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ABSTRACT There is an urgent need for oral agents to combat resistant Gram-negative
pathogens. Here, we describe the characterization of VNRX-5236, a broad-spectrum
boronic acid b-lactamase inhibitor (BLI), and its orally bioavailable etzadroxil prodrug,
VNRX-7145. VNRX-7145 is being developed in combination with ceftibuten, an oral cepha-
losporin, to combat strains of Enterobacterales expressing extended-spectrum b-lactamases
(ESBLs) and serine carbapenemases. VNRX-5236 is a reversible covalent inhibitor of serine
b-lactamases, with inactivation efficiencies on the order of 104 M21 · sec21, and pro-
longed active site residence times (t1/2, 5 to 46min). The spectrum of inhibition includes
Ambler class A ESBLs, class C cephalosporinases, and class A and D carbapenemases (KPC
and OXA-48, respectively). Rescue of ceftibuten by VNRX-5236 (fixed at 4mg/ml) in iso-
genic strains of Escherichia coli expressing class A, C, or D b-lactamases demonstrated an
expanded spectrum of activity relative to oral comparators, including investigational
penems, sulopenem, and tebipenem. VNRX-5236 rescued ceftibuten activity in clinical
isolates of Enterobacterales expressing ESBLs (MIC90, 0.25mg/ml), KPCs (MIC90, 1mg/ml),
class C cephalosporinases (MIC90, 1mg/ml), and OXA-48-type carbapenemases (MIC90,
1mg/ml). Frequency of resistance studies demonstrated a low propensity for recovery of
resistant variants at 4� the MIC of the ceftibuten/VNRX-5236 combination. In vivo,
whereas ceftibuten alone was ineffective (50% effective dose [ED50], .128mg/kg), cefti-
buten/VNRX-7145 administered orally protected mice from lethal septicemia caused by
Klebsiella pneumoniae producing KPC carbapenemase (ED50, 12.9mg/kg). The data demon-
strate potent, broad-spectrum rescue of ceftibuten activity by VNRX-5236 in clinical
isolates of cephalosporin-resistant and carbapenem-resistant Enterobacterales.
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The Enterobacterales order is composed of Gram-negative bacterial pathogens that
cause frequent infections in both the community and health care settings.

b-Lactam antibiotics are employed frequently to treat infections by strains of
Enterobacterales. Indeed, b-lactams are the most commonly prescribed antibiotics, rep-
resenting over 60% of prescriptions written globally, with the cephalosporin class rep-
resenting nearly 50% of those prescriptions (1, 2). However, the continued expansion
of resistance mechanisms in Enterobacterales is compromising the efficacy of b-lactam
antibiotics globally (https://externalwebapps.lahey.org/Studies/).
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b-Lactamases represent the primary mechanism by which most Gram-negative bacteria
develop resistance to b-lactams (3, 4). These enzymes can be categorized according to
amino acid sequence relatedness into four classes based on the Ambler classification system
(5). Ambler class A enzymes include original spectrum b-lactamases (OSBL; which target
penicillins predominantly) such as TEM-1, extended spectrum b-lactamases (ESBLs) such as
CTX-M-15 and SHV-5, and carbapenemases such as KPC and GES-5. Ambler class C enzymes
(PDC, AmpC, and FOX) can be encoded chromosomally or on plasmids and hydrolyze most
penicillins and cephalosporins (5). Ambler class D “OXA” enzymes are a large group of beta-
lactamases that include both cephalosporinases (OXA-1) and carbapenemases (e.g., OXA-23
and OXA-48). Ambler class A, C, and D enzymes all have a canonical serine active site nucleo-
phile that attacks the b-lactam carbonyl, resulting in hydrolysis of the b-lactam moiety, thus
rendering the antibiotic inert. Clinically relevant Ambler class B (metallo) enzymes use a di-
zinc metal center to generate a hydroxyl nucleophile and include NDM, VIM, SPM, and IMP,
among others (5). While there are more than 7,000 b-lactamases identified to date, those
that are found most commonly in Enterobacterales are ESBLs that have specificity for most
penicillins, cephalosporins, and monobactams (https://externalwebapps.lahey.org/Studies/).
The CDC estimates that there were 197,400 cases of ESBL-producing Enterobacterales in
hospitalized patients in 2017 (6). Alarmingly, in 2017 there were also an estimated 13,100
hospitalized patients with infections due to carbapenem-resistant Enterobacterales, including
those expressing KPC and OXA-48-type carbapenemases (7).

Broad-spectrum, orally bioavailable antibiotics play a critical role in the manage-
ment of human infectious diseases, in both the hospital and community settings, facili-
tating exit from the intensive care unit and treatment in the general ward and early
discharge and/or preventing emergency department visits or hospitalization in the first
place. Over 5,000,000 patients are treated in hospitals for Gram-negative infections
annually in the United States alone (8). In the hospital general ward and ICU, the switch
from parenteral antibiotics to oral therapy typically occurs once vital signs are stabi-
lized and the patient is sufficiently alert. Such a treatment strategy has been shown to
have a significant positive impact on overall outcomes for patients, as well as associ-
ated health care costs (9–13). The oral b-lactams (oral penicillins and cephalosporins in
particular) are a key component of these therapies, including for the pediatric popula-
tion. However, for indications where Enterobacterales strains are major causative patho-
gens (e.g., urinary tract infections; UTI), the future of these oral b-lactams is threatened
due to the emergence and spread of b-lactamase-producing strains that inactivate
these agents and that are not inhibited by the commercially available oral b-lactamase
inhibitor, clavulanic acid. Further complicating matters, these b-lactamase-producing
pathogens are also increasingly cross-resistant to several other classes of oral antibiot-
ics, including quinolones and trimethoprim-sulfamethoxazole, which further limits
therapeutic options (14–17). While new oral penem b-lactams are in development,
these agents do not provide a solution for the ever-expanding plethora of carbapene-
mases found in strains of Enterobacterales, which is concerning considering that studies
have shown that a significant percentage of carbapenem-resistant Enterobacterales
(CRE) infections may be originating from outside the health care system in the commu-
nity (18, 19). While several parenteral b-lactam/b-lactamase inhibitor (BL/BLI) combi-
nations have been approved recently or are in late-stage development, such agents
cannot address the need for flexibility in treatment of community infections or to
shorten the length of stay for patients with infections initially treated in the hospital
(20–25).

Broadly active, orally bioavailable BL/BLI combinations are a critical need to treat
infections in the hospital and community. We present here comprehensive biochemi-
cal and microbiological data describing the broad-spectrum activity of a new cyclic
boronate BLI, VNRX-5236 (Fig. 1) in combination with the 3rd-generation oral cephalo-
sporin, ceftibuten (CTB). Our findings provide the biochemical basis for broad-spec-
trum inhibition of b-lactamases (including serine carbapenemases) by VNRX-5236 and
show that addition of this next-generation BLI restores antibacterial activity of CTB
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against Enterobacterales producing clinically important serine b-lactamases, including
CTX-M-, KPC-, OXA-, and class C enzymes.

RESULTS
Biochemical studies demonstrating selective inhibition of serine b-lactamases,

including carbapenemases. The 50% inhibition concentrations (IC50s) were determined
for VNRX-5236 against a panel of serine b-lactamases. As shown in Table 1, VNRX-5236
had broad inhibitory activity against serine b-lactamases from Ambler A, C, and D classes,
including the carbapenemases KPC-2 and OXA-48. Overall, IC50 values for VNRX-5236 were
comparable to those for avibactam and markedly lower than those for tazobactam and
clavulanic acid against KPC-2 (0.08, 0.06, 1.7, and 1.8mM, respectively), OXA-48 (0.32, 0.55,
3.5, and 14.3mM, respectively), and both plasmid-borne (CMY-2: 0.01, 0.007, 0.41, and
.100mM, respectively) and chromosomal (P99: 0.01, 0.02, 0.73, and .100mM, respec-
tively) class C enzymes. None of these inhibitors had appreciable activity against Ambler
class B metallo-b-lactamases (data not shown).

VNRX-5236 exhibited potent inhibition of CTX-M-15 and SHV-5 (class A ESBLs), KPC-
2 (class A carbapenemase), and P99AmpC (class C cephalosporinase), with inhibitor po-
tency (Ki) values ranging from 0.01 to 0.11mM (Table 2). Like other boronic acid-con-
taining BLIs, inhibition of serine b-lactamases by VNRX-5236 is best described by a
two-step model, in which a noncovalent complex forms, followed by a reversible cova-
lent bond with the active site serine residue. Thus, second-order rate constants (k2/Ki)
for covalent bond formation were determined for the aforementioned enzymes, indi-
cating efficient inactivation by VNRX-5236, with k2/Ki on the order of 104 to 105 M21 s21

(Table 2). Dissociation rates (k-2) ranged from 2.5 to 24� 1024 s21, which translated to
appreciable active site residence times (t1/2) from 5 to 46 min (Table 2).

Selection of ceftibuten as an orally bioavailable partner antibiotic. A primary
consideration for partner selection was the ability of VNRX-5236 to rescue b-lactam ac-
tivity in strains of Enterobacterales expressing Ambler class A, C, and/or D b-lactamases,
including serine carbapenemases. The activity of nine orally bioavailable b-lactam anti-
biotics was tested alone and in combination with VNRX-5236 (fixed at 4mg/ml) against
panels of Enterobacterales strains expressing class A ESBLs, class A KPC-carbapene-
mases, class C cephalosporinases, or class D OXA-carbapenemases. Many strains
expressed multiple enzymes. These nine potential partner antibiotics were ceftibuten,
cefixime, cefditoren, cefpodoxime, cefdinir, cefaclor, cephalexin, cefuroxime, and
amoxicillin. The MIC90 for all b-lactams tested alone against each panel of 25 strains
was $64mg/ml (26). As shown in Fig. 2, the combination of VNRX-5236 (fixed at 4mg/
ml) with CTB (a third-generation, orally bioavailable cephalosporin; filled circles)
resulted in the lowest MICs across all sets of strains tested (MIC50/MIC90 of 0.12/1mg/
ml). VNRX-5236 also demonstrated substantial rescue of cefixime and cefditoren with
an overall MIC50/MIC90 of 0.5/2mg/ml. Amoxicillin was the weakest partner antibiotic
(open circles). Coupled with its excellent oral bioavailability (;65%), long plasma half-
life (;2.4 h), moderate human plasma protein binding (;60%), and extensive renal
excretion (;56%), CTB was chosen as the preferred partner antibiotic (27, 28).

FIG 1 Structures of orally bioavailable prodrug VNRX-7145 (VNRX-5236 etzadroxil) (left) and active
BLI, VNRX-5236 (right).
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Lack of stand-alone activity of VNRX-5236 and VNRX-7145 against Gram-
positive and Gram-negative pathogens. VNRX-5236 and its prodrug, VNRX-7145
(VNRX-5236 etzadroxil), lack intrinsic antibacterial activity. Neither compound demon-
strated stand-alone activity against four strains of Gram-positive organisms or nine
strains of Gram-negative bacilli (all MICs were $128mg/ml; see Table S1 in the supple-
mental material).

Impact of overexpression of key Ambler class A, B, C, and D enzymes on
activity of CTB/VNRX-5236 and comparators in isogenic strains of Escherichia coli.
The impact of overexpression of key Ambler class A, B, C, and D enzymes on the activ-
ity of CTB/VNRX-5236, and by inference the breadth of inhibitory activity of the BLI,
was assessed in 20 engineered E. coli strains each overproducing individual serine- or
metallo-b-lactamases and compared directly to other orally available b-lactam agents,
including amoxicillin-clavulanic acid, CTB/clavulanic acid, sulopenem, and tebipenem.
CTB/VNRX-5236, CTB/clavulanic acid, and amoxicillin-clavulanic acid were tested with
inhibitor fixed at 4mg/ml to avoid the stand-alone activity of clavulanic acid in these
strains (the modal MIC for clavulanic acid alone against these 20 strains was 32mg/ml;
data not shown). Data are presented as the fold-increase in MIC relative to the vector
control strain treated with b-lactam alone. Fold increases in MIC of #8, highlighted in
gray in Table 3, indicate the stability of the b-lactam or b-lactam/BLI combination MIC
to that enzyme.

As shown in Table 3, the CTB MIC was elevated in the presence of most class A, C, and
B enzymes, with the exception of TEM-10 and GES-5, which increase the CTB MIC by only
4- to 8-fold. The CTB MIC was stable for most of the class D enzymes tested. Addition of
VNRX-5236 at 4mg/ml reduced the MIC shift to #4-fold in all strains except for the strain
expressing the Ambler class B MBL, NDM-1. Addition of clavulanic acid fixed at 4mg/ml
reduced the CTB MIC in some strains expressing ESBLs but was ineffective against class A
KPC carbapenemases, class C cephalosporinases, and class D carbapenemases.

The orally bioavailable b-lactam amoxicillin was hydrolyzed extensively by all enzymes
tested, with the exception of the KPC-3 D179Y variant (29). As seen with CTB, clavulanic
acid had variable activity against class A ESBLs and was largely ineffective against class A

TABLE 1 VNRX-5236 50% inhibition concentrations against serine b-lactamasesa

Ambler class b-lactamase

IC50 (mM) for:

VNRX-5236 Avibactam Tazobactam Clavulanic acid
A CTX-M-15 0.02 0.003 0.001 0.04

KPC-2 0.08 0.06 1.7 1.8

C P99AmpC 0.01 0.02 0.73 .100
CMY-2 0.01 0.007 0.41 .100

D OXA-1 0.07 0.04 0.43 0.12
OXA-48 0.32 0.55 3.5 14.3

aSubstrates were nitrocefin for P99AmpC, CMY-2, OXA-1, and OXA-48; cefotaxime for CTX-M-15 and SHV-5; and
imipenem for KPC-2. IC50 values are reported as the mean from duplicate measurements.

TABLE 2 Kinetic parameters of reversible inactivation of serine b-lactamases by VNRX-5236

Parameter

Data for:

KPC-2a CTX-M-15 SHV-5 P99AmpC
k2/Ki (10

4 M21s21) 2.96 0.07 4.86 0.9 1.16 0.16 6.06 0.6
k22 (1024 s21) 2.56 0.1 4.56 0.1 12.76 0.07 246 0.5
t1/2 (min) 466 2 266 0.6 6.56 0.04 56 0.1
Ki (mM) 0.11 0.01 0.04 0.02
aKPC-2, Ambler class A Klebsiella pneumoniae carbapenemase; CTX-M-15, Ambler class A cefotaximase-Munich
15 extended-spectrum b-lactamase; SHV-5, Ambler class A sulfhydryl variable b-lactamase; P99AmpC (ACT-
C189), Ambler class C chromosomal-encoded b-lactamase; k2/Ki, rate of covalent bond formation; k22, off rate;
Ki, inhibition constant; t1/2, half-life.
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KPC carbapenemases, class C cephalosporinases, and class D carbapenemases.
Tebipenem was relatively resistant to hydrolysis by class A ESBLs and class C

enzymes. It was, however, hydrolyzed extensively by class A, B, and D carbapenemases.
Sulopenem had an enzyme hydrolysis profile similar to that of tebipenem.

Potentiation of CTB activity by VNRX-5236 in Enterobacterales. The antibacterial
activity of CTB/VNRX-5236 and comparators was assessed against a diverse panel of
100 clinical isolates of Enterobacterales with defined b-lactamase subtypes (Table 4).
The panel does not reflect current epidemiological trends but instead highlights differ-
ences in coverage provided by CTB/VNRX-5236 relative to comparators. Antibacterial
activity of CTB alone was included to ascertain the level of potentiation by the part-
nered BLI when tested at a fixed concentration of 4mg/ml in all combinations except
amoxicillin-clavulanic acid, where a fixed 2:1 ratio was tested (30, 31). Isolates were
subdivided by molecular characterization and included 25 strains of Enterobacterales
expressing: (i) mixed class A ESBLs and OSBL (typically TEM-1), (ii) class A KPC-type car-
bapenemases, (iii) mixed class A ESBLs and OSBLs and class C cephalosporinases, and
(iv) OXA-48/48-like carbapenemases.

The activity of CTB alone against isolates expressing Ambler class A ESBLs and OSBLs
was variable, with an MIC50 and MIC90 of 8 and $64mg/ml, respectively (Table 4). This
result is consistent with the variable impact of class A enzyme expression on CTB activity
in the isogenic strain panel (Table 3). VNRX-5236 rescued CTB activity against the clinical
strains, with an MIC50 and MIC90 of 0.12 and 0.25mg/ml. As these strains express enzymes
that are variably susceptible to inhibition by clavulanic acid, the CTB MIC90 was reduced
from $64 with CTB alone to 0.5mg/ml for CTB/clavulanic acid. Amoxicillin-clavulanic acid
had elevated MICs across these strains (MIC90 of 32mg/ml). The investigational oral
penems demonstrated reasonably uniform activity against these strains, with MIC90s of 0.5
(sulopenem) and 0.06 (tebipenem)mg/ml, respectively.

FIG 2 Partner b-lactam activity in combination with VNRX-5236 against strains of Enterobacterales expressing serine b-lactamases.
All testing was conducted according to the CLSI broth microdilution method, with VNRX-5236 fixed at 4 mg/ml and partner
b-lactam titrated (26). Clinical isolates tested included (A) 12 E. coli and 13 K. pneumoniae; (B) 19 K. pneumoniae, 1 E. coli, 3 E.
cloacae, and 2 Klebsiella oxytoca; (C) 13 K. pneumoniae and 12 E. coli; (D) 7 E. coli, 7 K. pneumoniae, 6 Serratia marcescens, 3
Klebsiella aerogenes, 1 Citrobacter freundii, and 1 Proteus mirabilis.
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CTB alone demonstrated very high MIC50 and MIC90 values of 16 and $64mg/ml,
respectively, against strains expressing KPC-type carbapenemases. VNRX-5236 rescued
CTB activity against these strains, with an MIC50/MIC90 of 0.12 and 1mg/ml, respectively,
for the combination. Clavulanic acid was ineffective at rescuing CTB or amoxicillin in
these strains. In addition, the MIC50/MIC90 for sulopenem (32/$64mg/ml) and tebipe-
nem ($64/$64mg/ml) demonstrated very poor activity of these agents against KPC-
expressing isolates.

CTB alone demonstrated elevated MIC50/MIC90 values of 16/$64mg/ml against strains
expressing class C cephalosporinases. These values were reduced to 0.12/1mg/ml, respec-
tively, in the presence of VNRX-5236. The strains had elevated CTB/clavulanic acid and
AMC MICs (MIC90, $64 and $256mg/ml, respectively), highlighting the weak protection
afforded by clavulanic acid. The oral penems demonstrated good activity against these
strains, with the MIC90 for sulopenem and tebipenem being 2 and 0.5mg/ml, respectively.

CTB demonstrated weak activity against strains expressing class D enzymes, with
MIC50/MIC90 values of 16 and $64mg/ml, respectively. VNRX-5236 reduced the CTB
MIC50/MIC90 values to 0.12 and 1mg/ml, respectively. CTB/clavulanic acid, sulopenem
and tebipenem all demonstrated weak activity against these strains, with MIC50 of 4 to
8mg/ml and MIC90 of 16 to 32mg/ml. Amoxicillin-clavulanic acid did not demonstrate
significant activity against these strains (MIC range, 128 to$256mg/ml).

Assessment of bactericidal activity of CTB/VNRX-5236. To assess the ability of
VNRX-5236 to restore the bactericidal activity of CTB against resistant isolates, 24-h
time-kill assays were conducted. Shown in Table 5 are the modal MIC and minimum
bactericidal concentration (MBC) values for antibacterial agents against these four bac-
terial strains. Shaded boxes represent data for the compound/pathogen combination
shown in Fig. 3. VNRX-5236 restored CTB activity in all strains tested, reducing the CTB-
alone MIC from a range of 16 to 128mg/ml to 0.12 to 1mg/ml. The investigational
penems demonstrated potent activity against strains expressing ESBLs or class C ceph-
alosporinases, but as expected, their activity was compromised in the presence of car-
bapenemases such as KPC-2 and OXA-48.

Both CTB/VNRX-5236 and CTB/clavulanic acid demonstrated bactericidal activity
against E. coli expressing CTX-M-15 (Fig. 3a). Amoxicillin-clavulanic acid and CTB alone

TABLE 3 Impact of key Ambler class A, B, C, and D enzymes on activity of CTB/VNRX-5236 and comparators in isogenic strains of E. colia

b-lactamase b-lactamase class

Fold increase in MIC compared to vector control for:b

CTB CTB/VNRX-5236 (4) CTB/CLA AMX AMX/CLA Tebipenem Sulopenem
TEM-10 A 4 2 4 $128 8 4 2
CTX-M-15 A 64 0.5 1 $128 4 4 4
GES-5 A 8 0.5 4 $128 $128 512 256
SHV-5 A 128 0.5 1 $128 8 4 8
SHV-12 A 256 1 1 $128 8 4 4
VEB-9 A $1,024 2 1 $128 1 2 4
KPC-2 A 16 0.25 16 $128 $128 2,048 2,048
KPC-3 A 16 0.25 16 $128 $128 2,048 2,048
KPC-3 D179Y A 32 2 2 4 4 8 16
PER-1 A 1,024 2 2 128 1 4 8
CMY-2 C 1,024 2 1,024 128 $128 4 8
P99/AmpC C $1,024 4 $1,024 $128 $128 8 16
ACT-17 C 1,024 4 $1,024 128 $128 4 8
CMY-42 C $1,024 4 1,024 128 $128 16 16
OXA-23 D 2 0.5 2 $128 $128 128 64
OXA-48 D 4 1 4 $128 $128 256 512
OXA-163 D 32 0.5 32 $128 $128 32 8
OXA-181 D 2 0.5 2 $128 $128 256 1,024
NDM-1 B $1,024 $1,024 $1,024 $128 $128 2,048 1,024
aCTB, ceftibuten; CTB/VNRX-5236 (4), ceftibuten with VNRX-5236 fixed at 4mg/ml; CLA, clavulanic acid; AMX, amoxicillin; AMX/CLA, amoxicillin with clavulanic acid fixed at
4mg/ml.

bMIC increases of#8-fold from vector control are shaded in gray and are based on modal MIC testing across 4 replicates. Vector control MICs were CTB, 1mg/ml; CTB/VNRX-
5236, 0.25mg/ml; CTB/CLA, 1mg/ml; AMX, 8mg/ml; AMX/CLA, 8mg/ml; tebipenem, 0.016mg/ml; sulopenem, 0.06mg/ml.
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or with clavulanic acid demonstrated initial killing, but the strains grew to control lev-
els by 24 h (Fig. 3a). Both tebipenem and sulopenem demonstrated bactericidal activ-
ity against this strain at drug concentrations at or near their respective MICs
(see Table 5). CTB/VNRX-5236 likewise demonstrated potent bactericidal activity
against Enterobacter cloacae ECL01 expressing the class A ESBL TEM-72 and 2 class C
enzymes (P99AmpC = ACT-C189 and ACT-1) (Fig. 3b), as did the penems and levofloxa-
cin (Table 5). All other antibacterial agents failed in this time-kill assay, consistent with
their elevated MICs. Results against the carbapenemase-expressing strains of K. pneu-
moniae are shown in Fig. 3c and d. Both strains had elevated MICs to all antimicrobial
agents (8 to $256mg/ml), with the exception of CTB/VNRX-5236 (0.12 to 0.25mg/ml).
CTB/VNRX-5236 demonstrated bactericidal activity against these 2 strains, with MBCs
within 1 dilution of their respective MIC.

Frequency of resistance (FoR). Experiments were conducted to assess the FoR for
the CTB/VNRX-5236 combination at 4� MIC. As shown in Table 6, no resistant colonies
were obtained after 48 h of incubation. The FoR for the combination (defined as CFU
in the presence of CTB/VNRX-5236 divided by total CFU plated) was ,4.3� 10210 for
all strains tested.

Impact of pH and human urine on activity of CTB/VNRX-5236. With urinary tract
infections as the targeted indication for CTB/VNRX-5236, the activity of the combina-
tion over a range of relevant pH values in the presence of pooled human urine (100%)
was assessed (32). Testing in urine at pH 6.0 produced MIC results equal to or within 1
to 3 doubling dilutions compared to standard broth microdilution for CTB and

TABLE 4 Activity of CTB/VNRX-5236 and comparators against Enterobacterales expressing
class A ESBLs, class A carbapenemases (KPC), class C cephalosporinases, and class D
oxacillinasesa

Ambler class type Antimicrobial agent MIC range (mg/ml) MIC50 (mg/ml) MIC90 (mg/ml)
A-ESBLb CTB 0.12 to$64 8 $64

CTB/VNRX-5236 0.03–1 0.12 0.25
CTB/CLA 0.03 to$64 0.12 0.5
AMC 8 to$64 16 32
Sulopenem 0.03–1 0.12 0.5
Tebipenem #0.016–0.12 0.03 0.06

A-KPCc CTB 0.5 to$64 16 $64
CTB/VNRX-5236 0.06–1 0.12 1
CTB/CLA 0.25 to$64 8 $64
AMC 32 to$256 $64 $256
Sulopenem 4 to$64 32 $64
Tebipenem 8 to$64 $64 $64

Cd CTB 2 to$64 16 $64
CTB/VNRX-5236 0.03–2 0.12 1
CTB/CLA 0.06 to$64 2 $64
AMC 8 to$256 32 $256
Sulopenem 0.03–8 0.06 2
Tebipenem #0.016–2 0.06 0.5

De CTB 0.06 to$64 16 $64
CTB/VNRX-5236 0.03–2 0.12 1
CTB/CLA 0.06 to$64 4 32
AMC 128 to$256 $256 $256
Sulopenem 1 to$64 8 16
Tebipenem 0.5 to$64 4 16

aCTB, ceftibuten; CTB/VNRX-5236, ceftibuten with VNRX-5236 fixed at 4mg/ml (boldface); CTB/CLA, ceftibuten
with clavulanic acid fixed at 4mg/ml; AMC, amoxicillin with clavulanic acid tested at a 2:1 ratio.

bIncludes 12 strains of E. coli and 13 strains of K. pneumoniae.
cIncludes 1 strain of E. coli, 19 strains of K. pneumoniae, 3 strains of E. cloacae, and 2 strains of Klebsiella oxytoca.
dIncludes 7 strains of E. coli, 7 strains of K. pneumoniae, 3 strains of Klebsiella aerogenes, 6 strains of Serratia
marcescens, 1 strain of Proteus mirabilis, and 1 strain of Citrobacter freundii.

eIncludes 12 strain of E. coli and 13 strains of K. pneumoniae.
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CTB/VNRX-5236 (Table 7). Testing in urine at pH 7.2 produced MIC results equal to or 1
to 2 doubling dilutions lower than standard broth microdilution for CTB and CTB/
VNRX-5236.

In vivo efficacy of CTB/VNRX-5236 and CTB/VNRX-7145 in murine septicemia
model. The ability of VNRX-5236 (dosed subcutaneously) or VNRX-7145 (VNRX-5236
etzadroxil dosed orally) to rescue CTB activity (dosed identically to the BLI) was
assessed in a lethal murine septicemia model as described elsewhere (33). Briefly, mice
were administered a lethal intraperitoneal inoculum of ceftibuten-resistant K. pneumo-
niae UNT-023 expressing KPC, TEM-1, and SHV-11 (CTB MIC, 64mg/ml; CTB/VNRX-5236
MIC, 0.06mg/ml). One hour later, antimicrobial agents were administered as a single
dose by the route indicated. The experiment was conducted with groups of 5 mice
and run twice in order to calculate median effective dose (ED50) values with 95% confi-
dence limits by probit analysis. As shown in Table 8, administration of CTB alone was
ineffective at protecting mice from lethal disease (ED50, .128mg/kg). In contrast, CTB/
VNRX-5236 etzadroxil dosed orally or CTB/VNRX-5236 dosed subcutaneously demon-
strated robust activity with respective ED50 values of 12.9 and 13.5mg/kg. The results
demonstrate potent rescue of CTB by VNRX-5236 and VNRX-7145 in this model.

FIG 3 Time-kill assay of CTB/VNRX-5236 against strains of Enterbacterales with defined resistance mechanisms.
Hexagon, growth control; square, CTB alone at 8 mg/ml; open circle, CTB at 2 mg/ml with VNRX-5236 fixed at 4 mg/ml;
� inside a circle, CTB at 2 mg/ml with clavulanic acid fixed at 4 mg/ml; upside-down triangle, amoxicillin at 8 mg/ml
with clavulanic acid at 4 mg/ml (a 2:1 ratio); triangle, tebipenem at 2 mg/ml; diamond, sulopenem at 2 mg/ml.

TABLE 6 Frequency of resistance to CTB/VNRX-5236

Strain ID b-lactamase content Total CFU plated CFU CTB/VNRX-5236 FoRa

E. coli ATCC 25922 None 3.1� 109 0 ,3.2� 10–10

K. pneumoniae ATCC BAA-1705 KPC-2 2.3� 109 0 ,4.3� 10–10

E. cloacae ECL01 AmpC, TEM-72, ACT-1 3.6� 109 0 ,2.8� 10–10

E. coli ESBL4 CTX-M-15, TEM-1 1.2� 1010 0 ,8.3� 10–11

K. pneumoniae ATCC 700603 SHV-18, TEM-1 2.7� 109 0 ,3.7� 10–10

E. coli VER OXA-48 2.5� 109 0b ,4� 10–10

aFoR, frequency of resistance, calculated as CFU of (CTB/VNRX-5236)/total CFU plated. Selective plates contained CTB at 4� the MIC with VNRX-5236 fixed at 4mg/ml.
bA single colony grew on these plates but upon subculturing and broth microdilution testing the colony was found to have parental (naive) CTB/VNRX-5236 MIC.
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High selectivity and lack of mammalian cytotoxicity. The selectivity and specific-
ity of VNRX-5236 and its etzadroxil prodrug were evaluated in the DrugMatrixScreen
panel of pharmacological targets at Eurofins/Panlabs (34). Binding, enzymatic, and
uptake assays representing a wide range of cellular and subcellular target classes were
performed. At the screening concentration of 100mM for VNRX-5236, two modest hits
were reported—56% inhibition of protein serine/threonine phosphatase, PPP3CA (cal-
cineurin PP2B), and 77% inhibition of protein tyrosine kinase Fyn. The in vivo signifi-
cance of these in vitro activities is not known. VNRX-7145 (VNRX-5236 etzadroxil) was
tested at a concentration of 10mM, with no notable off-target findings reported
against any of the 129 in vitro assays. VNRX-5236 and VNRX-7145 (VNRX-5236 etza-
droxil) were also found to be noncytotoxic to dividing HeLa, MRC-5, and 3T3 cell cul-
tures up to the highest concentration tested (1mg/ml and 128mg/ml, respectively).

DISCUSSION

In spite of recent approvals of intravenous BL/BLI combinations for clinical use, no
orally bioavailable BL/BLI combination has been approved in several decades to
address the plethora of new b-lactamases. Two orally bioavailable investigational
penem prodrugs have recently completed clinical phase 3 studies, with mixed results.
Sulopenem etzadroxil failed to achieve noninferiority relative to ertapenem injection in
patients with complicated urinary tract infections (cUTI; SURE-2 trial) or complicated
intra-abdominal infections (cIAI; SURE-3 trial) (35–37). Tebipenem pivoxil hydrobro-
mide recently demonstrated noninferiority relative to intravenous (i.v.) ertapenem in
cUTI, including pyelonephritis (ADAPT-PO trial) (38). While the oral penems generally
escape hydrolysis by Ambler class A ESBLs and class C cephalosporinases, they remain
vulnerable to inactivation by class A and D serine carbapenemases. As such, unpro-
tected oral penems lack utility as a step-down therapy in hospitalized patients with
infections caused by carbapenemase-producing Gram-negative bacteria. Moreover,
there are potential antimicrobial stewardship concerns in that widespread use of
unprotected penems could further increase carbapenem resistance, which is already
considered a major and growing issue worldwide (39–43).

Ceftibuten/VNRX-5236 demonstrates potent antibacterial activity against
Enterobacterales producing Ambler class A serine b-lactamases, class C cephalo-
sporinases, and class A and D carbapenemases (e.g., KPC and OXA-48-type,

TABLE 8 Efficacy of CTB/VNRX-5236 and CTB/VNRX-7145 against K. pneumoniae UNT-023
expressing KPC, TEM-1, and SHV-11a

Antimicrobial agent MIC (mg/ml) Route of administration ED50 (mg/kg) 95% confidence limit
CTB alone 64 PO .128 NA
CTB/VNRX-7145 ND PO/PO 12.9 9.8–17.2
CTB/VNRX-5236 0.25 SC/SC 13.5 9.1–22.8
aNA, not applicable due to lack of protection; ND, not determined, as VNRX-7145 (VNRX-5236 etzadroxil) has no
demonstrable BLI activity; PO, per os (by mouth); SC, subcutaneous; ED50, 50% effective dose.

TABLE 7 Impact of pH and human urine on activity of CTB/VNRX-5236a

Strain ID

Median or modal MIC (mg/ml)

MHII broth Human urine, pH 6 Human urine, pH 7.2

CTB CTB/VNRX-5236 CTB CTB/VNRX-5236 CTB CTB/VNRX-5236
E. coli ATCC 25922 0.25 0.12 0.25 0.12 0.12 #0.06
K. pneumoniae ATCC 700603 0.5 0.25 1 0.5 0.5 0.12
K. pneumoniae ATCC BAA-1705 8 0.25 2 0.5 2 #0.06
K. pneumoniae 1434760 .128 0.5 .128 1 128 0.5
E. coli 1480076 128 0.25 32 0.5 32 0.12
K. pneumoniae 1266420 32 0.12 64 1 16 #0.06
aCTB, ceftibuten; CTB/VNRX-5236, ceftibuten with VNRX-5236 fixed at 4mg/ml; MHII broth, cation-adjusted Mueller-Hinton broth.
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respectively) and competes directly with other early-stage BL/BLI combinations
(44, 45). Such coverage is of critical importance in light of the ever-expanding
contribution of these enzymes to b-lactam resistance globally (46, 47). Indeed,
the previous 2 decades have seen an explosive, global expansion of ESBLs in
strains of Enterobacterales in both the hospital and community settings (48). Such
strains are considered a “critical priority” by the World Health Organization, along
with strains of Enterobacterales expressing carbapenemases (49). Since their first
reporting in 1996 in North Carolina, KPC-expressing strains of Enterobacterales
have become endemic in many parts of the world, including the northeastern
United States and Puerto Rico, much of South America, eastern China, parts of
southern Europe, and Israel (50, 51). Likewise, since its discovery in Turkey in
2003, the OXA-48 carbapenemase has been identified in many parts of the world,
including in the Mediterranean region and European countries (52, 53). The rapid
expansion of OXA-48 in strains of Enterobacterales, particularly in Europe, compro-
mises the utility of approved oral b-lactams, as well as the investigational penems
discussed above (53).

The selection of ceftibuten as the b-lactam partner to VNRX-5236 was driven by
multiple considerations, including (i) potency in combination with VNRX-5236 against
strains of Enterobacterales, (ii) excellent oral pharmacokinetics, (iii) modest protein
binding, (iv) significant excretion in urine (optimal for UTIs), and (v) carbapenem spar-
ing. The currently approved dose of ceftibuten, 400mg orally once daily, is insufficient
to support plasma exposures needed to cover at least 90% of these pathogens (54). As
such, extensive pharmacokinetic/pharmacodynamic (PK/PD) assessments are ongoing,
both in vitro and in vivo, as well as a stand-alone phase 1 clinical trial, to select a suita-
ble dose and dosing regimen of ceftibuten in the combination and confirm its toler-
ability in human volunteers (55).

VNRX-7145 (VNRX-5236 etzadroxil), the prodrug of VNRX-5236, demonstrated high oral
bioavailability in rats, dogs, and monkeys (R. Trout, A. Zulli, E. Mesaros, R. W. Jackson, S. Boyd,
B. Liu, J. Hamrick, D. Daigle, C. Chatwin, K. John, L. McLaughlin, S. M. Cusick, D. C. Pevear,
G. Moeck, L. Xerri, and C. J. Burns, submitted for publication; 56). Importantly, levels of circu-
lating VNRX-7145 were exceedingly low at all PK time points in these species, consistent
with rapid and extensive hydrolysis of the ester prodrug in vivo (Trout et al., submitted; 56).

VNRX-5236 potently inhibited problematic b-lactamases found commonly in
Enterobacterales, including KPC, CTX-M-15, P99AmpC, CMY-2, OXA-1, and OXA-48.
Accordingly, in isogenic E. coli strains individually expressing these important b-lactamases,
VNRX-5236 reduced the ceftibuten MIC to within 4-fold of the vector control in all strains,
with the exception of the MBL NDM-1. This level of rescue far exceeded that observed when
clavulanic acid was paired with ceftibuten or amoxicillin. While the penems were less suscep-
tible than cephalosporins or amino penicillins to hydrolysis by ESBLs and class C enzymes,
tebipenem and sulopenem MICs were nonetheless increased against most b-lactamase-pro-
ducing isogenic strains compared to the vector control. Importantly, both investigational
penems were hydrolyzed extensively by KPC and OXA carbapenemases.

VNRX-5236 lacks intrinsic antibacterial activity, differentiating this BLI from those of
the diazabicyclooctane (DBO) class, which includes avibactam, as well as the investiga-
tional BLIs zidebactam, durlobactam, ETX0282, and nacubactam (45, 57–63). It will
be important to monitor whether the penicillin binding protein-inhibitory activity of
the DBOs increases their propensity to generate resistance against organisms in which
the DBO BLI is the primary contributor to antibacterial activity.

In clinical Enterobacterales isolates, CTB/VNRX-5236 demonstrated potent, broad-spec-
trum activity against strains expressing any Ambler class of serine b-lactamase. Time-kill
assays indicated that CTB/VNRX-5236 remained bactericidal over 24h against representative
strains from each Ambler serine b-lactamase class, while frequency of resistance studies
revealed a very low propensity for selection of resistant variants across a range of b-lacta-
mase-expressing strains of Enterobacterales. Proof of concept studies in the murine septice-
mia model provided strong evidence of in vivo efficacy for ceftibuten in combination with
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VNRX-7145 (VNRX-5236 etzadroxil) dosed orally and VNRX-5236 dosed subcutaneously.
Indeed, previously reported studies also demonstrated potent inhibition of strains of
Enterobacterales in the neutropenic mouse thigh and ascending urinary tract infection mod-
els (64–66).

The limitations of this study are noted. First, we have not conducted prevalence-
based surveillance studies to support MIC50 and MIC90 determinations globally or by ge-
ography. Those studies are just now getting under way. Nevertheless, the predominant
resistance mechanism in strains of Enterobacterales in the United States are ESBLs, which
account for about 24% of all Enterobacterales infections (67). As these strains will almost
certainly represent the MIC90 for CTB/VNRX-5236, we anticipate the MIC90 value for the
combination to be linked to this resistance mechanism. Second, a limited number of rep-
resentative b-lactamases were characterized biochemically and in bacterial cells. Our
focus initially was to assess activity against the most prevalent enzymes found in strains
of E. coli and K. pneumoniae. Finally, this study has not considered the role of non-b-lac-
tamase-mediated resistance mechanisms (porin downregulation, efflux upregulation,
penicillin-binding protein [PBP] target mutations) on the activity of the CTB/VNRX-5236
combination. Further expansion of this testing is ongoing. The data support further de-
velopment of this first-in-class, broad-spectrum, oral BLI in combination with ceftibuten.

MATERIALS ANDMETHODS
Test substances. VNRX-5236 (lot no. RT00097-126) was synthesized at Venatorx Pharmaceuticals.

Cefpodoxime (catalog [cat.] no. J66225, lot no. P16D031) was purchased from Alfa Aesar (Tewksbury,
MA). Cefditoren sodium (cat. no. 104146-53-4, lot no. E1S17V11231) was purchased from BOC Sciences
(Shirley, NY). Ceftibuten hydrate (lot no. RCHX17002) was purchased from Covalent Laboratories
(Telangana, India). Tebipenem (cat. no. HY-A0076, lot no. 13639) was purchased from MedChemExpress
(Monmouth Junction, NJ). Cephalexin (cat. no. 150585, lot no. QR12161) was purchased from MP
Biomedicals (Solon, OH). Cefuroxime sodium (cat. no. 56238-63-2, lot no. 33047-32385) was purchased
from Research Products International (Mount Prospect, IL). Amoxicillin (cat. no. A8523, lot
no. 084M4819V), potassium clavulanate (cat. no. 33454, lot no. SZBC146XV), cefaclor (cat. no. C6895, lot
no. 103M4810V), cefdinir (cat. no. C7118, lot no. 093M4817V), and levofloxacin (cat. no. 40922, lot no.
BCBW2333) were purchased from Sigma-Aldrich (St. Louis, MO). Sulopenem (cat. no. 6337/10, lot no. 1A/
205439) was purchased from Tocris (Minneapolis, MN).

Stock solutions (10mg/ml) of cefixime, cefpodoxime, ceftibuten, sulopenem, tebipenem, and VNRX-
5236 were prepared in dimethyl sulfoxide (DMSO). Then, 10-mg/ml stock solutions of amoxicillin, cefdi-
nir, cefditoren, cephalexin, and clavulanic acid were prepared in 0.1 M phosphate buffer, pH 6. A
10mg/ml stock solution of cefaclor was prepared in water, and a 5mg/ml stock solution of levofloxacin
was prepared in ethanol. These stocks were used to prepare the final test concentrations for antibacte-
rial assays. Weights of the salts and purity of the antimicrobial agents were taken into account when pre-
paring the stock solutions when applicable.

For biochemical analyses, VNRX-5236 (lot no. EFM00077-053) was synthesized at Venatorx
Pharmaceuticals, Inc. Cephalothin (lot no. 106M4780V) and cefotaxime (lot no. 094M4726V) were pur-
chased from Sigma (Atlanta, GA); imipenem (lot no. R038R0) was from United States Pharmacopeia
(Rockville, MD); nitrocefin (batch no. N005-09) was from TOKU-E (Bellingham, WA). Stock solutions
(10mM) for cephalothin and imipenem were prepared in phosphate-buffered saline (PBS), while cefotax-
ime and nitrocefin (15mM) stocks were prepared in dimethyl sulfoxide (DMSO, D128-500; Fisher
Chemical, Fairlawn, NJ). Working solutions were subsequently prepared in assay buffer, according to the
final concentrations required for assay. Stock solutions (10mM) of b-lactamase inhibitors (VNRX-5236,
avibactam, tazobactam, and clavulanic acid) were prepared in DMSO and used to prepare working solu-
tions in assay buffer according to the final assay concentrations required for the assay.

Antibacterial activity of CTB/VNRX-5236 in reference isolates and susceptibility testing
methodology. The in vitro activity of CTB/VNRX-5236 was measured by broth microdilution as the activ-
ity of CTB in the presence of VNRX-5236 at a fixed concentration of 4mg/ml. The rationale for choosing
4mg/ml of VNRX-5236 for in vitro testing is based on in vitro broth microdilution assessments across a
range of fixed concentrations of VNRX-5236 and correlation of in vitro results with antibacterial activity
in the neutropenic mouse thigh infection model (64, 66). Against 1,066 clinical urinary tract infection iso-
lates resistant to both amoxicillin-clavulanic acid and levofloxacin, the MIC90 of CTB was reduced from
.32mg/ml when tested alone to 2mg/ml at a fixed concentration of 4mg/ml of VNRX-5236 (J. A.
Karlowsky, M. A. Hackel, and D. F. Sahm, submitted for publication; 68). The MIC distribution of CTB with
VNRX-5236 fixed at 4mg/ml against CTB nonsusceptible Enterobacterales from multiple challenge sets of
clinical isolates resembles the MIC distribution of CTB against CTB-susceptible isolates. The overlapping
MIC distributions for CTB against CTB-susceptible strains and CTB/VNRX-5236 against CTB-nonsuscepti-
ble strains (with VNRX-5236 fixed at 4mg/ml) reflect the complete or nearly complete rescue of the activ-
ity of CTB by VNRX-5236 against target organisms. Importantly, humanized dosing of CTB and matching
VNRX-5236 profiles in the neutropenic murine thigh infection model reduced the bacterial burden of all
isolates of Enterobacterales with CTB/VNRX-5236 MIC values of 2mg/ml or below by 0 to 1 log10 at 24 h
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compared to the burden at the outset of therapy (64, 66). These results are consistent with the MIC val-
ues for CTB derived in the presence of 4mg/ml of VNRX-5236.

Expression plasmid construction. Plasmid DNA, PCR product purification, and gel extractions were
performed using Wizard Plus SV miniprep and SV gel and PCR extraction kits (Promega). NdeI, BamHI,
and XhoI restriction enzymes, T4 DNA ligase, and E. coli BL21(DE3) competent cells were purchased from
New England Biolabs. All oligonucleotide primers for PCR amplification were purchased from Integrated
DNA Technologies. All PCRs were performed with Phusion high-fidelity DNA polymerase and cloning
performed in E. coli DH5a subcloning efficiency chemically competent cells (Thermo Fisher). The pET9a
(StrateGene) expression clones were made using PCR amplification products from molecularly character-
ized clinical isolates carrying the desired b-lactamase gene and cloned NdeI to BamHI into pET9a in all
cases. All b-lactamases were cloned with signal peptide encoding sequences. All transformants were
verified by PCR amplification, restriction endonuclease mapping, and DNA sequencing. Confirmed
expression plasmids were isolated with plasmid miniprep kits (Promega) and used to transform the
expression cell line E. coli BL21(DE3) or E. coli JM109(DE3).

b-lactamase purification. For CMY-2 and OXA-1, a 50ml preculture of E. coli BL21(DE3) cells contain-
ing the pET9a expression vector for the individual b-lactamases was grown at 37°C overnight in lysog-
eny broth (LB) medium supplemented with 50mg/ml kanamycin. Common to all b-lactamase purifica-
tions, bacterial cells were lysed by three consecutive passes through a chilled French pressure cell at
18,500 lb/in2 and clarified by centrifugation at 10,000� g for 30min at 4°C. The b-lactamase activity was
monitored using nitrocefin at 100mM, and purity was examined using 10% SDS-PAGE with Coomassie
brilliant blue staining. Purified proteins exhibiting .95% purity with SDS-PAGE were quantified with a
Pierce BCA protein assay kit and bovine serum albumin as the standard (Thermo Fisher), concentrated
to a working range of 1 to 5mg/ml and frozen at –80°C in buffer containing 10% glycerol. Column purifi-
cations were performed using an AKTA fast protein liquid chromatograph (FPLC; GE Healthcare). The pu-
rification schemes were generally similar, with enzyme-specific differences described below.

CTX-M-15 was obtained from E. coli BL21(DE3) carrying plasmid pET-CTX-M-15, grown in 2 liters of
MagicMedia autoinduction medium (Invitrogen) containing 50mg/ml kanamycin (Sigma) for 24 h at
23°C. Cells were harvested at an optical density at 600 nm (OD600) of 2.2 by centrifugation at 7,500� g at
4°C and resuspended in 60ml of 10mM HEPES-NaOH (pH 7.0) supplemented with 0.5mM EDTA. The
lysate was diluted 5-fold with cold 50mM sodium acetate (pH 4.8) and incubated overnight at 4°C. The
extract was clarified by centrifugation at 14,500� g at 4°C, filtered through an Amicon nitrogen concen-
trator with a 10-kDa cutoff filter to a volume of 50ml, and loaded onto a HiTrap CaptoS column preequi-
librated in 50mM sodium acetate (pH 4.8). Protein was eluted by a linear gradient of 50mM sodium
acetate (pH 4.8) supplemented with 500mM NaCl. Fractions containing active CTX-M-15 were pooled
and concentrated, and the buffer was exchanged for 20mM HEPES-NaOH (pH 7.2), 150mM NaCl, and
10% glycerol using Amicon Ultra-15 centrifugal concentrators. CTX-M-15 was further purified using a
Superdex 200 gel filtration column.

OXA-48 was obtained from E. coli BL21(DE3) carrying plasmid pET-OXA-48, grown in 2 liters of
MagicMedia autoinduction medium (Invitrogen) with kanamycin as previously described for 24 h at 23°C (20).
Cells were harvested at an OD600 of 3 by centrifugation at 7,500� g at 4°C, resuspended in 60ml of 20mM tri-
ethanolamine buffer (pH 5.5), and then purified as described for CTX-M-15, with the exception that the final
buffer contained 10mM NaHCO3 to keep the critical active site lysine residue carbamylated (69).

KPC-2 was obtained from E. coli BL21(DE3) carrying plasmid pET-KPC-2, grown in 3 liters of
MagicMedia autoinduction medium (Invitrogen) with kanamycin as previously described for 24 h at
23°C (20). Cells were harvested at an OD600 of 3.3 by centrifugation at 7,500� g at 4°C and resuspended
in 70ml of 20mM MES-NaOH (pH 5.5). The extract was clarified by centrifugation at 14,500� g at 4°C, fil-
tered through an Amicon nitrogen concentrator by use of 10-kDa cutoff filters to a volume of 50ml, and
loaded onto a HiTrap CaptoS column preequilibrated in 20mM MES-NaOH (pH 5.5). Protein was eluted
by a linear gradient of 20mM MES-NaOH (pH 5.5) supplemented with 500mM NaCl. KPC-2 active frac-
tions were pooled and concentrated, and buffer was exchanged in 20mM HEPES-NaOH (pH 7.3) and
150mM NaCl using Amicon Ultra-15 centrifugal concentrators. KPC-2 was further purified using gel filtra-
tion chromatography with a Superdex 200 column.

P99AmpC was purified directly from the Enterobacter cloacae P99 clinical isolate after a sequence of
the b-lactamase-encoding gene had been verified by DNA sequencing of PCR amplified product. To pro-
duce P99AmpC, Enterobacter cloacae P99 cells were grown in LB in the presence of a sub-MIC (0.016mg/
ml) of imipenem to induce maximal expression of the enzyme. Cells were harvested at an OD600 of 2.4
by centrifugation at 7,500� g at 4°C, resuspended in 50ml of 20mM MES-NaOH (pH 5.5), and otherwise
purified in a similar manner to KPC-2 described above.

SHV-5 was obtained from E. coli BL21(DE3)/pLysS carrying plasmid pET-SHV-5, grown at 25°C in 2 liters
of super broth supplemented with kanamycin and chloramphenicol to an OD600 of 0.5, when IPTG (isopro-
pyl-b-D-thiogalactopyranoside) was added to 0.05mM final, and induction proceeded for 6 h. Cells were
harvested by centrifugation at 5,500 g for 15min at 4°C. The cell pellet was resuspended in 60ml of
10mM HEPES-NaOH (pH 7.5), and cells were lysed using a French press. The lysate was diluted 5-fold in
50mM sodium acetate (pH 5.0) and kept at 4°C overnight. The extract was clarified by centrifugation at
14,500� g at 4°C, filtered through an Amicon nitrogen concentrator by use of 10-kDa cutoff filters to a vol-
ume of 50ml, and loaded onto a HiTrap CaptoS column equilibrated with 50mM sodium acetate (pH 5.0).
SHV-5 was eluted by a linear gradient of 50mM sodium acetate (pH 5.0) supplemented with 500mM NaCl.
Active fractions were pooled and concentrated, and buffer was exchanged in 20mM HEPES-NaOH (pH
7.3), 150mM NaCl, and 10% glycerol using Amicon Ultra-15 centrifugal concentrators. Finally, the SHV-5
sample was further purified by chromatography over a Superdex 200 gel filtration column.
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Half maximal inhibitory concentration (IC50) determinations. To determine IC50 values, VNRX-
5236 was serially diluted 3-fold in PBS in 96-well microtiter plates to obtain assay concentrations ranging
from 10mM to 0.00001mM (1mM to 0.000001mM with P99AmpC). An equal volume of enzyme was
added (assay concentrations, 0.6 nM P99AmpC, 21 nM CTX-M-15, 3 nM KPC-2, 100 nM SHV-5), and the
mixtures were preincubated for 15 min at 37°C. For AmpC, nitrocefin was then added to obtain a final
concentration of 100mM, and the absorbance at a wavelength (l) of 486 nm (representing hydrolysis of
the nitrocefin b-lactam ring) was monitored immediately using a BioTek Powerwave XS2 microplate
reader. In similar fashion, using UV-transparent 96-well microtiter plates, hydrolysis of imipenem
(100mM) by KPC-2 was monitored at l 300 nm, while cefotaxime (100mM) hydrolysis by CTX-M-15 and
SHV-5 was monitored at l 300 nm. Assays were performed in duplicate, and the percentage inhibition
relative to reaction mixtures containing no inhibitor were determined for each concentration of inhibi-
tor. The concentration of inhibitor required to reduce the initial rate of hydrolysis by 50% (IC50) was
determined based on the residual b-lactamase activity.

Measurement of the onset of inhibition (k2/Ki). VNRX-5236 binds to the active site of serine b-lac-
tamases and reacts with the catalytic serine nucleophile to form a reversible covalent bond. This interac-
tion is described by a 2-step model for reversible inhibition (1) shown in the scheme below, where E
refers to enzyme and I to inhibitor, EI is the noncovalent enzyme:inhibitor complex, and EI* is the cova-
lent enzyme:inhibitor complex.

E 1 I k21 ��!k1 EI k22 ��!k2 EI�

The onset of inhibition or rate of covalent complex formation (k2/Ki) was determined under steady-state
conditions by monitoring the progress of b-lactam hydrolysis by the respective enzymes in the presence of
increasing concentrations of VNRX-5236. Assays (200 ml final volume) were performed in PBS in triplicate
using 96-well microtiter plates. Cephalothin was used as the substrate for P99AmpC and CTX-M-15 (50mM
for P99AmpC; 75mM for CTX-M-15), and reactions were initiated by the addition of enzyme (0.2 nM
P99AmpC; 3nM CTX-M-15). The decrease in the absorbance at l 260nm was recorded continuously on a
BioTek Powerwave XS2 microplate reader. The concentrations of VNRX-5236 tested were 20mM, 10mM,
5mM, 2.5mM, 1.25mM, 0.625mM, 0.313mM, 0.156mM, 0.0781mM, 0.0391mM, 0.0195mM, and 0mM. SHV-5
reactions were initiated with 40nM enzyme, using cefotaxime (100mM) as the substrate. The concentrations
of VNRX-5236 were as above, and the reaction progress was monitored continuously by measuring the
reduction in absorbance at l 260nm. For KPC-2, imipenem (75mM) was used as the substrate, and reactions
were initiated with 3nM enzyme. Reaction progress was monitored by measuring the reduction in absorb-
ance at l 300nm in a continuous fashion. The concentrations of VNRX-5236 tested were 10mM, 5mM,
2.5mM, 1.25mM, 0.625mM, 0.313mM, 0.156mM, 0.0781mM, 0.0391mM, 0.0195mM, 0.0098mM, and 0mM.
Time courses were fit to equation 1 to obtain the observed rate constant, kobs, at each inhibitor concentra-
tion, and k2/Ki was subsequently determined by fitting plots of inhibitor concentration versus kobs to equation
2, which includes a correction for substrate concentration and affinity.

Ai ¼ A0 1 vst 1 v0 2 vsð Þ 1 2 e2kobs t

kobs

" #
(1)

kobs ¼ k22 1
k2
Ki

I½ �
1 1 S½ �

Km

" #
(2)

Off rate (koff; k22) and half-life of active site occupancy (t1/2) determination. Off rates for VNRX-
5236 with the various b-lactamases were determined by jump dilution experiments performed in
triplicate. The enzyme and inhibitor were incubated at room temperature for 10 min. Enzyme:inhibitor
complexes were then diluted 800-fold into reaction buffer (50mM HEPES, pH 7.0, 0.1mg/ml bovine se-
rum albumin [BSA]), and 20 ml of the diluted reaction was immediately added to 180 ml of 110mM nitro-
cefin in a 96-well microtiter plate, and the absorbance at l 486 nm measured continuously on a BioTek
Powerwave XS2 microplate reader. The resulting progress curves were fit to a single exponential, from
which koff was derived. The half-life was determined from equation 3.

t1=2 ¼ 0:693
koff

(3)

Determination of Ki. Plots of the inhibitor concentration versus inverse the initial velocity were fit
to a linear equation, from which Ki was derived (equation 4). The observed ki was corrected for substrate
concentration and affinity by:

Ki ¼ Ki observed

1 1 ½S�
Km

(4)

[S] and Km correspond to the substrate concentration and Michaelis Menten constant, respectively.
Antibacterial activity. The in vitro antibacterial activity of b-lactams alone or in combination with

BLIs was determined in cation-adjusted Mueller-Hinton broth (CAMHB) microdilution assays according
to Clinical and Laboratory Standards Institute (CLSI) recommendations (30). Antibacterial potentiation
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by VNRX-5236 was assayed by fixing the BLI at 4mg/ml, while clavulanic acid was either fixed at 4mg/ml
for testing in combination with CTB or tested at an amoxicillin:clavulanic acid ratio of 2:1 (30). Inocula
for broth microdilution assays were prepared using the broth culture method. The b-lactams were 2-
fold serially diluted in CAMHB, with final concentrations generally ranging from 0.06 to 128mg/ml when
tested alone and from 0.016 to 32mg/ml when tested in combination with their respective BLI. The MICs
reported are modal values from 3 to 5 independent replicates performed on separate days and by sepa-
rate investigators.

Quality control (QC) ranges. In February 2021, broth microdilution QC ranges and QC organisms
for CTB and for routine testing of the CTB/VNRX-5236 combination were adopted by the Clinical and
Laboratory Standards Institute (CLSI) Antimicrobial Susceptibility Testing (AST) Subcommittee. Approved
QC organisms and ranges were as follows: E. coli NCTC 13353 expressing CTX-M-15 (CTB range, 16 to
64mg/ml; CTB/VNRX-5236 range, 0.03/4 to 0.25/4mg/ml), K. pneumoniae ATCC BAA-1705 expressing
KPC-2, SHV, and TEM (4 to 32mg/ml; 0.12/4 to 0.5/4mg/ml), and K. pneumoniae ATCC BAA-2814 express-
ing KPC-3, SHV-11, and TEM (8 to 32mg/ml; 0.5/4 to 2/4mg/ml). These QC ranges and strains will be pub-
lished in a future edition of CLSI M100.

In vitro antibacterial time-kill assay. Bactericidal activity was assessed using time-kill assays according
to standard CLSI methods (70). Time-kill assays were performed in 14ml glass tubes or deep-well storage
plates with a bacterial inoculum in CAMHB of 5� 105 CFU/ml. The tubes/plates were incubated at 37°C with
shaking at 200 rpm, and aliquots were drawn at six time points (0, 2, 4, 6, 8, and 24h) to conduct 0.5 log10
dilutions in CAMHB in 96-well plates that were incubated overnight at 37°C and used to ascertain viable bac-
terial counts. The lowest quantifiable amount by this method is 2 log10 CFU/ml.

Spontaneous frequency of resistance. Bacteria (2.3� 109 to 1.2� 1010 CFU) were plated on cation-
adjusted Mueller-Hinton agar plates containing CTB at 4� the MIC and VNRX-5236 fixed at 4mg/ml.
Plates were incubated for 48 h at 37°C, and surviving colonies were enumerated. Frequency of resistance
(FoR) is defined as CFU in the presence of CTB/VNRX-5236 divided by CFU plated.

Mammalian cell cytotoxicity. Cytotoxicity evaluations were conducted on actively dividing cells to
maximize assay sensitivity. Procedurally, 180ml of cells were seeded in cell-culture-treated 96-well plates
(Celltreat, Pepperell, MA) at a density of 2 � 104 to 3.5� 104 cells/ml and incubated overnight at 37°C in
a humidified, 5% CO2 atmosphere. The next day, compound was diluted in PBS with 6% DMSO in a 0.5
log10 dilution scheme at 10 times the final compound concentration array. Compound titrations (in 20
ml volume) were added to each well of the cell culture plates to affect a final 10-fold dilution ranging
from 0.315 to 1,000mg/ml for VNRX-5236, VNRX-7145 (VNRX-5236 etzadroxil), and ceftazidime. The cyto-
toxic agent chlorohexidine was assayed as a positive control at compound concentrations ranging from
0.31 to 100mg/ml. The final DMSO concentration in all assays was 0.6%.

After an additional 72 h of incubation (when cells reached 90 to 100% confluence) Cell Titer 96 AQ
solution was added at 20ml per well, and plates were incubated an additional 2 to 4 h at 37°C and 5%
CO2. The optical density of the wells was read on a Biotek Cytation 3 plate reader at 490 nm. Background
signal (wells receiving Cell Titer reagent but containing no cells) was subtracted from all wells on the
plate. The percent growth versus log drug concentration was plotted, and the concentrations at which
50% of the cells survived compared to growth control (CC50) were calculated using a sigmoidal 4 param-
eter curve fit (GraphPad Prism). Experiments were run in triplicate with data from all three trials included
in the data analysis.

Impact of pH and human urine on activity of CTB/VNRX-5236. Studies were conducted by IHMA,
Schaumberg, IL. Pooled human urine (100%) was used for panel preparation (BIOIVT, product code
1801844; lot BRH1464632; expiry date, 2020-03-31) and adjusted to pH 6.0 and pH 7.2. MICs were deter-
mined by broth macrodilution methodology (30, 31). Bacterial inocula were prepared in saline at approx-
imately 1� 106 CFU/ml by dilution of a McFarland 0.5 in saline. Antibacterial panels containing 100 ml of
antibacterial solution were inoculated with the adjusted inocula using 95-prong inoculator sets. Test
panels were read visually after incubation following CLSI guidelines for each organism. MIC values corre-
sponded to the first well with no visible growth.

Selectivity testing. The selectivity of VNRX-5236 was assessed in the DrugMatrixScreen at Eurofins
Discovery Services. This screen encompasses 123 mammalian receptor and enzyme classes (and a single
prokaryotic target, a b-lactamase) that can be used to assess the potential off-target activities of devel-
opment candidates (34).

Data availability. The raw data for graphs and tables presented in this paper can be found in Tables
S2 to S9.
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