 81.6 18.4
Ceftazidime 2 32 81.7 13.6 81.7 18.3
Piperacillin-tazobactam 4 64 79.0 9.6 79.0 21.0
Meropenem 0.5 16 76.0 18.1 76.0 13.6
Levofloxacin 0.5 �4 74.6 19.3 64.5 25.4
Gentamicin 2 �8 84.4 11.6 84.4 15.6
Amikacin 4 16 92.2 6.1 87.1 7.8
Colistin �0.5 1 100.0 0.0 100.0 0.0

Acinetobacter spp. (639)
Cefepime-zidebactam 1:1 16 32 — — — —
Cefepime 64 �64 29.6 64.5 — —
Ceftazidime �32 �32 30.6 65.4 — —
Piperacillin-tazobactam �64 �64 28.5 65.3 — —
Ampicillin-sulbactam 32 �32 36.1 51.6 — —
Meropenem 32 �32 37.2 61.0 37.2 59.0
Levofloxacin �4 �4 31.8 62.1 30.8 68.2
Gentamicin �8 �8 39.7 57.0 39.7 60.3
Amikacin �32 �32 44.4 51.7 41.5 55.6
Colistin �0.5 1 94.8 5.2 94.8 5.2

aCriteria published by CLSI (15) and EUCAST (23). —, no criteria available.
bThe organisms included Enterobacter aerogenes (n � 2), Enterobacter cloacae species complex (n � 12), Enterobacter gergoviae (n � 1), Escherichia coli (n � 7),

Klebsiella oxytoca (n � 1), K. pneumoniae (n � 122), Klebsiella variicola (n � 1), Proteus mirabilis (n � 1), and Serratia marcescens (n � 6).
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(0.07%), all of which were K. pneumoniae isolates (one each from Poland, Russia,
Singapore, and Turkey). Screening of these four isolates for �-lactamase genes revealed
that two isolates harbored a blaNDM-1 gene and the other two harbored a blaKPC-2 gene.
Further characterization of these four K. pneumoniae isolates is warranted since cefepime-
zidebactam has demonstrated in vitro activity against other Enterobacteriaceae isolates,
including K. pneumoniae isolates, producing KPC-like enzymes, NDM-1, and other MBLs
(20).

Cefepime-zidebactam was also highly active against P. aeruginosa and inhibited
99.5% of the isolates tested at �8 �g/ml. Cefepime-zidebactam (MIC50/90, 1/4 �g/ml)
exhibited greater anti-P. aeruginosa activity than any other �-lactam and inhibited
98.1% of meropenem-nonsusceptible strains and 97.4% of ceftazidime-nonsusceptible
strains at �8 �g/ml. Moreover, a previous investigation from our group has indicated
that cefepime-zidebactam exhibits good in vitro activity against MBL-producing P. aerugi-
nosa strains, with MIC50 and MIC90 values of 4 and 8 �g/ml, respectively, when testing
12 isolates, including strains producing IMP-13 (n � 1 isolate), IMP-15 (n � 1), VIM-1
(n � 1), VIM-2 (n � 6), VIM-4 (n � 2), and VIM-7 (n � 1) (20).

Similar to other �-lactams and to most antimicrobial agents tested, cefepime-
zidebactam showed higher MIC values against Acinetobacter spp. than against other
Gram-negative organisms; however, cefepime-zidebactam at 1:1 and 2:1 ratios (MIC50/90,

TABLE 4 Activity of cefepime-zidebactam (1:1) and comparator antimicrobial agents when tested against Enterobacteriaceae,
P. aeruginosa, and Acinetobacter spp. stratified by geographic region

Organism and antimicrobial
agent (susceptible breakpointa

[�g/ml])

% susceptiblea (no. of isolates)

USA Europe APACb China Latin America All regions

Enterobacteriaceae (2,172) (2,485) (688) (194) (407) (5,946)
Cefepime-zidebactam 1:1 [100.0/100.0]c [�99.9/99.4]c [100.0/99.4]c [100.0/100.0]c [100.0/99.0]c [�99.9/99.6]c

Cefepime (�2) 91.6 82.1 87.8 61.3 64.1 84.3
Ceftazidime (�4) 88.0 79.7 84.9 70.3 66.8 82.2
Ceftriaxone (�1) 84.0 75.7 81.5 52.9 59.7 77.6
Piperacillin-tazobactam (�16/4) 93.0 85.8 91.3 87.2 79.9 88.7
Meropenem (�1) 98.3 97.1 98.1 97.4 89.9 97.2
Levofloxacin (�2) 81.8 76.2 84.6 65.1 68.7 78.4
Gentamicin (�4) 90.1 85.8 88.8 64.3 67.5 85.8
Amikacin (�16) 99.2 97.2 99.3 96.5 95.3 98.0
Colistin (�2) 80.7 82.0 87.6 84.1 76.7 81.9

P. aeruginosa (575) (298) (200) (100) (118) (1,291)
Cefepime-zidebactam 1:1 [99.5]d [99.3]d [100.0]d [100.0]d [99.2]d [99.5]d

Cefepime (�8) 85.0 72.1 87.0 78.0 83.1 81.6
Ceftazidime (�8) 86.4 71.5 85.5 76.0 83.1 81.7
Piperacillin-tazobactam (�16/4) 83.7 68.8 83.0 69.8 83.1 79.0
Meropenem (�2) 82.6 62.4 81.0 70.0 73.7 76.0
Levofloxacin (�2) 75.7 66.8 82.5 74.2 76.3 74.6
Gentamicin (�4) 88.0 72.1 91.5 86.6 83.9 84.4
Amikacin (�16) 96.7 82.9 95.0 93.8 87.3 92.2
Colistin (�2) 100.0 100.0 100.0 100.0 100.0 100.0

Acinetobacter spp. (172) (221) (90) (98) (58) (639)
Cefepime-zidebactam 1:1 [63.4]d [45.7]d [32.2]d [22.4]d [36.2]d [44.3]d

Cefepime (�8) 52.9 26.2 14.4 16.3 19.0 29.6
Ceftazidime (�8) 51.7 28.1 19.1 15.1 20.7 30.6
Piperacillin-tazobactam (�16/4) 47.8 28.1 14.8 15.1 15.8 28.5
Ampicillin-sulbactam (�8/4) 63.2 33.0 18.0 19.4 22.4 36.1
Meropenem (�2) 59.9 38.0 21.1 20.4 20.7 37.2
Levofloxacin (�2) 52.9 29.9 18.0 17.2 20.7 31.8
Gentamicin (�4) 63.4 37.1 22.5 19.4 37.9 39.7
Amikacin (�16) 80.2 35.7 22.5 25.8 34.5 44.4
Colistin (�2) 93.6 94.1 89.9 100.0 100.0 94.8

aAccording to the criteria published by CLSI (15), except for colistin, for which EUCAST criteria (23) were applied.
bExcluding China.
cPercent inhibited at �8/�2 �g/ml for comparison purposes only.
dPercent inhibited at �8 �g/ml for comparison purposes only.
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16/32 �g/ml at both ratios) was at least 4-fold more active than cefepime (MIC50/90,
64/�64 �g/ml) and ceftazidime (MIC50/90, �32/�32 �g/ml) against these organisms.

In summary, WCK 5222 (cefepime-zidebactam) demonstrated potent in vitro activity
against a large worldwide collection of contemporary (2015) clinical isolates of Enterobac-
teriaceae and P. aeruginosa. The results of this investigation also show that zidebactam
possesses robust in vitro antimicrobial activity against some organisms. Studies on the
mechanism of action and pharmacodynamics of zidebactam in combination with
cefepime are warranted to establish the potential of this combination in providing
therapeutic coverage against infections caused by multidrug-resistant (MDR) and XDR
pathogens (9, 21). These in vitro results clearly support the further clinical development
of cefepime-zidebactam for the treatment of serious Gram-negative bacterial in-
fections, especially those caused by MDR and XDR organisms.

MATERIALS AND METHODS
Susceptibility testing. MIC values were determined using the Clinical and Laboratory Standards

Institute (CLSI) broth microdilution methodology, as described in CLSI document M07-A10 (22). The
combination of cefepime-zidebactam (WCK 5222; ratio concentrations of 1:1 and 2:1), both compounds
alone, and various comparator agents were tested in 96-well, frozen-form panels produced by JMI
Laboratories (North Liberty, IA, USA). The cefepime-zidebactam combination was tested at fixed ratio
instead of at a fixed concentration of zidebactam due to the potent intrinsic antimicrobial activity of
zidebactam against some organisms. Quality control (QC) isolates were tested daily, and the inoculum
density was monitored by colony counts. QC ranges and interpretive criteria for the comparator
compounds were those published in CLSI document M100-S26 (15) and by EUCAST (23). The sponsor
provided available MIC information for cefepime-zidebactam and zidebactam alone tested against the
listed QC organisms. The tested QC strains for Escherichia coli were ATCC 25922, ATCC 35218, and NCTC
13353; those for Klebsiella pneumoniae were ATCC 700603 and ATCC BAA-1705; and the QC strain for P.
aeruginosa was ATCC 27853.

Organism collection. A total of 7,876 Gram-negative isolates collected as part of a global surveil-
lance program were included in this investigation. Only clinically significant isolates were included in the
investigation (one per infection episode). All isolates were collected in 2015, except for those from China
(392 isolates), which were collected in 2013. Isolates were consecutively collected from 134 medical
institutions worldwide, including the United States (2,919 isolates from 64 medical centers), Europe
(3,004 isolates from 38 medical centers), Latin America (583 isolates from eight medical centers), the
Asia-West Pacific (APAC) region (excluding China; 978 isolates from 14 medical centers), and China (392
isolates from 10 medical centers). Most medical centers providing the isolates included in this investi-
gation were large/teaching hospitals. Escherichia coli and Klebsiella species isolates were grouped as the
extended-spectrum �-lactamase (ESBL) screening-positive phenotype on the basis of the CLSI screening
criteria for ESBL production, i.e., an MIC of �2 �g/ml for ceftazidime, ceftriaxone, and/or aztreonam (15),
for the purpose of susceptibility testing result analysis. 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. A
carbapenem-resistant Enterobacteriaceae (CRE) isolate was defined to be resistant (MIC, �4 �g/ml [CLSI
criteria]) (15) to imipenem (excluding Proteus mirabilis and indole-positive Proteeae), meropenem, or
doripenem. Species identification was confirmed when necessary by matrix-assisted laser desorption
ionization (MALDI)–time of flight mass spectrometry (TOF MS) using a Bruker Daltonics MALDI biotyper
(Billerica, MA, USA) by following the manufacturer’s instructions. Enterobacteriaceae isolates with ele-
vated cefepime-zidebactam MIC values were tested for �-lactamase-encoding genes using a microarray-
based Check-MDR CT101 assay kit (Check-Points, Wageningen, Netherlands). The assay was performed
according to the manufacturer’s instructions. This kit has the capabilities to detect CTX-M groups 1, 2, 8
plus 25, and 9; the TEM wild type (WT) and ESBL; the SHV WT and ESBL; and ACC, ACT/MIR, CMYII, DHA,
FOX, KPC, and NDM-1, as previously reported (4).
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