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ABSTRACT: Increasingly resistant Enterobacteriaceae have
emerged as a health threat in both hospital and community
settings. Infections of the urinary tract, once often treated with oral
agents in the community, are requiring increased hospitalization
and use of intravenously administered agents for effective
treatment. These isolates often carry extended spectrum β-
lactamases (ESBLs) and carbapenemases that necessitate the
need for an inhibitor to cover a broad range of β-lactamases.
ETX1317 is a novel diazabicyclooctane class serine β-lactamase
inhibitor that restores the antibacterial activity of several classes of
β-lactams, including third-generation cephalosporins such as
cefpodoxime. ETX1317 is currently being developed as an orally
available prodrug, ETX0282, to be administered with cefpodoxime proxetil (CPDP). The combination has demonstrated oral
efficacy in murine models of infection. Pharmacokinetics established in preclinical species and pharmacokinetic/pharmacodynamic
attributes suggest the orally administered combination ETX0282 + CPDP could serve as an effective treatment option against
contemporary ESBL and carbapenemase-producing Enterobacteriaceae.
KEYWORDS: Enterobacteriaceae, β-lactamase inhibitor, diazabicyclooctanes, pharmacokinetics, PK/PD, oral bioavailability

Increased prevalence of extended spectrum β-lactamase
(ESBL)-producing and carbapenem-resistant Enterobacter-

iaceae (CRE) has led to a shortage of effective agents to treat
infections that were once readily susceptible to multiple classes
of antibiotics.1−3 Urinary tract infections (UTIs), previously
often treated effectively in an outpatient setting with
fluoroquinolones, are now becoming increasingly drug
resistant, leading to higher hospitalization rates.4,5 A distinct
advantage of fluoroquinolones was their use as oral agents,
allowing convenient administration. Fluoroquinolone resist-
ance observed in Gram-negative UTI isolates, however, is now
in excess of 40% in some geographic regions.6,7 In one hospital,
resistance to levofloxacin increased nearly 10-fold over a period
of only 6 years.8 Newly developed β-lactamase inhibitors
exhibiting broad spectrum activity are showing promise;
however, their use is primarily restricted to intravenous
administration.9 The convenience of oral administration
would be particularly valuable in a setting of an oral step-
down therapy after initial parenteral administration to reduce
hospital stays or potentially to treat orally outside of the
hospital altogether.
Within the β-lactam (BL) class of compounds, penicillins

such as ampicillin and amoxicillin have historically been
broadly utilized against a variety of Gram-positive and Gram-
negative pathogens.10,11 As resistance to these agents has

emerged in the form of an increased spectrum of β-lactamase
activity, the addition of a β-lactamase inhibitor (BLI) has
extended the utility of these compounds. For instance, the
addition of sulbactam to ampicillin resulted in the intra-
venously (i.v.) administered product ampicillin/sulbactam
injection, which still maintains a viable market share today.12

The oral availability of clavulanate has extended its use beyond
i.v. administration. Pairing clavulanate with amoxicillin resulted
in the discovery of oral amoxicillin/clavulanate, which has
maintained broad use in the community setting.13 Recognition
of amoxicillin as a substrate for the active transporter PEPT1,14

which is expressed in the GI tract, is thought to be responsible
for its relatively high bioavailability in excess of 70%. These
early BL/BLI combinations were quite effective, but their
widespread use ultimately led to the emergence of broader
spectrum classes of β-lactamases that are not readily inhibited
by first-generation inhibitors like clavulanate. Modification of
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the BL ring and consideration of other related classes such as
cephalosporins have helped circumvent some of the substrate
affinity of these contemporary classes of β-lactamases, but as
more frequent use prevailed, so did the evolution of
ESBLs.15−17 Approaching the problem more recently with
the discovery and development of β-lactamase inhibitors that
provide inhibitory potency against multiple classes of β-
lactamases has led to the advancement of several new classes of
inhibitors such as diazabicyclooctanes, which include the BLI
avibactam,18 and cyclic boronates, such as vaborbactam.19

These contemporary inhibitors have demonstrated favorable
inhibition against ESBL and carbapenemase-producing Gram-
negative pathogens, but they are currently limited to i.v.
dosingoften requiring prolonged infusion via multiple
administrations per day. While this is adequate for use in the
hospital, oral administration provides an opportunity to reduce
hospital stays with post-i.v. to oral step-down therapy or oral
use outside of the hospital altogether.20 Two significant
hurdles, however, have limited the successful discovery of
orally active contemporary BL/BLI combinations: (1) physico-
chemical properties consistent with favorable oral absorption
and/or structural features lending to the ability to prodrug the
molecule and (2) limited options of orally active BLs or
cephalosporins to match with these inhibitors.
ETX0282 is an orally available ester prodrug of the novel β-

lactamase inhibitor ETX1317 (Figure 1). ETX1317 is a

diazabicyclooctane class inhibitor with broad inhibition of
class A, C, and D serine β-lactamases, including ESBL and
carbapenemase-producing Enterobacteriaceae as well as fluoro-

quinolone-resistant isolates.21 Minimum inhibition concen-
tration (MIC) testing of ETX1317 in combination with
previously approved BLs and cephalosporins has recently been
completed with an emphasis on finding effective oral
combinations.
The present study identifies the pharmacokinetic/pharmaco-

dynamic (PK/PD) index of ETX1317 and exposure
magnitudes associated with in vitro and in vivo efficacy against
clinically relevant isolates when used in combination with
cefpodoxime. The selection of cefpodoxime as the optimum
combination partner is also presented in consideration of MIC,
approved clinical dosing of its oral prodrug ester cefpodoxime
proxetil (CPDP), and unbound exposure. Pharmacokinetic
studies in preclinical species were used to project ETX0282
and ETX1317 PK in humans. These data were used in
combination with in vitro PK/PD evaluations and oral efficacy
studies in mice to estimate effective clinical doses in patients.

■ RESULTS AND DISCUSSION
Selection of β-Lactam (Antibiotic) Partner. Previously

approved penicillins and cephalosporins administered orally
have been evaluated in combination with ETX1317 against
broad panels of contemporary Enterobacteriaceae strains
which express ESBLs and carbapenemases.21 While MIC
potency in the presence of ETX1317 was the primary selection
criterion, high bioavailability, approved dose levels, and
unbound exposure achieved were also important consider-
ations. Nearly all contemporary cephalosporins demonstrate
high urinary excretion, which is important for treating UTIs.22

Cefpodoxime (CPD) emerged as a lead candidate based upon
its approved use as an orally available proxetil ester prodrug (F
% ≈ 50% at a top dose of 400 mg q12h (800 mg/day),
translating to mean unbound concentrations exceeding at least
0.5 μg/mL for greater than 50% of the dosing interval).23,24 As
unbound concentrations drive efficacy in tissues, protein
binding must be considered in the context of bloodstream
and tissue-based infections. CPD target exposure was based
upon published PK/PD for BLs and, more specifically, third-
generation cephalosporins such as CPD. Those papers have
shown in preclinical models of infection that efficacy is
achieved with cephalosporins when unbound drug concen-
trations exceed the MIC for 50% or higher of the dosing
interval (fT > MIC ≥ 50%). This is the case for not only
parenteral cephalosporins but oral agents as well, such as
CPDP.25,26 An important observation in these studies was that
the PK/PD driver and magnitude do not change with
resistance phenotype. Both ESBL producers and non-ESBL
producers achieve similar dose responses relative to their
MICs. Against both ESBL- and non-ESBL-producing organ-

Figure 1. Structures of ETX1317, ETX0282, cefpodoxime (CPD),
and cefpodoxime proxetil (CPDP).

Table 1. MICs of Enterobacteriaceae Strains Used for PK/PD Studies

MIC (μg/mL)

isolate β-lactamase content ETX1317b cefpodoxime cefpodoxime-ETX1317 (1:2)

K. pneumoniae ARC4488 SHV-11, CTX-M-15, OXA-1, TEM-1 0.5 >64 0.25
K. pneumoniae ARC4486 OXA-1 [E69K], DHA-1, SHV-11 32 >64 0.25
E. coli ARC2687 AmpC, CTX-M-14 0.5 >64 0.125
K. pneumoniae ARC5118 SHV-5, TEM-1, KPC-3 32 >64 1
K. pneumoniae ARC4420 SHV-12, OXA-1, DHA-1, SHV-11 16 >64 1
E. coli ARC4419 AmpC, SHV-12 0.25 64 0.125
E. coli NMC101a AmpC, CTX-M-14 1 >64 0.125

aMutations associated with ETX1317 resistance are CysE [del A204-A222] and ttcA [T134aA]. bMICBLI.
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isms, PK/PD endpoints of stasis (no net change in log10 CFU
over 24 h of therapy), a net 1−log10 CFU reduction (1−
log kill), and maximal efficacy were associated with fT > MIC
of 40, 50, and 60% of the dosing interval, respectively. As a
PK/PD endpoint of 1−log kill was targeted, CPD fT > MIC of
50% was considered throughout all in vitro and in vivo
experiments conducted in the present study.
MIC Determination of Enterobacteriaceae Isolates

for PK/PD Studies. MICs were determined utilizing a 1:2
ratio of cefpodoxime:ETX1317. This methodology of ratio
testing, as opposed to titrating the BL in the presence of a
constant concentration of the BLI, was found to be optimal
when the BLI demonstrates intrinsic activity.27 The isolates
utilized in the present study (Table 1) were broadly insensitive
to CPD, presumably due to the presence of ESBLs and
carbapenemases expressed in these strains. The addition of

ETX1317 restored CPD activity to ≤1 μg/mL across all the
tested isolates.

PK/PD Driver Determination in Hollow-Fiber and
Chemostat Models. The PK/PD driver of ETX1317 was
assessed in the presence of CPD in both hollow-fiber28−31 and
chemostat32 in vitro infection model systems. In all cases, CPD
was administered q12h via a 2 h infusion and eliminated with a
2 h half-life, with the concentration of drug exceeding the MIC
(the MIC of CPD in the presence of ETX1317 at a 1:2 ratio)
for 50% of the dosing interval for each strain. Representative
Emax plots are shown graphically for Escherichia coli ARC2687
in the hollow-fiber model and Klebsiella pneumoniae ARC4420
in the chemostat system (Figure 2). As summarized in Table 2,
the PK/PD of ETX1317 showed time dependence with %
Time > a critical threshold (CT), demonstrating superior
correlation to activity relative to pharmacokinetic parameters

Figure 2. Cmax, AUC, and %Time > critical threshold (CT) of ETX1317 vs 24 h change log10 CFU/mL versus E. coli ARC2687 in hollow-fiber
model (A) and K. pneumoniae ARC4420 in chemostat model (B).

Table 2. Correlation Coefficient (R2) of PK/PD Index to Observed Activity of ETX1317

PK/PD index Eco ARC2687a Kpn ARC4486a Kpn ARC4488a Kpn ARC5118b Kpn ARC4420b

AUC 0.94 0.91 0.93 0.72 0.63
Cmax 0.92 0.80 0.83 0.51 0.48
CT 0.5× MIC 0.96 0.91 0.87 0.92 0.94
CT 1.0× MIC 0.96 0.95 0.92 0.97 0.97
CT 2.0× MIC 0.99 0.96 0.99 0.86 0.78

aIn vitro dynamic study utilizing hollow-fiber infection model. bIn vitro dynamic study utilizing chemostat model.
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Cmax and AUC. This was more apparent in the chemostat
model vs K. pneumoniae ARC4420 and ARC5118 which
demonstrated higher MICs of 1 μg/mL in the presence of
ETX1317. This could partially be attributed to the distribution
of the concentration ranges utilized for the hollow-fiber
infection model (HFIM) where most of the data scatter
occurred in the efficacious dose range for lower MIC strains. It
is important to note that initial evaluation of K. pneumoniae
ARC4420 and ARC5118 was completed in the HFIM but
rapid degradation of CPD, presumably through accumulation
of β-lactamases in the extra-capillary space of the cartridge
precluded a reliable assessment of the PK/PD driver with these
strains in this model.32 Other investigators have also suggested
β-lactamase accumulation as a potential issue in the HFIM.29,33

In both the HFIM and chemostat models the optimum critical
threshold of ETX1317 was established through iterative Emax
fitting of a range of ETX1317 concentrations from 0.5× to 2×
the CPD:ETX1317 MIC value. In the HFIM, %Time >
ETX1317 CT of 2× MIC provided the highest correlation to
observed activity which appeared to be independent to the
apparent intrinsic activity of ETX1317 (as reflected by
ETX1317 MICBLI of K. pneumoniae ARC4486 vs ARC4488).
Interestingly for K. pneumoniae ARC4420 and ARC5118
exhibiting higher a MIC of 1 μg/mL, a CT of 1×MIC provided
the best correlation in the chemostat system. In both models
CPD infused alone mimicked vehicle control as expected with
similar growth of +2 to 4 log10 CFU/mL. Unexpectedly
infusion of ETX1317 alone q12h to a Cmax of 16 μg/mL
resulted in +0.5 log growth despite achieving 100%Time > the
ETX1317 MICBLI exposure suggesting the apparent intrinsic
antibacterial activity of the inhibitor does not translate to cidal
activity on its own.
PK/PD-derived exposure targets for BLIs have utilized

various approaches for clinical dose setting. The use of a
singular critical threshold value independent of MIC has been
used for recent BL/BLI combinations such as ceftazidime/
avibactam34 aztreonam/avibactam,35 but this has been
problematic to correlate activity across a broad range of
MICs. More recent work with ceftolozane/tazobactam36 and
other BLI combinations37,38 considers a critical threshold value
that varies proportionally to the MIC value. More BLI is
obviously required for inhibition of bacterial growth in strains
exhibiting higher expression of β-lactamases and where β-
lactamase production is the primary resistance determinant.36

As shown in Table 3, the use of a singular ETX1317 critical
threshold value of 1 μg/mL provided an excellent correlation
to activity in both the hollow-fiber and chemostat models
across the MIC range of 0.125−1 μg/mL, but decreased
susceptibility led to a shift in the dose response curves in order
to achieve PK/PD endpoints of stasis and 1−log kill.
Alternately, a reasonable fit of the data (R2 = 0.87) is achieved
across all strains when activity is correlated to %Time >
ETX1317 CT of 2× MIC (Figure 3). Convergence of the data
to a threshold value related to MIC simplifies dose setting and,
in this case, appears to be consistent across a broad range of
susceptibility (0.125−1 μg/mL).
Oral Efficacy of ETX0282 Combined with CPDP In

Vivo. All in vivo efficacy studies were supported with PK of
ETX1317 and CPD following oral administration of ETX0282
and CPDP. For the purposes of understanding the exposure-
PD response relationship, total systemic concentrations of
ETX1317 and cefpodoxime were normalized to unbound drug
levels after accounting for protein binding with percent

unbound estimates of 93% and 66%, respectively, in mouse
plasma (Table S2). An in vivo dose range study with CPDP
administered alone against a susceptible E. coli strain (ATCC
25922, CPD MIC = 0.5 μg/mL) was completed initially in a
murine neutropenic thigh model to confirm its PK/PD target.
In this study a 50 mg/kg oral dose of CPDP administered q6h
was consistent with achieving 1−log kill over 24 h. Unbound
concentrations at this dose were above the MIC for ∼50% of
the dosing interval, consistent with exposure for cephalo-
sporins to achieve cidal activity.39,40 The oral dose
combination of CPDP and ETX0282 demonstrated robust in
vivo efficacy in a murine neutropenic thigh infection model
against CPD resistant strains. The %Time > unbound
concentrations of ETX1317 across the dose range of the
studies are summarized in Table 4. No concentrations of intact
CPDP and ETX0282 were observed systemically suggesting
rapid conversion of both prodrug esters once absorbed in mice.
Oral exposure was generally dose proportional to 50 mg/kg;
however, it became less than dose proportional at ≥200 mg/
kg.
The change in bacterial burden over 24 h as a function of

dose against E. coli ARC2687, K. pneumoniae ARC4488, and K.
pneumoniae ARC5118 is summarized in Table 5. Box-Whisker
plots of the individual data are provided in Figure S2.
Administration of CPDP or ETX0282 alone demonstrated no
significant reduction in CFU counts and generally mimicked
vehicle control (+2.5 to +4 log10 CFU/g). Meropenem dosed
subcutaneously at a 600 mg/kg dose q6h was used as a
comparator control. E. coli ARC2687 and K. pneumoniae
ARC4488 are ESBL producers but maintain susceptibility to
meropenem. K. pneumoniae ARC5118 is a KPC-producing
isolate and is resistant to meropenem. As expected, cidal
activity (≥1 log10 CFU/g reduction achieved in 24 h) was
observed with meropenem against E. coli ARC2687 but not
against K. pneumoniae ARC5118. Consistent with achieving
unbound ETX1317 exposures at or above the PK/PD
endpoint of 2× MIC, cidal activity was observed for the
CPDP:ETX0282 combination against E. coli ARC2687 at 24 h
post initiation of therapy.
In vitro hollow-fiber and chemostat experiments conducted

with CDP and ETX1317 demonstrated that unbound
ETX1317 concentrations in excess of 2× MIC for 50% of
the dosing interval were associated with reducing bacterial
burden below stasis. The in vivo activity of CPDP:ETX0282

Table 3. %Time > CT of 1 μg/mL of ETX1317 to Meet PK/
PD Endpoints in the In Vitro Hollow Fiber and Chemostat
Models

%Time > CT of 1 μg/mL

strain
MICa (μg/

mL) modelb R2 stasis 1−log10 kill
E. coli ARC2687 0.125 HFIM 0.96 7% 14%
K. pneumoniae
ARC4486

0.25 HFIM 0.96 37% 49%

K. pneumoniae
ARC4488

0.25 HFIM 0.99 43% 47%

K. pneumoniae
ARC4420

1 chemo 0.97 59% 63%

K. pneumoniae
ARC5118

1 chemo 0.97 60% 65%

aMIC of CPD in the presence of ETX1317 at a 1:2 ratio
CPD:ETX1317. bchemo = chemostat; HFIM = hollow fiber infection
model.
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Figure 3. Combined strain Emax plot of %Time > 2× MIC vs 24 h change log10 CFU/mL (R2 = 0.87).

Table 4. Unbound Exposure of EXT1317 Following Oral Administration of ETX0282

%Time > f[CT]a

dose (mg/kg) fCmax (μg/mL) fAUClast (μg hr/mL) 0.25 μg/mL 0.5 μg/mL 1.0 μg/mL 2.0 μg/mL

10 3.9 4.7 47 25 12 8
50 21 23 88 50 29 28
200 57 61 100 100 58 35
400 90 73 100 100 75 38

aETX1317 is 93% unbound in mouse plasma.

Table 5. In Vivo Efficacy of Cefpodoxime Proxetil ± ETX0282 Following Oral Administration in a Murine Neutropenic Thigh
Studya

log10 CFU/g thigh change 24 h post therapy initiation

group
dose

(mg/kg) regimen Eco ARC2687 MIC = 0.125 μg/mLb Kpn ARC4488 MIC = 0.25 μg/mLb Kpn ARC5118 MIC = 1.0 μg/mLb

infection control vehicle p.o./q6h +4.23 +4.12 +2.57
CPDP only 50 p.o./q6h +3.61 +3.58 +2.66
ETX0282 only 50 p.o./q6h +2.93c ND +1.31
CPDP:ETX0282 50:10 p.o./q6h −0.86 +0.74 +1.16

50:50 p.o./q6h −1.04d −0.18 +0.30
50:200 p.o./q6h −1.11e −0.43 −0.31
50:400 p.o./q6h ND ND −0.38

meropenem 600 s.c./q6h −1.46 ND +2.04
aAbbreviations: CFU = colony forming units; CPDP = cefpodoxime proxetil; ND = not done; p.o. = oral; q6h = every 6 h; s.c. = subcutaneous.
bStrain and CPD:ETX1317 (1:2) MIC. c10 mg/kg ETX0282 vs ARC2687. d50:25 mg/kg CPDP:ETX0282 vs ARC2687. e50:100 mg/kg
CPDP:ETX0282 vs ARC2687.

Table 6. In Vivo Efficacy of ETX0282 Alone and in Combination with Cefpodoxime Proxetil against Strains Demonstrating
ETX1317 Intrinsic Activitya

log10 CFU/g thigh change 24 h post therapy initiation

group dose (mg/kg) regimen Eco NMC101 MIC = 1 μg/mLb Eco ARC4419 MIC = 0.25 μg/mLb

infection control vehicle p.o./q6h +3.64 +2.52
CPDP only 50 p.o./q6h +3.39 +2.23
ETX0282 only 10 p.o./q6h +2.10 +1.41
ETX0282 only 50 p.o./q6h +1.83 +1.06
ETX0282 only 200 p.o./q6h +1.39 +1.07
CPDP:ETX0282 50:10 p.o./q6h ND −1.23

50:50 p.o./q6h −1.13 −1.39
50:200 p.o./q6h ND −1.37

meropenem 600 s.c./q6h −1.36 −2.19

aAbbreviations: CFU = colony forming units; CPDP = cefpodoxime proxetil; ND = not done; MIC = minimum inhibitory concentration; p.o. =
oral; q6h = every 6 h; s.c. = subcutaneous. bStrain and ETX1317 MICBLI.
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against K. pneumoniae ARC4488 and ARC5118 was generally
consistent with in vitro data generated for these strains,
although a 1−log kill was not achieved.
Oral In Vivo Efficacy of ETX0282 against Strains

Demonstrating ETX1317 Intrinsic Activity In Vitro. As
shown in Table 1, some isolates demonstrated susceptible
MICs to ETX1317 alone (referred to as MICBLI for clarity),
suggesting intrinsic activity of the BLI. To further understand
whether this in vitro activity translated to in vivo efficacy, an
additional neutropenic thigh study was conducted in mice with
increasing doses of ETX0282 alone vs E. coli NMC101
(ETX1317 MICBLI = 1 μg/mL) and ARC4419 (ETX1317
MICBLI = 0.25 μg/mL). As shown in Table 4, at the top dose
of 200 mg/kg, unbound ETX1317 concentrations exceed a
concentration of 1 μg/mL for 58% of the dosing interval and
100% of the dosing interval at a concentration of 0.25 μg/mL.
Despite the significant exposure of ETX1317, a 200 mg/kg q6h
dose of ETX0282 alone was ineffective for both strains (Table
6). However, when CPDP was added at a dose level of 50 mg/
kg in combination with ETX0282 at a dose level of 50 mg/kg
administered q6h, cidal activity was achieved for both strains.
This would be anticipated, as the 50:50 mg/kg
CPDP:ETX0282 q6h dose level exceeds the PK/PD exposure
requirements of 50%Time > MIC for CPD and 60%Time > 2×
MIC (CPD:ETX1317 MICs of 0.125 mg/L for both strains).
It is clear from these investigations that antibacterial potency of
ETX1317 due to apparent intrinsic activity of the molecule is
not representative of robust cidal activity in vivo, and efficacy is
only realized with the combination of CPDP and ETX0282a
finding that has been observed in recent studies with β-
lactamase inhibitors.41

Preclinical PK of ETX1317 (i.v.) and ETX0282 (p.o.) in
Mice, Rats, Dogs, and Monkeys. Intravenous and oral
pharmacokinetics of ETX1317 and ETX0282 in preclinical
species are summarized in Table 7 and Table S1, respectively.
Time vs concentration profiles are depicted graphically in
Figure S1. Oral administration of the ester prodrug ETX0282
at doses ranging from 1 to 10 mg/kg in rats, dogs, and
monkeys resulted in circulating concentrations of ETX1317
with minimal to no levels of ETX0282, suggesting rapid and
complete conversion upon absorption and first-pass metabo-
lism. These observations were consistent with ex vivo liver S9
incubations with ETX0282, suggesting efficient conversion
across all species, including humans.42 Once formed, ETX1317
was eliminated with a half-life of 1.3 h in mice, 0.4 h in rats, 0.8
h in dogs, and 1.1 h in monkeys. ETX1317 protein binding was
very low, with the fraction unbound ranging from 0.77 to 1.0
across monkeys, humans, mice, rats, and dogs, and was found
to be consistent across a concentration range from 1 to 100
μM (Table S2).
In rats, mean total clearance of 23 mL/min/kg and steady-

state volume of distribution of 0.70 L/kg were determined
following i.v. administration of ETX1317. Comparison of
ETX1317 AUCs after i.v. dosing of ETX1317 and oral dosing

of ETX0282 suggested oral bioavailability of 98%. Similar to
rats, oral bioavailability in dogs was 97%, suggesting high
absorption and efficient conversion of ETX0282 in this species.
Mean ETX1317 clearance of 5.7 ± 0.7 mL/min/kg and a mean
volume of distribution 0.38 ± 0.05 L/kg were estimated
following i.v. administration to dogs. In monkeys a mean
clearance of 5.7 ± 0.7 mL/min/kg and a mean volume of
distribution of 0.31 ± 0.02 L/kg were determined for
ETX1317. Renal clearance based upon excretion of
ETX1317 in the urine was nearly 40% of total clearance
(range 23−63%). Oral bioavailability was also high in
monkeys, with an estimate of 78%. Oral bioavailability was
not estimated in mice as no i.v. dose of ETX1317 was
administered to this species.

ETX1317 Human PK Prediction. The methodology
utilized for prediction of human PK of ETX1317 was
consistent with methods used in support of similar chemotypes
such as avibactam and ETX2514.43 Human predictions for
volume of distribution (Vd,ss) and clearance (CL) were within
2-fold of observed mean data obtained in Phase 1 studies, with
renal clearance as the predominant clearance mechanism.44,45

Pharmacokinetic and excretion data from rats, dogs, and
monkeys were used collectively for the projection of ETX1317
PK. Liver S9 incubations were also performed across all species
(including human) to confirm consistent conversion of
ETX0282 to ETX1317 at projected dose levels of
ETX0282.42 Human PK prediction of ETX1317 was
completed using single species allometry for volume of
distribution from dog PK and dog and monkey single species
scaling using liver blood flow to predict non-renal clearance
(CLNR).

46 Renal excretion of unchanged drug was found to be
a significant route of elimination across all species. While
urinary excretion of ETX1317 was lower in dogs relative to
monkeys and rats, human renal clearance (CLR) was predicted
using dog-human renal correlation,47 as this method has been
highly predictive for compounds that are generally eliminated
via renal excretion. The elimination half-life was estimated
based upon the combined use of predicted parameters for
clearance and volume of distribution, where T1/2 = ln 2*Vd,ss/
CLtotal. Allometric scaling predicted human Vd,ss of 0.35 L/kg.
Renal clearance (CLR) was predicted as 0.74 mL/min/kg using
the dog-human renal correlation. Using non-renal clearance in
dogs and monkeys, scaling by liver blood flow predicted non-
renal clearance in humans of 2.65 and 1.77 mL/min/kg,
respectively. Thus, projected total clearance (CLT), where CLT
= CLR + CLNR, ranged from 2.51 to 3.39 mL/min/kg,
suggesting a half-life of 1.2−1.6 h.

ETX0282 Oral Bioavailability Prediction in Humans.
Low-dose oral PK of ETX0282 in rats, dogs, and monkeys
demonstrated high bioavailability, ranging from 78% to 98%.
Good stability of ETX1317 in liver microsomes and high
bioavailability across multiple species suggests that first-pass
loss of ETX1317 is not significant upon absorption of
ETX0282. Extensive and quantitative conversion of

Table 7. Pharmacokinetics of ETX1317 Following Intravenous Administration to Rats, Dogs, and Monkeysa

species dose (mg/kg) Cmax (μg/mL) AUC (μg·h/mL) T1/2 (h) Vd,ss (L/kg) CL (mL/min/kg) renal CL (mL/min/kg)

rat 10 17.5 ± 2.0 7.19 ± 0.34 0.4 ± 0.02 0.70 ± 0.01 23.1 ± 1.1 13.4 ± 0.3
dog 1 2.27 ± 0.49 2.76 ± 0.34 0.8 ± 0.1 0.38 ± 0.05 5.7 ± 0.7 1.1 ± 0.3
monkey 0.87 3.12 ± 0.23 2.68 ± 0.21 1.1 ± 0.1 0.31 ± 0.02 5.7 ± 0.7 2.2(1.3−3.6)

aAbbreviations: AUC = area under the curve; CL = clearance; Cmax = peak concentration; T1/2 = half-life; Vd,ss = volume of distribution at steady
state.
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ETX0282 to ETX1317 in liver S9, along with minimal
excretion of ETX1317 into the bile, also supports the
projection of minimal first-pass losses. Based upon the non-
clinical PK data, a range of 60−80% bioavailability and a
moderate absorption rate of 0.5−1.0 h−1 have been considered
for humans. In consideration of these predicted parameters,
mean percent fT > CT of 1 μg/mL (2× MIC of 0.5 μg/mL)
estimates for a 500 mg ETX1317 equiv q12h dose of ETX0282
are summarized in Table S3.

■ CONCLUSIONS

An increase in Enterobacteriaceae resistance due to ESBL- and
carbapenemase-producing isolates has led to the recent
development of novel BLIs with a broader coverage against
multiple classes of β-lactamases. Unfortunately, very few
contemporary BL/BLI combinations are suitable for oral
administration. The combination of ETX0282 and CPDP
shows favorable attributes for the potential treatment of these
pathogens in and outside of the hospital setting. PK/PD
evaluation in both in vitro dynamic model systems and in vivo
models of infection suggest the combination would be
expected to demonstrate cidal activity when unbound
exposures of CPD exceed 50%Time > MIC and ETX1317
exceeds a concentration 2× the MIC for 60% of the dosing
interval. High bioavailability and complete conversion of
ETX0282 to ETX1317 systemically have been demonstrated
across multiple preclinical species. Allometric scaling of animal
PK suggests clinical kinetics of ETX1317 would behave
similarly to cefpodoxime, allowing for fixed-combination oral
dosing of ETX0282 and CPDP.

■ METHODS

Susceptibility Studies. The MIC of each isolate was
determined using the broth microdilution method following
CLSI guidelines of document M07-A7 (CLSI M07-A7).
Hollow-Fiber and Chemostat Inoculum Preparation.

Enterobacteriaceae isolates E. coli ARC2687 and K. pneumoniae
isolates ARC4486, ARC4488, ARC5118, and ARC4420 were
prepared for infection from an overnight plate culture. On the
day of the experiment, a few colonies of bacteria were
inoculated in Mueller Hinton Broth II (MHBII, Sigma-Aldrich,
St. Louis, MO) and incubated at 35 °C until reaching log-
phase growth, about 1 h. In hollow-fiber studies cell population
density is confirmed by turbidimetric assay (OD600) and final
dilution is adjusted to deliver approximately 15 mL of bacteria
(1 × 106 CFU/mL) to the extra-capillary space of the hollow-
fiber cartridge (Fibercell Systems, Inc., Frederick, MD). After 1
h, targeted drug concentrations were introduced using a 2 h
infusion via a syringe pump (Harvard Apparatus, Holliston,
MA). For chemostat experiments approximately 1 mL of
bacteria (1 × 108 CFU/mL) were introduced to the chemostat
reservoir bottle with 100 mL MHBII to dilute bacterial culture
and reach a target CFU density of 1 × 106 CFU/mL. After 5
min, each chemostat bottle was exposed to targeted drug with
a 2 h infusion administered via syringe pump.
In Vitro Test Article Formulation. ETX1317 and CPD

were dissolved in MHBII (accounting for potency) and
delivered as a 2 h infusion via syringe pump (Harvard
Apparatus, Holliston, MA). Solubility and stability were
confirmed at room temperature for the experiment. Dose
formulation potency was verified by LC/MS/MS.

Hollow-Fiber and Chemostat Study Designs. Dose
range and dose fractionation were performed in hollow-fiber
infection model (HFIM) and chemostat (one-compartment)
in vitro infection model. Bacteria treated with media only
(growth control) and dose arms spanning a 64-fold exposure
range of drug delivered within regimens of q6h, q12h, and
q24h were used. E. coli ARC2687 and K. pneumoniae ARC4486
and ARC4488 were completed in the HFIM. K. pneumoniae
ARC5118 and ARC4420 were studied in the chemostat
system. CPD concentrations were targeted to achieve exposure
of ∼50%Time > MIC determined in the presence of ETX1317.
Both CPD and ETX1317 were administered via a 2 h infusion
from syringe pumps (Harvard Apparatus) to mimic the
approximate Cmax following oral absorption observed clinically
for CDP. The PK profiles for both CPD and ETX1317 were
controlled by infusion of the compounds and dilution of media
in the central compartment reservoir. Once infused, drug
concentration in the HFIM was eliminated by isovolumetri-
cally replacing drug-containing medium with drug-free
medium using digital pumps simulating a half-life of 2 h,
which is the half-life of CPD in humans. While these
parameters nearly replicate PK of CPD clinically in a BID
(q12h) regimen over 24 h, the dose of CPD is adjusted to
deliver the required 50%Time > MIC concentrations of CPD
relative to each isolate’s MIC. This regimen would serve as the
background exposure of CPD during the dose fractionation of
ETX1317. The daily doses of ETX1317 were fractionated via
once daily (q24h), every 12 h (q12h), or every 6 h (q6h) to
vary the ETX1317 AUC, Cmax, and %Time > CT across the
dose arms. The system simulated a single compartment PK
model with monoexponential elimination of both ETX1317
and CPD. The experiment was maintained at 35 °C in a
humidified incubator for the duration of the study. Bacterial
burden (CFU/mL) was serially assessed by sampling (500 μL)
from the extra-capillary space of the HFIM cartridge at
predetermined time points. Serial PK samples (500 μL) were
also collected over 24 h time period to ascertain drug exposure.
Bacterial samples were diluted (serial 10-fold dilutions), plated
on blood agar plates (Remel, Lenexa, KS), and incubated at 35
°C overnight, and colony forming units (CFUs) were
enumerated visually.

Animal Welfare Statement. All in vivo procedures were
completed in compliance with the Animal Welfare Act
Regulations (9 CFR 3) under Entasis reviewed IACUC
protocols and under the supervision of a site attending
veterinarian.

In Vivo Thigh Infection Model. In vivo neutropenic
infection models in the mouse were conducted as previously
described.48,49 All procedures were performed to Entasis
approved IACUC policies and guidelines as well as OLAW
standards. Briefly, Female CD-1 mice (20−22 g, Charles River
Laboratories) were acclimated for 5 days prior to start of study.
Animals were housed 3 per cage with free access to food and
water. Mice were rendered neutropenic via two doses of
cyclophosphamide on days −4 and −1 with 150 mg/kg and
100 mg/kg delivered intraperitoneally in a dose volume of 10
mL/kg, respectively.48

Enterobacteriaceae isolates ARC2687, ARC4488, ARC5118,
NMC101, and ARC4419 were prepared for infection from an
overnight plate culture. A portion of the plate was resuspended
in sterile saline and adjusted to an OD of 0.1 at 625 nm. The
adjusted bacterial suspension was further diluted to target an
infecting inoculum of approximately 5.0 × 106−1.0 × 107
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CFU/mouse. The actual inoculum size varied between 5.5 ×
106−1.6 × 106 CFU/thigh and administered via intramuscular
injection of (100 μL). Plate counts of the inoculum were
performed to confirm inoculum concentration and treatment
was initiated 2 h after bacterial challenge.
ETX0282 and CPDP were formulated in 0.5% HPMC/0.1%

Tween 80 suspension. meropenem (utilized as a positive
control) was solubilized in water for injection. All studies
utilized a meropenem dosed at 600 mg/kg q6h subcutaneously
as positive control against meropenem sensitive isolates (MIC
≤ 2 μg/mL) and as a negative control against meropenem
resistant isolates. For dose arms utilizing a combination of
ETX0282 and CPDP, both agents were reconstituted in the
same vehicle. All dose concentrations were adjusted to deliver
targeted mg/kg doses within a dose volume of 10 mL/kg.
Formulation potency was verified by LC/MS/MS.
ETX0282 and CPDP were administered via q6h dose

intervals in order to achieve targeted unbound exposures. At 24
h post initiation of therapy, animals were euthanized, tissue
samples aseptically collected and homogenized. Bacterial
colony enumeration of tissue homogenate was performed by
serial dilution on TSA plates which were incubated overnight
at 35 °C prior to colony (CFU) counting.
Mouse Oral (ETX0282 and CPDP) Pharmacokinetics.

Satellite groups of infected animals were used for pharmaco-
kinetic analysis of ETX1317 and CPD following oral
administration of ETX0282 and CPDP. For ETX0282,
absolute dose levels of 10, 50, 200, and 400 mg/kg were
evaluated. CPDP was evaluated at a single dose level of 50 mg/
kg. Three animals were utilized per blood sampling time point
with three time points per animaltwo submandibular bleeds
and one terminal bleed taken via cardiac puncture. Blood
samples (50 μL) were collected into K2EDTA microtainer
tubes and process for plasma. Resulting plasma was diluted 1:1
with a solution of SIGMFAST protease inhibitor (10 mg/mL
in water), prior to storage at −70 °C. Time points were taken
at 0.25, 0.5, 1, 2, 4, and 6 h post-dose.
Rat, Dog, and Monkey Oral (ETX0282) and Intra-

venous (ETX1317) Pharmacokinetics. Intravenous phar-
macokinetics of ETX1317 investigated in jugular vein
cannulated male Sprague−Dawley rats (Charles River
Laboratories, n = 3/route) at a dose of 10 mg/kg formulated
in 0.9% saline. Oral pharmacokinetics of ETX0282 was
evaluated at a 10 mg/kg equivalent dose of ETX1317
formulated in 25:75 PEG 400:WFI. The pH of each
formulation was verified to fall within a range of 4−7 and
were confirmed to be in solution prior to dosing. Potency was
verified by LC/MS/MS. Dose volumes were 5 and 10 mL/kg
for ETX1317(i.v.) and ETX0282(p.o.), respectively for rats. In
both dog (male, 3/route) and monkey (male, 3/route) studies,
i.v. and p.o. doses were formulated on 25:75 PEG 400:WFI
(pH ∼5) and administered at a dose of ∼1 mg/kg. Dose
volume was 1 mL/kg for both routes in dogs and monkeys
with the i.v. dose infused over 15 min. For oral doses, gavage
tubes were flushed with 10 mL after administration of the dose.
i.v. doses were sterile-filtered through 0.22 μm PVDF
membrane prior to administration into the cephalic vein.
Blood samples to be processed for plasma using K2EDTA as

an anticoagulant were taken at 0.08, 0.17, 0.25, 0.5, 1, 2, 4, and
8 h (i.v.) and 0.25, 0.5, 1, 2, 4, 8, and 24 h (p.o.) post dose in
rats. Blood samples collected into 0.5 mL BD microtainers
containing 1.0 mg K2EDTA were centrifuged in a microfuge

for 10 min, plasma pipetted to 96 well cryo tubes, and stored at
−80 °C prior to analysis.
Blood sampling (∼1 mL) for dogs and monkeys was carried

out via venipuncture of the jugular vein at the following time
points:
i.v.: pre-dose, 0.083, 0.25 (prior to end of infusion), 0.5, 1,

1.5, 2, 4, 6, 8, 12, and 24 h post-dose
p.o.: pre-dose, 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 12, and 24 h post-

dose
Blood samples were centrifuged at 3200 rpm for 10 min at

approximately 5 °C. Plasma samples (500 μL) were transferred
to 96-well plate tubes (MatrixTech, 0.5 mL). An equal amount
(500 μL) of SIGMAFAST protease inhibitor solution (1 tablet
dissolved in 10 mL distilled water, Sigma-Aldrich Part No.
S8820) was added as a preservative to the 96-well plate tubes
resulting in a 1:1 dilution. Diluted plasma samples were stored
at −80 ± 10 °C.
Urine collection was collected directly into Nalgene bottles

placed under metabolism cages with frozen ice packs to chill
urine over the collection interval. Urine was collected 0−12,
and 12−24 h post-dose. Following collection of each urine
sample, the total urine weight was recorded and 3 mL aliquots
were retained for LC/MS/MS analysis.

ETX1317 Plasma Protein Binding Determination.
Plasma protein binding was determined by rapid equilibrium
dialysis. Plasma was freshly prepared from blood samples
drawn in to EDTA (anticoagulant) containing tubes. Plasma
was prepared using a table-top centrifuge and spun per
instruction of the tube manufacturer and specifications
(Beckton, Dickinson and Company, Franklin Lakes, NJ) and
placed on ice prior to use.
Pooled plasma samples were centrifuged at 2000 rpm

(approximately 1400g) for 15 min at 4 °C to remove debris.
Approximately 90% of the clear supernatant fraction was
transferred to a separate tube. Samples (500 μL) were then
spiked with a 100× stock solution 100 μM, 0.5 mM, and 10
mM ETX1317 in DMSO respectively for 1, 5, and 100 μM
final concentrations, transferred to the top of the filter
chambers, and allowed to equilibrate for 15 min prior to
centrifugation. The filtrate tubes were centrifuged at 14000g
for 15 min at 4 °C. Next, 50 μL of the filtrate was precipitated
with 300 μL of acetonitrile containing 250 ng/mL of
carbutamide as the internal standard and the samples were
analyzed by LC/MS/MS analysis.

LC/MS/MS Determination of ETX1317, ETX0282, CPD,
and CPDP. Calibration standards and Quality Control (QC)
were prepared in blank matrices of plasma, urine and MHBII
by serial dilution. An aliquot of 50 μL of each calibration
standard, QC (diluted separately), and unknown plasma, urine
or MHBII samples (diluted separately) were transferred to a
96-deep well plate followed by protein precipitation with 300
μL of crash solution (100% acetonitrile containing 0.1% formic
acid and 250 ng/mL of carbutamide (internal standard)). The
96-well plated was then vortexed and centrifuged at 4000 rpm
for 5 min and 100 μL of supernatant was transferred for LC-
MS/MS analysis.
The plasma, urine, and MHBII concentrations of ETX1317,

ETX0282, CPD and CPDP were determined with a non-GLP
bioanalytical method using liquid chromatography with mass
spectrometric detection (LC/MS/MS), as summarized in
Table S4. A calibration curve was constructed using fortified
standards and analyzed with the peak area ratios of ETX1317,
ETX0282, CPD, and CPDP/carbutamide (internal standard)
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fitted by linear regression. QC and PK sample concentrations
were determined by reference to the calibration curve. The
assay had a LLOQ and ULOQ of 5 ng/mL and 5000 ng/mL,
respectively, for all analytes.
Pharmacokinetic Analysis. Non-compartmental analysis

of time vs concentration data for ETX1317, ETX0282, CPD,
and CPDP was completed using WinNonlin 8.1 (Pharsite
Corporation, Mountain View CA). The maximum concen-
tration (Cmax) was the highest observed concentration; Tmax
was the earliest time at which Cmax occurred; and the
elimination half-life was estimated as ln 2/kel, where kel is the
elimination rate constant derived from the slope of the log
concentration versus time profile. The area under the
concentration−time curve from 0 h to the last time point
(AUC0‑tlast) was calculated by linear trapezoidal approximation.
Clearance (CL) was estimated as Dose/AUC0‑tlast and the
steady state volume of distribution (Vd,ss) was estimated as
CL* MRT, where MRT = AUMC/AUC (MRT = mean
residence time and AUMC = area under the moment curve).
Oral bioavailability (F) was determined from ETX1317
concentrations and normalizing doses to free acid equivalence,
where F = AUCp.o.*(dosei.v.)/AUCi.v.*(dosep.o.).
Emax Modeling. Plasma samples from in vivo studies and

serial media samples from hollow fiber/chemostat experiments
were processed and assayed for drug concentration using
standard LC/MS/MS methods. The pharmacodynamic results
(change in log10 CFU/mL from 0 h) and PK analysis were
analyzed using Phoenix WinNonlin 8.1 (Pharsight, Mountain
View, CA). The exposure parameters AUC (area under the 24
h concentration−time curve), Cmax (peak concentration) and
%Time > CT (defined as percent time in a 24 h period where
the free drug concentration is at or above the CT were analyzed
for correlation with pharmacodynamic response. A WinNonlin
sigmoidal Emax model was subsequently used to calculate the
PK/PD index that was closely associated with efficacy and its
magnitude. The indices most closely associated with efficacy
were identified based on dispersion of the data, coefficient of
variation in the model calculated parameters, weighted sum of
squared residuals and optimization of R2 values for the
relationship.
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