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The urgent need for metallo-B-lactamase inhibitors:

an unattended global threat

Maria F Mojica*, Maria-Agustina Rossi*, Alejandro J Vila, Robert A Bonomo

Due to their superior tolerability and efficacy, B-lactams are the most potent and prescribed class of antibiotics in the
clinic. The emergence of resistance to those antibiotics, mainly due to the production of bacterial enzymes called
B-lactamases, has been partially solved by the introduction of f-lactamase inhibitors, which restore the activity of
otherwise obsolete molecules. This solution is limited because currently available B-lactamase inhibitors only work
against serine B-lactamases, whereas metallo-B-lactamases continue to spread, evolve, and confer resistance to all
B-lactams, including carbapenems. Furthermore, the increased use of antibiotics to treat secondary bacterial
pneumonia in severely sick patients with COVID-19 might exacerbate the problem of antimicrobial resistance. In this
Personal View, we summarise the main advances accomplished in this area of research, emphasise the main
challenges that need to be solved, and the importance of research on inhibitors for metallo-B-lactamases amidst the

current pandemic.

The scourge of antimicrobial resistance

[-lactam antibiotics are the cornerstones of antimicrobial
chemotherapy. However, antimicrobial resistance against
these life-saving drugs is a major public health problem
worldwide. The most concerning problem in anti-
microbial resistance involves carbapenem-resistant
Gram-negative bacteria. In the past decade, the so-called
superbugs (eg, multidrug-resistant Klebsiella pneumoniae,
carbapenem-resistant Acinetobacter baumannii, and mult-
idrug-resistant Pseudomonas aeruginosa) have gained
even more notoriety due to their intrinsic abilities
to cause life-threatening disease in older people (older
than 60 years) and immunocompromised hosts.
These pathogens are responsible for more than
540000 infections and nearly 14000 deaths annually in
the USA alone.! Regrettably, the situation is not expected
to improve, since current estimates predict that
antimicrobial resistance will be the main cause of death
in 2050 (10 million deaths per year),” threatening even
the simplest medical procedure.

The current COVID-19 pandemic might be aggravating
this scenario in the future. Most deaths associated with
the influenza pandemic of 1918 were caused by
subsequent bacterial pneumonia,’ and secondary
bacterial infections were also reported in the 2009 swine
influenza pandemic,' during the 2003 severe acute
respiratory syndrome outbreak,’ and during the 2012
Middle East respiratory syndrome outbreak. In
the current COVID-19 pandemic, sentinel reports
showed that secondary infections were present in
up to 30% of critically ill patients’ and these infections
were shown to markedly decrease the survival of patients
with COVID-19.* The bacterial species more frequently
isolated are Mycoplasma pneumoniae, Staphylococcus
aureus, Legionella  pneumophila, Haemophilus  spp,
Klebsiella spp, P aeruginosa, Chlamydia spp, Streptococcus
pneumoniae, and A baumannii. Notably, infections with
antibiotic-resistant S aureus, K pneumoniae, P aeruginosa,
or A baumannii have been reported in patients with
COVID-19 in intensive care units.®
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Understandably, as inpatients with SARS-CoV-2 infec-
tion often exhibit symptoms undistinguishable from
hospital-acquired and ventilator-associated pneumonia,
empirical treatments with broad-spectrum antibiotics are
administered in many cases.” A 2020 literature review by
Fattorini and colleagues® reported that 476 (88-3%) of
539 patients with COVID-19 were treated with broad-
spectrum antibiotics, including expanded-spectrum
cephalosporins (eg, ceftriaxone, ceftazidime, and cefe-
pime), quinolones, and carbapenems. Consequently, anti-
biotic use has substantially increased in many settings.’
With the spread of the pandemic, hospitals around
the world have seen an increase of patients infected
with COVID-19. This situation has demanded major
adjustments to health-care systems and infrastructure,
and especially to the infection control and antimicrobial
stewardship programmes.” Unfortunately, less robust
health-care systems, such as those in many Latin
American and Asian countries where antimicrobial
resistance rates are already perilously high"” and anti-
microbial stewardship programmes are just beginning to
be implemented,” are adjusting their response to the
pandemic at varying degrees.” Regrettably, these circum-
stances create a so-called perfect storm for an accelerated
evolution of antimicrobial resistance.”*

Carbapenemases: a threat to be faced and the
intricacies of metallo-B-lactamases

Resistance to carbapenems among Gram-negative bacteria
is primarily due to the production of carbapenemases,
which inactivate these life-saving drugs. Bacteria achieve
these challenging chemical reactions with two types
of enzymes: one based on a serine residue (serine
B-lactamases) or another using one or two zinc
ions (metallo-B-lactamases). Some serine [-lactamases
(such as K pneumoniae carbapenemases [KPC] and
oxacillinase-48  [OXA-48-like] carbapenemases) can
hydrolyse carbapenems, whereas all metallo-B-lactamases
are carbapenemases. Metallo-B-lactamases are of particular
interest and concern given several factors: (1) their ability
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to hydrolyse and provide resistance to virtually all B-lactam
antibiotics; (2) the unavailability of clinically useful
metallo-B-lactamase inhibitors; (3) the rapid pace at which
new variants are isolated (figure 1A); (4) the transferability
of their encoding genes; and (5) their ubiquity, because
they are isolated from nosocomial and environmental
sources.””

Metallo-B-lactamases are further divided into three
subclasses (B1, B2, and B3), based primarily on their metal
content and different active site features. Most metallo-$3-
lactamases that have been identified so far belong to
subclass B1, among which imipenemase (IMP), Verona
imipenemase (VIM), and New Delhi metallo-f-lactamase
(NDM) families are the three most common metallo-B-
lactamases found in clinical isolates.” Subclass B2 has the
fewest members and includes enzymes produced by
different species of Aeromonas, such as A hydrophila,
A veronii, and Serratia fonticola (the enzyme are commonly
named in the literature as CphA, ImiS, and Sth-l,
respectively). Subclass B3 includes L1 of Stenotrophomonas
maltophilia, an emerging multidrug-resistant bacterium
in patients who are severely immunocompromised. This
microorganism is associated with respiratory tract
infections in patients who are chronically ill, who have
cancet, or who have cystic fibrosis, and for whom antibiotic
treatment options are limited.”

The B-lactamase genes (bla genes) encoding subclass B1
metallo-B-lactamases are largely plasmid-borne and are
of greater clinical relevance compared with metallo-3-
lactamase subclasses B2 and B3, and other Bl enzymes
that are not plasmid borne. This characteristic means
subclass Bl metallo-B-lactamases can be transferred
between bacterial strains via these mobile genetic elements.
IMP-type B-lactamases were identified in 1991 in Japan®
and are still the predominant metallo-B-lactamases
in southeast Asia, where they can be found among
P aeruginosa, A baumannii, and different species of
Enterobacterales.” However, VIM-type {-lactamases
were discovered in 1997 in Italy* and, until 2017, were the
predominant metallo-B-lactamases in Europe, especially in
Mediterranean countries.” VIM-2-like [-lactamases are
associated mostly with P aeruginosa, whereas VIM-1-like
B-lactamases (eg, VIM-4) are frequently reported in strains
of Enterobacterales.” Lastly, the first documented case of
infection caused by NDM-producing bacteria occurred
in 2008, when the bla,, gene was detected in K pneumoniae
and Escherichia coli strains from a patient returning to
Sweden from India.” Since then, bla,,,, has disseminated
globally, and it is considered endemic in the Indian
subcontinent and the Middle East (figure 1B). Notably,
NDM is currently the predominant metallo-B-lactamase
in Europe® The blay, gene has been reported
in several families of Enterobacterales as well as in
other Gram-negative bacteria, such as Vibrio cholerae,
Pseudomonas spp, and A baumannii*** NDM-producing
microorganisms can cause life-threatening infections;
therefore, that fact that these microorganisms are actively

disseminating outside the health-care system is a matter of
concern.*"

NDM-1 is unique in being a membrane-bound protein,
by contrast with other metallo-B-lactamases. This cellular
localisation favours its secretion and dissemination in
outer membrane vesicles.”” Outer membrane vesicles are
spherical portions of the outer membrane that protrude
and detach from growing cells in response to a wide
variety of environments.”** NDM-1 is selectively secreted
in an active form into outer membrane vesicles by
different bacteria, therefore being protected against the
action of extracellular proteases.” These outer membrane
vesicles possess potent carbapenemase activity that helps
with titrating the amount of available antibiotic at the
infection site and can protect neighbouring bacteria
otherwise susceptible to antibiotics.”** Furthermore,
the finding of a plasmid containing the bla,,, gene
in outer membrane vesicles from A baumannii’’ has also
suggested an active role of vesicles in direct gene
transfer.”* Despite that, the effects of outer membrane
vesicles in the dissemination of resistance is controversial,
and this area deserves attention. Notably, NDM-1 is also
tailored to be expressed by all bacterial hosts highlighted
as Priority One by WHO,”* by contrast with other host-
specific metallo-B-lactamases. The rapid evolution
(figure 1A) and spread (figure 1B) of NDM presents a
threat that requires urgent action.

Two main strategies are currently used to counteract
resistance due to [B-lactamases. The first involves the
synthesis of new f-lactam compounds refractory to
hydrolysis by these enzymes (eg, cefiderocol). The second
strategy is the development of f-lactamase inhibitors,
which can be paired with the antibiotics and formulated
as a single product.” In this way, B-lactamase inhibitors
prolong the usefulness of otherwise obsolete f-lactam
antibiotics. Currently, clinical inhibitors approved
for metallo-B-lactamases are not available. Metallo-f3-
lactamases do not share an evolutionary relationship
with serine (-lactamases, because these P-lactamases
possess different structures, active sites, and catalytic
mechanisms.

The first generation of (-lactamase inhibitors
introduced in the clinic includes mechanistic-based
inhibitors—ie, so-called suicide inactivators with a
B-lactam structure (eg, clavulanic acid, tazobactam, and
sulbactam; table). Suicide inactivators are [-lactam
compounds that are hydrolysed by the serine B-lactamases
but remain bound to the active site serine residue, thereby
inactivating the enzyme. None of these compounds are
markedly active against the current carbapenemases.
The second generation of [-lactamase inhibitors
corresponds to non-f-lactam-based compounds—
the diazabicyclooctanones—such as avibactam®* and
relebactam.” These compounds act as reversible
inhibitors of class A carbapenemases (eg, KPC-2) and
extended-spectrum f-lactamases (eg, CTX-M), class C
cephalosporinases (eg, AmpC, as commonly referred to
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Figure 1: Evolution and dissemination of NDM-1 carbapenemase

(A) Timeline of appearance of NDM variants. Number of amino acid substitutions compared with NDM-1: one (blue), two (green), three (yellow), and five (red).
(B) Global dissemination of NDM carbapenemases. Grey sections indicate areas with no reports of NDM carbapenemase. NDM=New Delhi metallo-B-lactamase.

in the literature, from Enterobacter cloacae complex and
P aeruginosa), and some class D, notably the OXA-48
carbapenemase. However, none of these compounds
effectively inactivate metallo-B-lactamases in a clinically
meaningful way. In 2017, the approval of vaborbactam in
combination with meropenem defined a third generation
of B-lactamase inhibitors: boronate compounds, designed
as transition state analogues. Vaborbactam is a potent
inhibitor of serine B-lactamases, especially KPC-2, but is
not active against metallo-B-lactamases.® Overall, there
are six approved serine f-lactamase inhibitors in different
combinations with antibiotics, but none of these
inhibitors work against metallo-f-lactamases (table).

Challenges for the development of metallo-f-
lactamase inhibitors

The development of an efficient metallo-B-lactamase
inhibitor that is active against the three subclasses is
a challenging task. The clinically available serine
B-lactamase inhibitors target the catalytic serine residue
that cleaves the B-lactam ring. Metallo-B-lactamases do

www.thelancet.com/infection Vol 22 January 2022

not possess this serine residue in their active site. Instead,
a water molecule activated by the zinc ions pursues
B-lactam hydrolysis. As a result of this fundamental
difference in the catalytic mechanism, none of the
currently available serine f-lactamase inhibitors are active
against metallo-B-lactamases. Furthermore, the active
sites of serine f-lactamases and metallo-B-lactamases
present different sizes and topologies. Serine f3-lactamases
have a narrow and deep catalytic site. By contrast, the
active site in metallo-B-lactamases is in a shallow groove,
with only a few contact points to bind the inhibitor or
substrate. An additional challenge in achieving metallo-f3-
lactamase inhibition resides on their large structural
diversity, which involves low homology among active site
residues and different Zn* content. Lastly, we note that,
unlike serine B-lactamases, which are exclusively bacterial
enzymes, metallo-B-lactamases belong to a superfamily of
metalloproteins with diverse biological functions beyond
B-lactam hydrolysis. This superfamily, designated as the
metallo-hydrolase/oxidoreductase superfamily, groups
more than 30000 genes distributed in all three domains

For more on the amino acid

substitutions of the NDM

variants see https://www.ncbi.

nlm.nih.gov/pathogens/
isolates#/refgene/NDM
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Figure 2: Metallo-B-lactamase inhibitors and reaction intermediate structures

(A) Chemical structure of some metallo-pB-lactamase inhibitors: the boronates, taniborbactam and QPX7728; the chelator, Aspergillomarasmine A; and the
bisthiazolidine, L- bisthiazolidine. (B) Reaction intermediate of meropenem hydrolysis bound to New Delhi metallo-B-lactamase-1.

of life, Archaea, Bacteria, and Eukarya.** Members of
this superfamily share a common protein fold that
results in all of them having similar active sites. This
characteristic explains why L-captopril, an inhibitor of the
angiotensin-converting enzyme, can inhibit metallo-f-
lactamases. Therefore, another challenge is to achieve a
fine balance to develop effective broad-spectrum metallo-
B-lactamase inhibitors that are still selective enough to
avoid toxicity due to inhibition of off-target enzymes.

New perspectives in the development of
metallo-f-lactamase inhibitors

Taniborbactam® and QPX77287# are novel boronate
compounds that are effective against most of the Bl
metallo-f-lactamases (figure 2A). Both compounds are
currently in phase 3 and phase 1 clinical trials,
respectively, giving some hope (table). The development
of boronate-based inhibitors, although promising, is still
in its infancy. There are limitations in the scope of
currently available boronates, as well as an incomplete
understanding of their mechanism of inhibition and
spectrum of action. What makes some boronates potent
metallo-B-lactamase inhibitors and others not? Why do
boronates inhibit some B1 metallo-f-lactamases (eg, the
IMP-type metallo-B-lactamases) less efficiently? Why are
boronates not active against B3 metallo-B-lactamases,
such as L1 metallo-B-lactamase? Expanding this
knowledge will enable the design of potent boronate
molecules able to be cross-class metallo-B-lactamase
inhibitors.

Metallo-B-lactamases can also be inactivated by metal
chelators that remove the essential zinc ions, such as
Aspergillomarasmine A (figure 2A),” or metal-based
compounds that replace the zinc ions with other metals
that gives rise to an inactive variant. The latter situation
is the case of colloidal bismuth subcitrate,” a compound
used for the treatment of Helicobacter pylori infections.
The use of chelators is appealing because these agents
mimics a natural defence mechanism in vertebrate hosts
that is triggered by bacterial infections, which consists of
a massive metal sequestration by metal-binding proteins,
such as calprotectin.”** However, exposure to this
environment of metal starvation has led to the selection
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of metallo-B-lactamases that have developed a higher
zinc binding affinity, thus being able to escape the action
of chelators.*** Additionally, a major concern regarding
the use of chelators is their low specificity because
these agents can also target many other metalloproteins.
In this regard, Aspergillomarasmine A seems to be
more selective and less toxic in animal infections than
other chelators. However, the clinical efficacy of
Aspergillomarasmine A remains to be determined. A
limitation of concern is its inactivity against some
metallo-B-lactamases of the B1 subclass, such as Sido
Paolo metallo-1 (SPM-1), Adelaide imipenemase (AIM),
or IMP-1, with high affinity towards zinc.*

Remarkably, despite the different active site topology
and Zn* content among the three metallo-f-lactamase
subclasses, a shared mechanism of hydrolysis of carba-
penems has been elucidated.” The zinc ions in metallo-
B-lactamases activate a water molecule, which is
responsible for the cleavage of the B-lactam ring. After
this step, a central reaction intermediate with a negative
charge is formed. This intermediate is bound to the
active site by interaction with the metal centre and
some conserved residues, such as Asn233 and Lys224
(figure 2B). Finally, this intermediate species receives a
proton from a water molecule before being released from
the active site. Notably, this intermediate is not present in
the reaction of carbapenem hydrolysis that is catalysed by
serine f-lactamases. The elucidation of this common
catalytic mechanism is of major relevance to advance in
the metallo-B-lactamase inhibitor design, given that novel
strategies inspired by the mechanism are possible.® A
representative example of this novel approach is the
family of bisthiazolidines, which mimic the (-lactam
antibiotics and are active against the three subclasses of
metallo-B-lactamases (figure 2A).” It is also necessary to
elucidate which is the action of these new compounds on
other cellular targets in bacteria.

The present prospects offers hope, but further efforts
are needed in understanding how metallo-B-lactamases
can be inhibited and, also importantly, how metallo-f3-
lactamases can escape the action of novel inhibitors by
means of new mutations. Future developments should
also consider that tebipenem, the first oral carbapenem,
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is in phase 3 clinical trials.®* Therefore, the development
of oral B-lactamase inhibitors to be paired with this
antibiotic would be a major step forward in the fight
against bacterial resistance.

As made evident by the COVID-19 pandemic, densely
populated urban settlements characterised by poor
hygiene, contaminated water, and close proximity of
domestic animals favours the dissemination of anti-
microbial resistance.® This finding corresponds to cities,
where 90% of the urban population growth is expected to
take place. Global travel and food transportation will
soon recover; however, the growing threat of antimicrobial
resistance will not diminish. As bla genes become more
and more widespread, vulnerable populations will
probably bear the burden of untreatable infections. The
wealth of information that has been gathered during the
past 5 years in understanding metallo-f-lactamases
(particularly NDM-1) should now be translated into
practical solutions to counteract antimicrobial resistance.
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