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ABSTRACT Infections caused by carbapenem-resistant Enterobacteriaceae (CRE) are
increasingly prevalent and have become a major worldwide threat to human health.
Carbapenem resistance is driven primarily by the acquisition of �-lactamase en-
zymes, which are able to degrade carbapenem antibiotics (hence termed carbapen-
emases) and result in high levels of resistance and treatment failure. Clinically
relevant carbapenemases include both serine �-lactamases (SBLs; e.g., KPC-2 and
OXA-48) and metallo-�-lactamases (MBLs), such as NDM-1. MBL-producing strains are
endemic within the community in many Asian countries, have successfully spread
worldwide, and account for many significant CRE outbreaks. Recently approved com-
binations of �-lactam antibiotics with �-lactamase inhibitors are active only against
SBL-producing pathogens. Therefore, new drugs that specifically target MBLs and
which restore carbapenem efficacy against MBL-producing CRE pathogens are ur-
gently needed. Here we report the discovery of a novel MBL inhibitor, ANT431, that
can potentiate the activity of meropenem (MEM) against a broad range of MBL-
producing CRE and restore its efficacy against an Escherichia coli NDM-1-
producing strain in a murine thigh infection model. This is a strong starting
point for a chemistry lead optimization program that could deliver a first-in-class
MBL inhibitor-carbapenem combination. This would complement the existing
weaponry against CRE and address an important and growing unmet medical
need.
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Resistance to �-lactams, the most widely used class of antibacterial drugs, emerged
very soon after these antibiotics were introduced into clinical practice (1). In fact,

even before penicillin was used clinically it had already been noted that some bacteria
were nonsusceptible due to the production of an enzyme that inactivated penicillin (2).
Such �-lactamase enzymes, as they came to be known, are the most widespread
mechanism of resistance to �-lactam antibiotics, hydrolyzing the �-lactam ring and
rendering them ineffective. Strategies to fight �-lactamase-mediated resistance have
included modification of �-lactams as well as the development of combinations of
�-lactams with �-lactamase inhibitors. In 1981, the first such combination, amoxicillin-
clavulanate, was launched following the discovery of the natural product clavulanic
acid, an inhibitor of serine �-lactamases (SBLs) (3, 4). However, new �-lactamases have
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continued to emerge which are insensitive to inhibition by clavulanic acid and other
marketed inhibitors (5). Several new �-lactam–inhibitor combinations brought to the
market more recently, (e.g., ceftazidime-avibactam [6] and meropenem [MEM]-
vaborbactam [7]) address resistance due to extended-spectrum �-lactamases (ESBLs)
and also the class A KPC and certain class D OXA carbapenemases, which are largely
responsible for recent increases in carbapenem-resistant Enterobacteriaceae (CRE)
strains.

The most recent class of �-lactamases to have come to prominence are the class B
metallo-�-lactamases (MBLs), which include the NDM, VIM, and IMP subclasses and
multiple variants thereof. This situation is extremely concerning, as MBLs impart
resistance to nearly all �-lactams (only monobactams, e.g., aztreonam, have some
stability to MBLs [8]) and are not inhibited by SBL inhibitors such as avibactam or
vaborbactam. Furthermore, MBL-producing organisms very often exhibit multidrug
resistance phenotypes due to the acquisition of plasmid-borne resistance genes, which
are colocated on the plasmids which carry the MBL genes (9). The most widespread
MBL comes from the most recently identified NDM subclass. NDM-1 was first reported
in 2008, having been discovered in a Klebsiella pneumoniae isolated from a Swedish
patient who had recently returned from India (10), and this MBL has now been
identified in all continents, with rapid dissemination being observed from reservoirs in
Asia, the Middle East, and the Balkans (11). While national surveillance programs are not
available for many countries, recent reports, including several prevalence surveys and
outbreaks, suggest an alarming worldwide increase in incidences of NDM-1-producing
organisms as a percentage of carbapenem-nonsusceptible or -resistant Enterobacteri-
aceae isolates, e.g., 68% in Bulgaria (12), 30% in Turkey (13), 67% in Iraq (14), 32% in
China (15), 48% in South Africa (16), and 92% in Mexico (17). Numerous variants of
NDM-1 having single or double amino acid changes (18) have been reported from
animal and human sources, the most recent being NDM-17 from a chicken in China
(19). NDM, VIM, and IMP enzymes have been identified in all major Gram-negative
pathogens, including the WHO priority pathogens K. pneumoniae, Pseudomonas aerugi-
nosa, and Acinetobacter baumanii; however, as yet, there are no MBL inhibitors in
clinical use, despite there being a clear unmet medical need (20).

Here we describe the in vitro and in vivo properties of ANT431 (Fig. 1), a specific
inhibitor of MBLs which is the result of a medicinal chemistry hit-to-lead program (D. T.
Davies, unpublished data) starting from pyridine-2-carboxylic acid, a compound with
weak MBL inhibition, originally reported as an inhibitor of the CphA enzyme from
Aeromonas hydrophila (21).

RESULTS
MBL inhibition by ANT431. Table 1 shows the inhibitory activities of compound

ANT431 against purified NDM-1, VIM-1, VIM-2, and IMP-1 enzymes and potentiation of
MEM activity against an Escherichia coli laboratory strain expressing the same enzymes

FIG 1 Chemical structure of ANT431.
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from a similar recombinant plasmid background. ANT431 was a potent inhibitor of
NDM-1 and VIM-2, with Ki values of 290 nM and 195 nM, respectively. Furthermore,
susceptibility testing of MEM against NDM-1- and VIM-2-expressing bacteria in the
presence of 30 �g/ml of ANT431 (97.6 �M) resulted in strong potentiation of MEM
antibacterial activity with decreases in MICs of 128-fold and 64-fold, respectively (Table
1). This indicates that ANT431 is able to penetrate into the bacterial periplasm, where
the MBL enzymes are located, and thus effect its inhibitory activity. In contrast, ANT431
was a comparatively weak inhibitor of VIM-1 and IMP-1 (Ki values of 14.6 and 4.15 �M,
respectively) and showed correspondingly little or no potentiation of MEM activity
against the E. coli strain overexpressing these enzymes.

Kinetic analyses of enzyme inhibition demonstrated that ANT431 is a competitive
inhibitor with respect to the MEM substrate of VIM-1 (Fig. 2), NDM-1, VIM-2, and IMP-1
(data not shown), as indicated by Dixon plot analysis by convergence of lines to an
intersection above the x axis.

Potentiation of MEM activity against clinical isolates. To investigate the spec-
trum of activity of ANT431 against medically important pathogens, the antibacterial
activity of the MEM-ANT431 combination was profiled against a panel of 94 randomly
selected NDM- and VIM-producing clinical isolates (many of which coexpressed other
�-lactam resistance determinants) (Table 2). The cumulative distributions of MEM MICs

TABLE 1 Effect of ANT431 on inhibition of purified MBLs and potentiation of MEM activity
against E. coli BL21(DE3) transformed with pET plasmids containing NDM-1, VIM-1, VIM-2,
or IMP-1

Compound

NDM-1 VIM-1 VIM-2 IMP-1

Ki
a MICb Ki MIC Ki MIC Ki MIC

None 32 4 4 8
ANT431 0.29 0.25 14.6c 4 0.19 0.06 4.15 4
aKi, enzyme inhibition constant (micromolar).
bMIC of MEM (micrograms per milliliter) determined alone or in the presence of 30 �g/ml of compound.
cDetermined from Dixon plot analysis (Fig. 2).

FIG 2 Dixon analysis of the inhibition of VIM-1 by ANT431. Initial rates of �-lactam hydrolysis were
measured spectrophotometrically using MEM (Œ, 40 �M;o, 90 �M; {, 130 �M; e, 800 �M) as the substrate
in 50 mM HEPES buffer (pH 7.5), in the presence of 6.9 nM purified VIM-1. Inhibitor concentrations ranged
from 10 to 50 �M. Initial rates were measured in triplicates (SD, �5%). Vmax was unaffected by ANT431.
These data fully support a competitive mode of inhibition of the enzyme by ANT431, with a Ki value of 14.6 �
0.6 �M. Similar conclusions (data not shown) were obtained with the NDM-1, IMP-1, and VIM-2 MBLs.
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TABLE 2 Data for MIC susceptibility testing (�g/ml) of 94 MBL-positive Enterobacteriaceae to MEM alone and in combination with
ANT431 (at 10 and 30 �g/ml)a

MBL type Organism Country Characterized �-lactamase(s) MEM

MEM with ANT431 at
indicated concn

10 �g/ml 30 �g/ml

NDM positive C. freundii Serbia TEM-OSBL(b), CMY, NDM-1 16 0.25 0.12
Serbia TEM-OSBL(b), CTX-M-15, CMY, NDM-1 64 4 1

E. asburiae Kenya TEM-OSBL(b), VEB-2, NDM-1 128 8 2
E. cloacae Germany CTX-M-14, NDM-1 64 8 4

Philippines TEM-OSBL(b), CTX-M-15, ACT-type, NDM-1 32 0.12 0.12
Philippines MIR-type, NDM-1 32 0.25 0.12
Philippines NDM-7 32 1 0.25
Romania CTX-M-15, ACT-16, NDM-1 16 0.12 0.25
Romania SHV-12(e), TEM-OSBL(b), CTX-M-3, ACT-type, NDM-1 128 4 2
Serbia TEM-OSBL(b), CTX-M-15, NDM-1 8 0.25 0.12
Serbia TEM-OSBL(b), CTX-M-3, ACT-type, NDM-1 16 0.12 0.25
Spain TEM-OSBL(b), CTX-M-15, ACT-type, NDM-1 64 8 1
UAE SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 64 0.12 0.25
Vietnam SHV-12(e), TEM-OSBL(b), CTX-M-14, ACT-type, NDM-1 �128 128 64
Vietnam TEM-OSBL(b), CTX-M-15, CTX-M-14, ACT-type, NDM-1 16 8 1
Vietnam TEM-OSBL(b), ACT-type, NDM-1 128 64 32

E. coli Egypt TEM-OSBL(b), CTX-M-15, NDM-1 128 4 0.5
Egypt TEM-OSBL(b), CTX-M-27, NDM-5 64 2 0.5
India CTX-M-15, CMY-2, NDM-1 64 2 0.25
India CTX-M-15, CMY-2, NDM-4 128 8 1
India TEM-OSBL(b), CTX-M-15, CMY, NDM-1 64 2 0.5
India CTX-M-15, NDM-6 �128 128 32
UAE TEM-OSBL(b), CTX-M-15, CMY-type, NDM-4 128 4 0.5
Vietnam TEM-OSBL(b), NDM-1 32 0.25 �0.06
Vietnam TEM-OSBL(b), CMY-type, NDM-1 32 0.5 0.12
Vietnam CTX-M-15, NDM-4 128 4 0.5
Vietnam TEM-OSBL(b), CTX-M-15, CMY-type, NDM-5 64 4 2

K. pneumoniae Egypt SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 128 4 0.5
Egypt SHV-OSBL(b), CTX-M-15, NDM-1 128 8 1
Egypt SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 2 4 0.5
Egypt SHV-12(e), TEM-OSBL(b), CTX-M-15, CTX-M-14, NDM-1 64 2 1
Greece SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 64 2 0.5
Guatemala SHV-12(e), TEM-OSBL(b), CTX-M-15, NDM-6 128 4 0.5
India CTX-M-15, CMY-2, NDM-1 64 2 0.25
India SHV-2A(e), CTX-M-15, NDM-1 64 2 0.5
India CTX-M-15, DHA, NDM-1 32 0.25 0.12
India CTX-M-15, NDM-1 16 2 0.5
Jordan SHV-OSBL(b), CTX-M-15, NDM-1 64 1 0.25
Kuwait SHV-OSBL(b), CTX-M-15, CMY, NDM-1 128 16 2
Nigeria SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 64 4 0.25
Nigeria SHV-OSBL(b), CTX-M-15, NDM-1 64 1 0.25
Philippines SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 32 0.5 0.25
Philippines SHV-OSBL(b), NDM-1 128 8 0.5
Philippines SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-7 64 1 0.25
Philippines SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 64 1 0.25
Philippines SHV-OSBL(b), CTX-M-27, NDM-1 64 4 1
Philippines SHV-12(e), TEM-OSBL(b), CTX-M-15, NDM-7 128 4 0.5
Romania SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 64 4 2
Romania SHV-OSBL(b), CTX-M-15, NDM-1 64 4 0.5
Russia SHV-11(b), NDM-1 128 16 8
Saudi Arabia SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 64 1 0.25
Serbia SHV-OSBL(b), TEM-OSBL(b), CMY, NDM-1 4 �0.06 0.12
Serbia SHV-OSBL(b), CTX-M-15, CMY, NDM-1 32 0.25 0.12
Serbia SHV-OSBL(b), CTX-M-15, NDM-1 >128 64 32
Serbia SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, CMY-type, NDM-1 128 64 64
Serbia SHV-OSBL(b), CMY, NDM-1 64 16 8
Serbia SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 64 8 4
Thailand TEM-OSBL(b), CTX-M-15, CTX-M-27, NDM-1 128 8 1
Thailand SHV-OSBL(b), NDM-1 128 64 32
Turkey SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-1 32 1 0.25
Turkey SHV-OSBL(b), CTX-M-15, NDM-1 64 4 1

(Continued on next page)
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in the presence of 0, 10, and 30 �g/ml of ANT431 are shown in Fig. 3. The pronounced
leftward shift of the curves compared to the MEM control indicates the greatly
improved activity of the ANT431 combinations versus the majority of isolates. In fact,
addition of 30 �g/ml of ANT431 resulted in a reduction of the MEM MIC to susceptible
levels (2 �g/ml EUCAST breakpoint) in 72% of the MBL-positive isolates, increasing to
79% for the NDM-positive subset.

The species, source, and �-lactamases of the clinical isolates are shown in Table 2,
highlighting the wide geographical and genetic diversity of the isolate panel. In
addition to MBLs, the majority of isolates also expressed one or more SBLs (e.g., TEM,
CTX-M-3, and CMY-2). The strain set included representatives of the major NDM variants
commonly found in clinical isolates, namely, NDM-1, -4, -5, -6, and -7. The fact that
ANT431 was able to potentiate the MEM MIC at least 8-fold in at least one strain from
each NDM variant group shows that this compound is active against all these common
NDM enzymes. Against VIM-positive isolates, the majority of which carried VIM-1,
ANT431 showed only a modest ability to potentiate MEM. This is not surprising given
the poor enzymatic inhibitory activity versus the purified VIM-1 enzyme and the lack of
MEM potentiation observed against the laboratory E. coli strain overexpressing VIM-1
(Table 1). Despite this, MEM MICs were potentiated severalfold in many VIM-1-
containing clinical isolates with originally low levels of resistance to MEM, often
bringing the MIC down to the susceptibility breakpoint. As anticipated, no potentiation
against IMP-containing isolates was observed.

PK and physicochemical properties of ANT431. ANT431 is a highly water-soluble
compound (the Na salt has a solubility of 30 mg/ml in phosphate-buffered saline [PBS]

TABLE 2 (Continued)

MBL type Organism Country Characterized �-lactamase(s) MEM

MEM with ANT431 at
indicated concn

10 �g/ml 30 �g/ml

UAE SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, NDM-5 �128 128 64
UAE SHV-OSBL(b), CTX-M-15, NDM-1 128 64 32
UAE SHV-OSBL(b), NDM-1 128 64 32
UAE SHV-OSBL(b), TEM-OSBL(b), DHA-type, NDM-1 64 0.25 0.12
UK SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, CMY-6, NDM-1 64 0.5 0.5
Vietnam SHV-OSBL(b), TEM-OSBL(b), CTX-M-27, DHA-type, NDM-4 �128 16 2
Vietnam SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, CMY-type, DHA-type, NDM-1 128 32 32

M. morganii India CTX-M-15, DHA, NDM-1 4 0.25 0.12
S. marcescens Romania TEM-OSBL(b), CTX-M-3, DHA, NDM-1 64 1 0.25

Romania TEM-OSBL(b), CTX-M-15, NDM-1 >128 >128 >128
VIM positive C. freundii United States CMY-81, VIM-32 32 16 4

Italy SHV-12(e), CMY, VIM-1 2 0.5 0.25
Italy SHV-12(e), CMY, VIM-1 4 1 0.5

E. cloacae Greece TEM-OSBL(b), ACT-32, VIM-1 4 1 0.25
Greece VIM-1 32 32 16
Greece TEM-OSBL(b), VIM-1 32 16 2
Mexico VIM-23 4 2 1
Greece TEM-OSBL(b), VIM-1 4 1 0.5
Croatia TEM-OSBL(b), CTX-M-15, ACT-type, VIM-1 32 32 32

K. pneumoniae Greece SHV-OSBL(b), VIM-1 �128 �128 128
Greece SHV-OSBL(b), VIM-1 128 128 64
Romania TEM-OSBL(b), CTX-M-3, VIM-4 8 0.25 0.25
Hungary SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, VIM-4 4 0.25 0.12
Egypt SHV-OSBL(b), TEM-OSBL(b), CTX-M-14, CMY-type, VIM-1 64 32 8

P. mirabilis Greece TEM-OSBL(b), CMY-16, VIM-1 8 1 0.25
S. marcescens Turkey VIM-5 128 32 2

IMP positive E. cloacae Australia TEM-OSBL(b), ACT-type, IMP-4 4 4 2
Thailand TEM-OSBL(b), CTX-M-15, ACT-type, IMP-14 16 8 16

K. pneumoniae Philippines SHV-OSBL(b), CTX-M-15, IMP-26 32 32 16
Japan SHV-OSBL(b), CTX-M-2, IMP-1 64 64 64
Japan SHV-OSBL(b), CTX-M-2, IMP-6 �128 �128 �128
Philippines SHV-OSBL(b), TEM-OSBL(b), CTX-M-15, IMP-26 16 16 2

P. mirabilis Philippines DHA-1, IMP-26 32 32 16
aBold is used for data for strains that are colistin resistant. Shaded cells indicate MEM MICs of �2 �g/ml.
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buffer [pH 7.4]), which is important for intravenous (i.v.) delivery and possible cofor-
mulation with MEM. The absorption, distribution, metabolism, and excretion (ADME)
profile of ANT431 was promising, with good metabolic stability in both mouse and
human liver microsomes and plasma, although moderate inhibition of the 2C9 and 3A4
isoforms of the cytochrome P450 (CYP450) enzyme was observed (50% inhibitory
concentrations [IC50], 9 �M and 45 �M, respectively) (Table 3). Furthermore, ANT431
showed no measurable inhibition of angiotensin-converting enzyme (ACE; an impor-
tant metalloenzyme selectivity target involved in blood pressure regulation) or glyox-
alase II (GLY2; the closest human homologue of the MBL enzymes [22]) at the maximum
concentration tested, 200 �M, indicating good selectivity toward bacterial MBLs com-
pared to that of mammalian metalloenzymes and confirming the specific inhibitory
mechanism of action of this compound, which does not behave as a general metallo-
enzyme inactivator via metal removal from the active site. Consistent with this, ANT431
showed no cytotoxicity up to 100 �M (the highest concentration tested) against the
HepG2 human cell line. Furthermore, the i.v. pharmacokinetic (PK) profile of ANT431 in
mice indicated a much longer plasma half-life (t1/2) and greater total exposure (area
under the concentration-time curve [AUC]) than those of MEM (Fig. 4), suggesting that
the PK of the inhibitor should not be a limiting factor in efficacy studies with this
combination. Additionally, 20% of unchanged drug was recovered in the urine, indi-
cating clearance through the kidneys and illustrating the potential for treatment of
urinary tract infections (UTIs).

FIG 3 Cumulative MIC distribution of MEM alone and in combination with ANT431 against 94 MBL-
producing Enterobacteriaceae.

TABLE 3 Physicochemical, ADME, selectivity, cytotoxicity, and safety properties of
compound ANT431

Property Value for ANT431

Molecular wt, acid/sodium salt 285.3/307.3
LogD (pH 7.4) �2.5
Solubility (sodium salt) in PBS (pH 7.4), mg/ml 30
PPB, % bound, mouse/human 82.5/97.6
Microsomal stability, % remaining at 30 min, mouse/human �95 (both)
Plasma stability, % remaining at 1 h, mouse/human 100 (both)
ACE inhibition (IC50, �M) �200
Glyoxalase II (IC50, �M) �200
HepG2 cell cytotoxicity (IC50 at 24 h, �M) �100
CYP inhibition (IC50, �M), 1A2, 2C9, 2C19, 2D6, 3A4 �200, 9, �200, �200, 45
hERG inhibition (IC50, �M) �10
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ANT431 restores MEM efficacy in a mouse thigh model of infection. The in vivo
efficacy of ANT431 was tested against the NDM-1-positive clinical isolate E. coli IR3
(MEM MIC � 32 �g/ml; MIC of MEM plus ANT431 [at 8 �g/ml] � 4 �g/ml) in a 9-h
murine thigh infection model. MEM is rapidly hydrolyzed by murine renal DHP-1 in
mice; hence, this model, with its short dosing interval (2 h), has been specifically
developed to compensate for the short half-life and so facilitate MEM efficacy experi-
ments with mice. When dosed i.v. at 1, 3, 5, and 7 h postinfection, the combination of
ANT431 (at 30 or 300 mg/kg of body weight) with MEM (at either 50 or 250 mg/kg)
resulted in a statistically significant reduction of bacterial counts in the infected thighs,
at least 1 log10 with respect to the counts observed with the corresponding dose of
MEM alone (Fig. 5). The compound was well tolerated at 300 mg/kg (amounting to a
total dose of 1.2 g/kg within an 8-h period) with no observable indications of toxicity.

DISCUSSION

The global spread of MBL-expressing Enterobacteriaceae represents a major
threat to the ongoing usefulness of carbapenem antibiotics to treat severe, often
life-threatening, Gram-negative bacterial infections. A new drug which could render
MBLs inactive, and hence maintain the effectiveness of carbapenems, would be a
valuable adjunct to carbapenem therapies and would prolong the utility of this
important class of antibiotics. The discovery of this chemical series, exemplified by
ANT431, provides an opportunity to develop such a new combination therapy to
treat infections with CRE expressing MBLs. This would address a significant unmet
medical need since the current options to treat such infections are colistin, an old
antibiotic with nephrotoxicity (23), and tigecycline, which is not recommended for
bloodstream and UTIs due to its low levels in those body fluids and has received an
FDA warning regarding the increased mortality risk associated with its use (24).
Although new antibiotics are in development that should, in principle, cover
MBL-producing CRE, including cefidericol (25), aztreonam-avibactam (26), and
LYS228 (27), the advantage of developing an MBL inhibitor is that it can be
combined with a well-characterized and extensively used carbapenem, such as
meropenem, in order to directly rescue its activity against MBL-producing CRE
pathogens and hence allow other new antibiotics to be reserved for situations
where no other effective treatment is available.

Other MBL inhibitors have been reported (28–35), many of which display good in
vitro activity but have not been shown to be efficacious in animal infection models. An
exception to this is the natural product aspergillomarasmine A (35), a strong metal ion
chelator whose further development is likely to be limited by toxicity (the 50% lethal

FIG 4 Plasma pharmacokinetics of ANT431 and MEM in Swiss albino mice after intravenous administra-
tion of 1 mg/kg. The table inset shows PK parameters. C0 is initial plasma concentration.
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dose [LD50] in mice is 159.8 mg/kg) (36). In contrast, ANT431 functions by specific
inhibition of the MBL enzymes, as shown by substrate competition studies, and displays
good selectivity over nonbacterial metalloenzymes (ACE and GLY2). Additionally,
ANT431 exhibits promising drug-like properties, namely, excellent physicochemical
properties (low-molecular-weight, simple synthesis, high solubility, and good stability),
no toxicity against a human cell line (HepG2) at concentrations lower than 100 �M, and
a promising drug metabolism and pharmacokinetic (DMPK) profile. Furthermore, in vivo
proof of concept has been demonstrated against a clinical MBL-expressing isolate of E.
coli in a mouse infection model, with ANT431 nullifying the effects of MBL expression
and restoring the efficacy of MEM. This study also demonstrated tolerability of the
compound at doses as high as 1.2 g/kg in 8 h.

The activity of ANT431, which at 30 �g/ml could reduce MEM MICs to EUCAST
breakpoint susceptibility levels in over 70% of a large panel of highly resistant relevant
clinical isolates, demonstrates the potential of such an inhibitor in the clinical setting.
However, at the same time, there were nearly 30% of isolates for which the MICs were
not significantly potentiated. There are several factors which, individually or together,
may influence the final MICs of the combination; these are (i) the level of expression of
the MBL under the MIC testing conditions, (ii) alterations in the structure or level of
expression of outer membrane porins, limiting the penetrability of meropenem and/or
ANT431, and (iii) expression of efflux pumps, enhancing the expulsion of meropenem
and/or ANT431 from the periplasm. The specific combinations of factors at play will
ultimately contribute to the final MIC of each strain and are the subject of ongoing
investigations.

Although ANT431 is not itself a development candidate, due to its limited MBL
inhibition profile and modest potentiation of meropenem against certain clinical strains
carrying key MBL enzymes, this prototype molecule represents an excellent starting
point for chemical lead optimization. The goal of this program will be to improve
intrinsic potency and broaden the spectrum of activity to include a higher proportion

FIG 5 Efficacy of MEM alone and in combination with ANT431 in murine thigh infection model using E.
coli IR3 (NDM-1). Bacterial counts (CFU) were obtained from homogenized thighs of infected animals
(n � 5) treated i.v. at 1, 3, 5, and 7 h postinfection. Numbers in parentheses refer to log reduction in CFU
compared to respective MEM-only group. The table at the bottom shows MICs for MEM with and without
ANT431 at 8 �g/ml. Pt, pretreatment group; V, vehicle-only group. **, statistically significant difference
(P � 0.005) compared to the value for the MEM-only group.
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of MBL-positive isolates, while maintaining its promising drug-like characteristics, in
order to deliver a first-in-class MBL inhibitor for the treatment of infections with
MBL-expressing CRE. Given the rapid worldwide emergence of MBLs, NDM-1 in partic-
ular, and the lack of effective drugs targeting these resistance mechanisms, developing
such a treatment is an urgent medical priority.

MATERIALS AND METHODS
Compounds. Meropenem trihydrate was purchased from Sigma (M2574). Imipenem (IPM) monohy-

drate was purchased from Apollo Scientific (OR2453). ANT431 was synthesized as a sodium salt by
GVK-Bio (Hyderabad, India) and CRL Discovery (Harlow, UK).

Bacterial strains. A panel of MBL-expressing E. coli strains in an isogenic background was
generated by transformation of E. coli BL21(DE3) with the pET-9a plasmid containing the cloned
NDM-1, VIM-1, VIM-2, or IMP-1 gene under the control of the T7 RNA polymerase isopropyl-�-D-
thiogalactopyranoside (IPTG)-inducible system.

The 94 MBL-positive Enterobacteriaceae clinical isolates tested in the susceptibility study were
randomly selected from a collection of globally sourced isolates assembled between 2012 and 2014 and
included Citrobacter freundii (5 isolates), Enterobacter asburiae (1 isolate), Enterobacter cloacae (21
isolates), E. coli (11 isolates), K. pneumoniae (50 isolates), Morganella morgannii (1 isolate), Proteus mirabilis
(2 isolates), and Serratia marcescens (3 isolates). All isolates were genetically characterized to determine
their �-lactamase complement. Strains containing KPC or OXA variants were not included in this study
since ANT431 has no inhibitory activity against these enzymes.

Antimicrobial agents and susceptibility testing. MICs were determined by broth microdilution
according to Clinical and Laboratory Standards Institute (CLSI) guidelines (37), using cation-adjusted
Mueller-Hinton (CAMBH; Becton Dickinson). MEM MIC determinations for E. coli BL21(DE3) transformed
with pET plasmid derivatives were performed in the presence of 1 mM IPTG to ensure sufficient
expression of the MBL gene.

Colonies were taken directly from a culture plate and prepared to a suspension equivalent to the 0.5
McFarland standard using normal saline. MIC plates were seeded within 15 min after adjustment of the
inoculum suspension turbidity. Trays were incubated at 35°C for 16 to 20 h. Quality control (QC) testing
was performed each day of testing as specified by the CLSI using the following isolates: E. coli ATCC
25922 and P. aeruginosa ATCC 27853.

MBL inhibition assays. Inhibitory activities against purified MBLs (38) were determined by following
hydrolysis of 150 �M IPM in 10 mM HEPES (pH 7.5) buffer (25°C) in the presence of 0.025 to 500 �M
inhibitor using a PerkinElmer Envision (UV absorbance: 290 nm). Compound dilutions were performed in
dimethyl sulfoxide (DMSO). Ki values for the inhibition of each enzyme were calculated from IC50

measurements using the standard Cheng-Prusoff equation, Ki � IC50/{1 � ([S]/Km}, where [S] is the
substrate concentration and the Km values for NDM-1, VIM-2, and IMP-1 were 70 �M, 9 �M, and 25 �M,
respectively. The mechanism of inhibition and Ki for VIM-1 were determined using the Dixon plot
analysis, using MEM as the substrate, due to its higher Km for this enzyme (50 �M) than that of IPM (1.5
�M), thus allowing for more accurate measurements to be taken.

ACE inhibition assay. Selectivity against rabbit angiotensin-converting enzyme (ACE; Sigma; A6778)
metalloenzyme was determined by following hydrolysis of a 10 �M concentration of the fluorescent
substrate Abz-FRK (DNP)-P (Enzo Life Science, BML-P161-0001) in buffer containing 100 mM Tris HCl (pH
7), 50 mM NaCl, and 10 �M ZnCl2 in the presence of 0.4 to 200 �M inhibitor, using a PerkinElmer Envision
(fluorescence; excitation wavelength, 320 nm, and emission wavelength, 420 nm). Compound dilutions
were performed in DMSO.

GLY2 inhibition assay. Selectivity against the human glyoxalase II (GLY2; R&D Systems; 5944-GO)
metalloenzyme was determined by measuring hydrolysis of 500 �M S-lactoylglutathione (SLG, Sigma
L7140) using 200 �M 5,5=-dithio-bis-(2-nitrobenzoic acid) thiol detection reagent (DTNB; Sigma; D8130)
in buffer containing 50 mM Tris HCl (pH 7.5) and 250 mM NaCl in the presence of 0.4 to 200 �M inhibitor,
using a PerkinElmer Envision (absorbance wavelength, 405 nm). Compound dilutions were performed in
DMSO.

DMPK and cytotoxicity studies. All DMPK and cytotoxicity studies were performed at GVK-Bio
following standard procedures. Briefly, plasma protein binding (PPB) was determined in mouse and
human plasma by ultrafiltration. Binding to the hERG (human ether-a-go-go-related gene) ion channel
was assessed using a fluorescence polarization assay (Life Technologies; catalog number PV5365).
Inhibition of CYP450 enzymes 1A2, 2C9, 2C19, 2D6, and 3A4 was performed using pooled substrate
mixtures in the presence of NADPH with analysis by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). HepG2 cell cytotoxicity was assessed using CellTitre Glo luminescent reagent (Promega;
catalog number G7571) after incubation with compound for 72 h in a 5% CO2 incubator at 37°C.
Metabolic stability was determined in liver microsomes (30 min of incubation) and plasma (1 h of
incubation) from both mice and humans. Low-dose (1 mg/kg) PK studies were performed i.v. (adminis-
tration via tail vein) with male Swiss albino mice, using a solution of ANT431 prepared at 1 mg/ml in
DMSO and then diluted to 0.1 mg/ml in 10% solutol in PBS.

Murine thigh infection model. Male CD-1 mice (16 to 18 g) (Charles River Laboratories, Margate,
Kent, UK) were rendered neutropenic by immunosuppression with cyclophosphamide by intraperitoneal
injection at 150 mg/kg 4 days before infection and 100 mg/kg 1 day before infection. The immunosup-
pression regime leads to neutropenia starting 24 h after administration of the first injection and
continuing throughout the study. E. coli IR3 stocks were prepared by addition of glycerol (10%) to
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logarithmically growing broth cultures in MHB medium and freezing. The frozen stocks were thawed and
diluted to give an inoculum of 1.5 � 106 CFU/thigh. Animals (five/group), under inhaled anesthesia with
isoflurane, received 0.05 ml of this suspension by intramuscular (i.m.) administration into both thighs. The
test articles were administered i.v. at 1, 3, 5, and 7 h postinfection at 10 ml/kg. One group of animals was
humanely euthanized using pentobarbitone overdose 1 h postinfection to provide a pretreatment
control group. All animals in the additional groups were euthanized at the end of the study, 9 h
postinfection. Thigh samples were homogenized in ice-cold sterile phosphate-buffered saline; the
homogenates were quantitatively cultured onto CLED (cystine-lactose-electrolyte deficient) agar in
triplicate and incubated at 37°C for 18 to 24 h before colonies were counted. The data from the culture
burdens were analyzed using appropriate nonparametric statistical models (Kruskal-Wallis using
Conover-Inman to make all pairwise comparisons between groups) with StatsDirect software v. 2.7.8 and
compared to data for the vehicle control. For all calculations, the thighs from each animal were treated
as two separate data points even though they were not completely independent samples. All procedures
were performed under UK Home Office License 40/3644, with local ethical committee clearance (The
University of Manchester Standing Committee).
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