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The increasing trend of carbapenem resistance observed in 
Gram-negative bacteria is mainly related to the dissemination of 
carbapenemase-encoding genes.1 A particular threat are those en-
coding MBLs, since production of MBLs leads to very limited treat-
ment options.1 MBLs of the NDM group have been largely 
disseminated in human, animals and in the environment, making 
them the most frequently identified acquired carbapenemases 
worldwide.1,2 NDM-like β-lactamases hydrolyse all β-lactams (BLs) 
except monobactams, and are not inactivated by most of the re-
cently developed β-lactamase inhibitors (BLIs) (avibactam, relebac-
tam, vaborbactam, nacubactam or zidebactam).3 The newly 
developed cyclic boronate BLI, taniborbactam, alias VNRX-5313, 
is one of the few BLIs possessing significant inhibitory activity 
against MBLs, with the exception of IMP-like enzymes, and is 
currently in clinical development in combination with cefepime 
(https://clinicaltrials.gov/ct2/show/NCT03840148).4 Hence, the 

combination cefepime/taniborbactam displays excellent in vi-
tro activity against NDM-producing Gram-negative isolates 
worldwide.

However, using a panel of isogenic recombinant Escherichia 
coli strains producing a variety of MBLs, including NDM enzymes, 
we recently showed that NDM-9, differing from NDM-1 by a single 
amino acid substitution (E152K), was not inhibited by 
taniborbactam.5

Here we report the in vitro activity of cefepime/taniborbactam 
in comparison with other recently developed BL/BLI combina-
tions against a collection of NDM-9 producers. Our collection 
included four different bacterial species: E. coli, Klebsiella 
pneumoniae, Klebsiella variicola and Acinetobacter baumannii, 
recovered either from human or water origins and from four dif-
ferent countries (France, Switzerland, South Korea, USA) located 
in three different continents.

Susceptibility testing was performed by broth microdilution 
and interpreted according to the EUCAST guidelines for cefepime, 
aztreonam, ceftazidime, ceftazidime/avibactam, imipenem, imi-
penem/relebactam, meropenem, meropenem/vaborbactam 
and cefiderocol (using an iron-depleted medium for the latter). 
Susceptibility testing with BL/BLI combinations including cefe-
pime/taniborbactam, cefepime/zidebactam and meropenem/ 
nacubactam were interpreted according to the breakpoint cri-
teria for the BL alone. Zidebactam, avibactam, nacubactam, rele-
bactam and taniborbactam were tested at a fixed concentration 
of 4 mg/L, whereas vaborbactam was tested at 8 mg/L.6

Susceptibility testing of nacubactam and zidebactam were also 
determined alone, as well as at a 1:1 ratio with their respective 
BL partner (cefepime/zidebactam 1:1 and meropenem/nacubac-
tam 1:1) considering the significant antibacterial activity of those 
BLIs.6 E. coli ATCC 25922 was used as a WT reference strain.

As expected for NDM-producing isolates, they all showed high 
resistance to ceftazidime, ceftazidime/avibactam, cefepime, imi-
penem and imipenem/relebactam, and a reduced susceptibility 
to meropenem and meropenem/vaborbactam (Table 1). 
However, all NDM-9 producers displayed high MICs of cefepime/ 
taniborbactam.5 Interestingly, MICs of combinations including zi-
debactam either at a fixed concentration or at a 1:1 ratio with 
cefepime were very low for E. coli strains (≤0.5 mg/L), although 
high (8 mg/L) in Klebsiella spp. and A. baumannii (>32 mg/L). 
These results are in line with the MICs observed for zidebactam 
alone in these different species, therefore highlighting the potent 
antibacterial activity of that BLI (Table 1).6 Similarly, combina-
tions including nacubactam, namely meropenem/nacubactam 
(4 mg/L) or meropenem/nacubactam 1:1, showed higher MICs 
when testing A. baumannii and Klebsiella spp. than for E. coli, 
also highlighting the direct antibacterial activity of nacubactam, 
as previously published.6

Among these NDM-9 producers, aztreonam/avibactam re-
mained highly effective against all Enterobacterales strains, ex-
cept for a single E. coli isolate, likely related to a PBP3 
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modification, as previously reported.7 Cefiderocol also showed 
high activity against those NDM producers, expect for the two 
E. coli strains. Of note, the NDM-9-producing A. baumannii was re-
sistant to all BLs and recently developed BL/BLI combinations, 
and with an MIC of cefiderocol at 1 mg/L (currently no available 
EUCAST breakpoint for that species).

This study firstly highlights the in vitro ineffectiveness of 
cefepime/taniborbactam against NDM-9-producing isolates, 
regardless of the species of concern. It highlights that 
NDM-9-producing Gram-negative isolates are already circulating 
worldwide, even though such a last-line BL/BLI combination is still 
not commercially available. In addition, some other worldwide re-
ports indicated a large variety of bacterial species that includes E. 
coli, Klebsiella aerogenes, K. pneumoniae, K. variicola, Cronobacter 
sakazakii and A. baumannii as carriers of the blaNDM-9 gene. They 
have been recovered from humans but also from animals (chick-
ens) and the environment (rivers), and in many different countries 
including China, French Polynesia, Italy, South Korea, Tunisia and 
Switzerland.8–10 Of particular concern is the report of an MDR 
NDM-9-producing ST147 K. pneumoniae (included in this study) 
that was clonally related to other NDM-1-producing K. pneumo-
niae isolates being part of a nosocomial outbreak involving pa-
tients hospitalized in the same region of Italy.10 It remains to 
determine what kind of selection factor(s) might have driven 
such NDM-1 to NDM-9 evolution.

We show here that the future effectiveness of cefepime/tani-
borbactam, but also of any other BL/BLI combination supposed 
to include taniborbactam as BLI, might be compromised by the 
circulation of the NDM-9 enzyme. Worryingly, the potential of 
the NDM-9-encoding gene to successfully spread among many 
different species and many different environments is proven 
here, as a good example of a One Health critical issue.
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