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Abstract

Sulopenem (formerly known as CP-70,429, and CP-65,207 when a component of a racemic mixture with its R isomer) is an
intravenous and oral penem that possesses in vitro activity against fluoroquinolone-resistant, extended spectrum p-lactamases
(ESBL)-producing, multidrug-resistant (MDR) Enterobacterales. Sulopenem is being developed to treat patients with uncom-
plicated and complicated urinary tract infections (UTIs) as well as intra-abdominal infections. This review will focus mainly
on its use in UTIs. The chemical structure of sulopenem shares properties of penicillins, cephalosporins, and carbapenems.
Sulopenem is available as an oral prodrug formulation, sulopenem etzadroxil, which is hydrolyzed by intestinal esterases,
resulting in active sulopenem. In early studies, the S isomer of CP-65,207, later developed as sulopenem, demonstrated greater
absorption, higher drug concentrations in the urine, and increased stability against the renal enzyme dehydropeptidase-1
compared with the R isomer, which set the stage for its further development as a UTI antimicrobial. Sulopenem is active
against both Gram-negative and Gram-positive microorganisms. Sulopenem’s f-lactam ring alkylates the serine residues of
penicillin-binding protein (PBP), which inhibits peptidoglycan cross-linking. Due to its ionization and low molecular weight,
sulopenem passes through outer membrane proteins to reach PBPs of Gram-negative bacteria. While sulopenem activity
is unaffected by many p-lactamases, resistance arises from alterations in PBPs (e.g., methicillin-resistant Staphylococcus
aureus [MRSAY]), expression of carbapenemases (e.g., carbapenemase-producing Enterobacterales and in Stenotropho-
monas maltophilia), reduction in the expression of outer membrane proteins (e.g., some Klebsiella spp.), and the presence
of efflux pumps (e.g., MexAB-OprM in Pseudomonas aeruginosa), or a combination of these mechanisms. In vitro studies
have reported that sulopenem demonstrates greater activity than meropenem and ertapenem against Enterococcus faecalis,
Listeria monocytogenes, methicillin-susceptible S. aureus (MSSA), and Staphylococcus epidermidis, as well as similar
activity to carbapenems against Streptococcus agalactiae, Streptococcus pneumoniae, and Streptococcus pyogenes. With
some exceptions, sulopenem activity against Gram-negative aerobes was less than ertapenem and meropenem but greater
than imipenem. Sulopenem activity against Escherichia coli carrying ESBL, CTX-M, or Amp-C enzymes, or demonstrat-
ing MDR phenotypes, as well as against ESBL-producing Klebsiella pneumoniae, was nearly identical to ertapenem and
meropenem and greater than imipenem. Sulopenem exhibited identical or slightly greater activity than imipenem against
many Gram-positive and Gram-negative anaerobes, including Bacteroides fragilis. The pharmacokinetics of intravenous
sulopenem appear similar to carbapenems such as imipenem-cilastatin, meropenem, and doripenem. In healthy subjects,
reported volumes of distribution (V,) ranged from 15.8 to 27.6 L, total drug clearances (CLy) of 18.9-24.9 L/h, protein bind-
ing of approximately 10%, and elimination half-lives (#,,) of 0.88—1.03 h. The estimated renal clearance (CLy) of sulopenem
is 8.0-10.6 L/h, with 35.5% + 6.7% of a 1000 mg dose recovered unchanged in the urine. An ester prodrug, sulopenem
etzadroxil, has been developed for oral administration. Initial investigations reported a variable oral bioavailability of 20-34%
under fasted conditions, however subsequent work showed that bioavailability is significantly improved by administering
sulopenem with food to increase its oral absorption or with probenecid to reduce its renal tubular secretion. Food consump-
tion increases the area under the curve (AUC) of oral sulopenem (500 mg twice daily) by 23.6% when administered alone
and 62% when administered with 500 mg of probenecid. Like carbapenems, sulopenem demonstrates bactericidal activity
that is associated with the percentage of time that free concentrations exceed the MIC (%f T > MIC). In animal models,
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bacteriostasis was associated with %f T > MICs ranging from 8.6 to 17%, whereas 2-log, kill was seen at values ranging
from 12 to 28%. No pharmacodynamic targets have been documented for suppression of resistance. Sulopenem concentra-
tions in urine are variable, ranging from 21.8 to 420.0 mg/L (median 84.4 mg/L) in fasted subjects and 28.8 to 609.0 mg/L
(median 87.3 mg/L) in those who were fed. Sulopenem has been compared with carbapenems and cephalosporins in guinea
pig and murine systemic and lung infection animal models. Studied pathogens included Acinetobacter calcoaceticus, B. fra-
gilis, Citrobacter freundii, Enterobacter cloacae, E. coli, K. pneumoniae, Proteus vulgaris, and Serratia marcescens. These
studies reported that overall, sulopenem was non-inferior to carbapenems but appeared to be superior to cephalosporins.
A phase III clinical trial (SURE-1) reported that sulopenem was not non-inferior to ciprofloxacin in women infected with
fluoroquinolone-susceptible pathogens, due to a higher rate of asymptomatic bacteriuria in sulopenem-treated patients at
the test-of-cure visit. However, the researchers reported superiority of sulopenem etzadroxil/probenecid over ciprofloxacin
for the treatment of uncomplicated UTIs in women infected with fluoroquinolone/non-susceptible pathogens, and non-
inferiority in all patients with a positive urine culture. A phase III clinical trial (SURE-2) compared intravenous sulopenem
followed by oral sulopenem etzadroxil/probenecid with ertapenem in the treatment of complicated UTIs. No difference in
overall success was noted at the end of therapy. However, intravenous sulopenem followed by oral sulopenem etzadroxil
was not non-inferior to ertapenem followed by oral stepdown therapy in overall success at test-of-cure due to a higher rate
of asymptomatic bacteriuria in the sulopenem arm. After a meeting with the US FDA, Iterum stated that they are currently
evaluating the optimal design for an additional phase III uncomplicated UTI study to be conducted prior to the potential
resubmission of the New Drug Application (NDA). It is unclear at this time whether Iterum intends to apply for EMA or
Japanese regulatory approval. The safety and tolerability of sulopenem has been reported in various phase I pharmacokinetic
studies and phase III clinical trials. Sulopenem (intravenous and oral) appears to be well tolerated in healthy subjects, with
and without the coadministration of probenecid, with few serious drug-related treatment-emergent adverse events (TEAEs)
reported to date. Reported TEAE: affecting >1% of patients were (from most to least common) diarrhea, nausea, headache,
vomiting and dizziness. Discontinuation rates were low and were not different than comparator agents. Sulopenem admin-
istered orally and/or intravenously represents a potentially well tolerated and effective option for treating uncomplicated
and complicated UTTs, especially in patients with documented or highly suspected antimicrobial pathogens to commonly
used agents (e.g. fluoroquinolone-resistant E. coli), and in patients with documented microbiological or clinical failure or
patients who demonstrate intolerance/adverse effects to first-line agents. This agent will likely be used orally in the outpa-
tient setting, and intravenously followed by oral stepdown in the hospital setting. Sulopenem also allows for oral stepdown
therapy in the hospital setting from intravenous non-sulopenem therapy. More clinical data are required to fully assess the
clinical efficacy and safety of sulopenem, especially in patients with complicated UTIs caused by resistant pathogens such
as ESBL-producing, Amp-C, MDR E. coli. Antimicrobial stewardship programs will need to create guidelines for when this
oral and intravenous penem should be used.

1 Introduction

With approximately 150 million cases annually worldwide,
urinary tract infections (UTIs) account for the greatest pro-
portion of outpatient bacterial infections, including in the
US, EU and Asia, and remain the most frequent type of
bacterial infection in women [1, 2]. In the US alone, UTIs
result in over 15 million medical visits and 21 million pre-
scriptions per year [1, 3]. UTIs may be classified as uncom-
plicated (uUTI) if the patient is a healthy, non-pregnant,
premenopausal female without any structural or functional
abnormalities of the urinary tract [4]. If the patient does not
meet one of the above criteria or possesses other risk factors,
such as recurrent infection or failure of previous therapy, the
infection is considered complicated (cUTI) [4]. UTIs may
be further specified by their location (upper urinary tract or
lower urinary tract) as well as their precise site, i.e. cystitis
(urinary bladder infection) or kidney (pyelonephritis) [4].
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UTIs are caused primarily by Enterobacterales, including
Escherichia coli, Klebsiella spp., Proteus mirabilis, Entero-
bacter spp., Citrobacter freundii, and Morganella morganii
[1, 4-7]. Of these, E. coli is the most common etiological
agent, being responsible for 75-95% of uUTIs and approxi-
mately 50% of cUTIs [8]. cUTIs are more likely to be caused
by multidrug-resistant (MDR) organisms [1, 4-7].

Given E. coli’s significant role in such a common infec-
tion, it is concerning that it continues to demonstrate
increasing resistance to standard UTI treatments across the
world, including in the US, EU and Asia [1-4, 6, 8-10]. A
recent US in vitro study reported 33% of E. coli isolates
were resistant to fluoroquinolones, 20% to trimethoprim-
sulfamethoxazole (TMP-SMX), 13% to p-lactams, and
7% were MDR (resistant to three or more antimicrobial
classes) [3]. Furthermore, the prevalence of clinical isolates
of E. coli and Klebsiella spp. carrying extended spectrum
p-lactamases (ESBLs), which frequently confer resistance
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Sulopenem is an intravenous and oral penem that is
active against fluoroquinolone-resistant, extended
spectrum f-lactamases-producing, multidrug-resistant
Enterobacterales.

An ester prodrug, sulopenem etzadroxil, developed for
oral administration when administered with probenecid,
increases the absorption of sulopenem by 62%.

In clinical trials treating patients with both uncompli-
cated (comparator was oral ciprofloxacin) and compli-
cated (comparator was intravenous ertapenem followed
by oral ciprofloxacin or amoxicillin/clavulanate) urinary
tract infections (UTIs), sulopenem has demonstrated to
be an efficacious and well-tolerated agent.

Sulopenem administered orally and/or intravenously rep-
resents a potentially well tolerated and effective option
for treating uncomplicated and complicated UTIs due to
documented or highly suspected antimicrobial resist-

ant pathogens to first-line agents, and in patients with
microbiological or clinical failure or intolerance/adverse
effects to first-line agents.

to cephalosporins and are often associated with concurrent
resistance to fluoroquinolones, TMP-SMX, and aminoglyco-
sides, are proliferating worldwide [11]. Over a 10-year span,
Canada has seen ESBL-producing E. coli escalate from 3.4
to 11.1% and ESBL-producing K. pneumoniae increase from
1.3 t0 9.7%, while the US has seen rates of ESBL-producing
E. coli and K. pneumoniae as high as 24% in some regions
[9, 11]. These data are consistent with additional data from
the Centers for Disease Control and Prevention (CDC) [5,
12]. Globally, similar trends are seen in fluoroquinolone-
resistant and ESBL-producing Enterobacterales in both out-
patient and inpatient settings [10]. This rising resistance cor-
responds to worsening patient outcomes, including treatment
failure, repeated antimicrobial prescriptions, a doubling like-
lihood of hospitalization, and extended hospital stays [1, 3,
5, 6, 9]. It has been documented that in the US, each instance
of UTI treatment failure burdens the patient and healthcare
system with additional costs of approximately US$200 [3].
Furthermore, the patients most at risk of receiving inappro-
priate antimicrobial therapy resulting in treatment failure
are more likely to be from vulnerable populations, such as
those with diabetes mellitus, renal failure, paralysis, older
age, obesity, or other comorbidities that further complicate
care [2, 3,7, 9, 13].

Some first- and second-line antimicrobials (e.g., TMP-
SMX, fluoroquinolones) are no longer effective therapy for

many UTIs. Growing resistance among UTI pathogens and
worsening outcomes in patients with UTI establish a need
for new oral antimicrobials that are active against TMP-
SMX-resistant, nitrofurantoin-resistant, fluoroquinolone-
resistant, ESBL-producing, and MDR organisms. Car-
bapenems are often indicated for cUTIs, especially when
ESBL-producing bacteria are involved [4]. Although E.
coli and Klebsiella spp. resistance to carbapenems is also a
concern, carbapenem resistance rates are much lower than
the prevalence of ESBL-producing organisms [6, 12]. As
Table 1 shows, carbapenems and penems currently approved
by the US FDA are available only in parenteral formula-
tions, meaning patients must either be hospitalized or have
access to outpatient intravenous antimicrobial services to
receive treatment; thus, oral options would be particularly
advantageous for improving access to treatment, prevent-
ing hospitalizations, and allowing for earlier discharges [8,
14, 15]. Two antimicrobials in development could fill this
gap in infectious disease management—sulopenem and
tebipenem. Sulopenem (formerly known as CP-70,429, and
CP-65,207 when a component of a racemic mixture with
its R isomer) is an intravenous and oral penem with activity
against fluoroquinolone-resistant, ESBL-producing, MDR
Enterobacterales [1, 4, 6, 8, 10, 16-21]. Sulopenem has
been studied extensively in vitro, in animal models, and in
clinical trials [1, 3—6, 8-10, 13-50]. This article reviews
sulopenem’s chemistry, mechanisms of action, mechanisms
of resistance, microbiology, pharmacokinetics, pharmacody-
namics, animal studies, clinical trials, adverse effects, drug
interactions, and place in therapy. To conduct this review,
we executed a comprehensive literature search via PubMed,
subsequently augmented with publications from scientific
meetings and relevant references from select articles. It
should be mentioned that a significant amount of data cur-
rently were only available from preliminary data obtained
from conference proceedings and ClinicalTrials.gov reports.
This review focuses on sulopenem and its oral prodrug, sulo-
penem etzadroxil. Sulopenem is being developed for the
treatment of uUTIs, cUTIs and intra-abdominal infections
[13—15, 19-21, 37, 45]. This review will focus mainly on its
use in the treatment of UTIs.

2 Chemistry

Penems, such as sulopenem or faropenem, fuse properties
of both penicillins (i.e., penam) and cephalosporins (i.e.,
cephem) [40, 51]. Like all p-lactams, penems contain a
f-lactam ring responsible for inhibition of penicillin-binding
proteins (PBPs) and consequent bactericidal activity (Fig. 1).
Penems also share the high pB-lactam ring strain of penicil-
lins, generated by the attached five-membered sulphur-con-
taining ring, in contrast to cephalosporins’ six-membered
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Table 1 Current status of carbapenems and penems

Compound name

US FDA approval or current status

Route of administration

Imipenem 1985 Intravenous
Meropenem 1996 Intravenous
Ertapenem 2001 Intravenous
Doripenem 2007 Intravenous
Panipenem Marketed in Japan, China and Korea Intravenous
Biapenem Marketed in Japan and China Intravenous
Faropenem Marketed in Japan Oral*

Sulopenem Phase III clinical trials Intravenous, oral®
Tebipenem Phase III clinical trials® Intravenous, oral®

The oral formulation of faropenem is faropenem sodium

5The oral formulation of sulopenem is the prodrug, sulopenem etzadroxil

“The oral formulation of tebipenem is the prodrug, tebipenem pivoxil
dNew drug application (FDA) submitted to the FDA

ring that allows increased molecular flexibility [52]. Penems
also possess valuable attributes of cephalosporins. Similar
to the C3=C4 double bond in cephalosporins, the double
bond between C2 and C3 in penems makes their f-lactam
ring more reactive to nucleophiles, such as the serine in PBP
active sites [51, 52].

Although penems contain characteristics of both peni-
cillins and cephalosporins, they have some structural
components not present in either (Fig. 1). Their C6 trans-
a-hydroxyethyl chain confers resistance to a variety of
p-lactamases, and its orientation (trans orientation of C5
and C6 hydrogen atoms) ensures the chain is positioned
opposite the B-lactam ring, which confers considerable sta-
bility against degradation by p-lactamases in both penems
and carbapenems [52, 53]. While penicillins and cephalo-
sporins demonstrate intraclass variation according to dif-
ferences in side chains attached to C6 or C7, respectively,
penems exhibit more variability in side chains attached to
C2, as their C6 side chain must remain a hydroxyethyl chain
[40]. Accordingly, penems are not as cross-immunogenic
with penicillins and cephalosporins, which have more vari-
ation around the f-lactam ring and are more likely to form
antigens [40].

The C2 side chain of sulopenem improves its penetration
into E. coli, as studies have discovered pores in the outer
membrane of E. coli preferentially select for molecules with
two negative charges and one positive charge (Fig. 1) [33].
The sulphoxide forms a positive and negative charge (net
neutral) due to resonance, which, in addition to the negative
charge on sulopenem’s carboxylic acid, gives the molecule
the two negative charges and one positive charge necessary
for easier access through E. coli outer membrane proteins
[33]. Neutral side chains, like the C2 side chain of sulope-
nem, are also associated with lower excitatory potential and
lower risk of CNS effects, in contrast to imipenem, which
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has a basic side chain thought to be related to its increased
risk of seizures (Fig. 2) [51, 53]. A neutral C2 side chain also
provides additional stability in aqueous and solid formula-
tions [51]. Unlike meropenem, which has activity against
Pseudomonas aeruginosa due to its pyrrolidinyl side chain
at C2, sulopenem does not possess this side chain and thus
lacks activity against P. aeruginosa (Fig. 2) [54].

Penems are commonly mistaken for carbapenems [40].
As depicted in Figs. 1 and 2, they share meaningful simi-
larities, but penems have an unsaturated five-membered
thiazoline ring (sulphur in first position), while carbap-
enems have an unsaturated five-membered pyrolline ring
(carbon in first position) [40]. The sulphur in penems’ thia-
zoline ring contributes to a smaller bond angle that reduces
intra-ring stress, protecting it against enzymatic degrada-
tion, such as digestion by dehydropeptidase-1 (DHP-1) [40,
51, 52]. To avoid degradation by DHP-1 in mammalian
renal tubules, carbapenems require either a methyl substitu-
ent on the C1 carbon or coadministration with a DHP-1
inhibitor (e.g. cilastatin); due to the discussed structural
differences, penems have inherent stability against this
enzyme [40, 51].

As noted in Fig. 1, sulopenem is in its S isomer form.
Early studies of the drug reported that the more polar R
isomer exhibited tighter binding to DHP-1, making it 1.6-
fold less stable against DHP-1 hydrolysis [39, 42]. The R
isomer also produced a sulphurous odor-causing metabolite
[42]. Oral administration of the S isomer prodrug was asso-
ciated with better absorption, and intravenous administra-
tion of the S isomer was associated with higher active drug
concentrations in the urine, compared with the R isomer
[39, 42]. These findings established the potential of the S
isomer as an antimicrobial for UTIs. Unique to sulopenem
is its availability in an oral prodrug formulation, sulopenem
etzadroxil. Once sulopenem etzadroxil is orally absorbed, it
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H-atoms in trans orientation
ensure the C6 hydroxyethyl
chain is opposite the B-lactam
ring, conferring high stability
against most B-lactamases

t

Trans-a-hydroxyethyl chain
increases stability against B-
lactamases

The reactivity of this carbonyl is
increased by the N of the B-
lactam ring and S of thiazolidine
ring which make it a better
electrophile, increasing the
potency of penems

The B-lactam ring
confers antimicrobial

activity due to the high
reactivity from its
inherent strain
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degradation
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| stability in solid and aqueous
formulations; basic side chains
tend to have CNS effects

(S) orientation was found to

have increased stability to
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absorption, and increased
concentrations in urine

Y

Double bond increases strain on
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reactivity of the B-lactam ring to
nucleophiles, such as the serine
in the active site of PBPs
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| this bond, forming a carboxylic

acid, which is essential for
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Etzadroxil provides stability in
ral formulation and gets
hydrolyzed by intestinal

{

binding with lysine in the active
site of PBPs

esterases, releasing active
drug to be absorbed in the
bloodstream

Fig. 1 General structure activity relationships for penems, including sulopenem-specific relationships shown in grey. CNS central nervous sys-

tem, PBPs penicillin-binding proteins

is hydrolyzed by intestinal esterases, converting it into active
sulopenem [15].

3 Mechanisms of Action

As with all p-lactam antimicrobials, the bactericidal activ-
ity of sulopenem is the result of its f-lactam ring alkylat-
ing PBP serine residues, inhibiting these transpeptidase
enzymes from cross-linking peptidoglycan [40, 51, 52].
Hence, sulopenem induces cell lysis as a result of cell wall
synthesis inhibition [5, 40]. Compared with Gram-positive
bacteria, PBPs of Gram-negative bacteria are more difficult
for p-lactams to access as they are located in the periplasmic
space which is protected by an outer membrane. However,
the ionization and low molecular weight (approximately
300 Da) of penems, including sulopenem, allows them to
easily diffuse through outer membrane proteins, such as
OmpK in K. pneumoniae and OmpF in E. coli [33, 40, 43].
The spectrum of sulopenem activity includes both Gram-
negative and Gram-positive bacteria.

Sulopenem preferentially binds to PBPs in the following
order, starting with greatest to least binding affinity: PBP 2,
PBP 1A, PBP 1B, PBP 4, PBP 3, and, finally, PBP 5 or

PBP 6 [23, 43]. Affinity to Staphylococcus aureus PBP 2
as well as PBP 1 and PBP 3 of E. coli is greater for sulo-
penem than imipenem [25]. Table 2 provides a comparison
of sulopenem and imipenem binding affinities to E. coli
PBPs. Sulopenem is not active against methicillin-resistant
S. aureus (MRSA) as it does not bind to PBP 2’ (PBP 2a)
[25]. The PBP binding pattern of sulopenem may also influ-
ence host endotoxin release in Gram-negative species. Gen-
erally, when Gram-negative bacteria are lysed, they release
endotoxins; however, it has been observed that when E. coli
are lysed with sulopenem or imipenem, they release fewer
endotoxins, compared with E. coli lysed by cephalosporins,
such as ceftazidime [24]. Aminopenicillins and cephalospor-
ins primarily bind PBP 3 and both compounds can cause E.
coli to grow as elongated filaments. In contrast, sulopenem
preferentially binds PBP 2, similar to imipenem and merope-
nem; these compounds are associated with E. coli adopting
a spherical shape and undergoing slower cell lysis, which
limits the release of endotoxins [53-55]. Hence, the pref-
erential PBP binding affinity of sulopenem may have larger
ramifications and impacts on not only antimicrobial resist-
ance mechanism specificity but also for endotoxin release
and host inflammation.
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Fig.2 Chemical structures of (a) Imipenem
(a) imipenem, (b) meropenem,
(c) ertapenem, (d) sulopenem,

HQ H H

and (e) tebipenem

(b) Meropenem

HO H H

(c) Ertapenem

HQ W H

Table 2 Binding of sulopenem and imipenem to PBPs of Escherichia
coli

PBP Concentration (mg/L) required to inhibit
PBP binding
Sulopenem Imipenem

1A <0.1 <0.1

1B 0.5 2.5

2 <0.1 <0.1

3 0.5 2.5

4 <0.1 <0.1

5 12.5 2.5

6 12.5 25

Adapted from Yoshida et al. [25]
PBP penicillin-binding protein

Another important sulopenem property is its activity
against pB-lactamase-producing bacteria. Recently, sulo-
penem was reported to resist hydrolysis by Ambler class
A ESBLs (minimum inhibitory concentration inhibiting
growth of 50% of isolates [MICs,] = 0.12 mg/L) but not
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(d) Sulopenem

OH

class A carbapenemases (KPCs; MICs, = 32 mg/L) [41].
Sulopenem also demonstrated stability against class C
cephalosporinases from a variety of strains (MIC5, = 0.06
mg/L); however, it was not stable against most class D oxa-
cillinases (MICs, = 8 mg/L) [41]. As noted in Table 3, sulo-
penem has demonstrated stability to a wide range of E. coli
B-lactamases that can hydrolyze amoxicillin-clavulanic acid
[41]. Generally speaking, an MIC fold increase of 2—8 indi-
cates good to relatively good stability, an MIC fold increase
of 16—64 corresponds to moderate stability, and a 64-fold
MIC increase or higher denotes poor to no stability [41].

4 Mechanisms of Resistance

Resistance to B-lactams is generally conferred by one of four
main well-described mechanisms and in some cases a com-
bination of these mechanisms. Bacteria may alter PBPs such
that the antimicrobial can no longer effectively bind to them
[36, 40, 53]. Bacteria may also possess and express a wide
range of f-lactamases (Table 3) that facilitate hydrolysis of
the p-lactam ring, preventing antimicrobial activity [33, 40,
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41, 53]. Gram-negative bacteria may modify outer mem-
brane proteins, limiting or preventing access to the periplas-
mic space and its PBPs [33, 40, 53]. Finally, organisms may
express efflux pumps that actively expel the antimicrobial
as they enter the cell, preventing and limiting access to the
target site [33, 40, 53].

Sulopenem was found to be largely unaffected by PBP
alterations that conferred reduced susceptibility or resist-
ance to other B-lactams in Streptococcus pneumoniae [36].
In S. pneumoniae, mutations in PBP 2B resulted in reduced
susceptibility or resistance to penicillin G, whereas muta-
tions in PBP 2X resulted in reduced susceptibility or resist-
ance to cephalosporins. Additionally, mutations in PBP 1A
conferred reduced susceptibility or resistance to penicillin
G and cefotaxime [36]. Sulopenem demonstrates potent
antimicrobial activity against S. pneumoniae with PBP 1
and PBP 2 modifications [36]. Similarly, PBP alterations
were also responsible for MRSA and E. faecium resistance
to p-lactams, including sulopenem [53]. MRSA possesses

PBP 2’ (PBP 2a) when other PBPs are inhibited, permit-
ting an alternative mechanism for maintaining its cell wall
in the presence of sulopenem [53]. Moreover, sulopenem
is not active against E. faecium, which uses PBP 5 for cell
wall synthesis, and sulopenem is known to bind poorly to
PBP 5 [53].

Sulopenem activity is unaffected by many p-lactamases,
including cephalosporinases, TEM-1, SHV-1, and
PSE-2 [40]. In general, penems maintain activity against
B-lactamase-producing bacteria, except in bacteria that pro-
duce carbapenemases, including Ambler class B metallo-
p-lactamases [33]. Stenotrophomonas maltophilia and
Aeromonas spp. carry such metallo-B-lactamases and are
consequently resistant to sulopenem [53].

Reducing penem outer membrane permeance can also
contribute to resistance. A K. pneumoniae study reported
that its p-lactam resistance was not associated with
B-lactamases but instead was due to the downregulation
of outer membrane proteins OmpK35 and OmpK36 [44].

Table 3 Activity of sulopenem and amoxicillin-clavulanic acid against B-lactamases expressed in Escherichia coli

B-lactamase Sulopenem Amoxicillin-clavulanic acid
MIC (mg/L) Fold increase in MIC compared ~ MIC (mg/L) Fold increase in MIC compared
with vector control with vector control
Class A
CTX-M-15 0.25 4 32 4
GES-5 16 256 >1024 >128
KPC-2 128 2048 >1024 >128
KPC-3 128 2048 >1024 >128
KPC-3 D179Y 1 16 32 4
PER-1 0.5 8 8 1
SHV-5 0.5 8 64 8
SHV-12 0.25 4 64 8
TEM-10 0.12 2 64 8
VEB-9 0.25 4 8 1
Class B
NDM-1 64 1024 >1024 >128
Class C
ACT-17 0.5 8 >1024 >128
CMY-2 0.5 8 >1024 >128
CMY-42 1 16 >1024 >128
P99/Amp-C 1 16 >1024 >128
Class D
OXA-23 4 64 >1024 >128
OXA-48 32 512 >1024 >128
OXA-163 0.5 8 >1024 >128
OXA-181 64 1024 >1024 >128
Wild-type (vector control) 0.06 NA 8 NA

Adapted from Chatwin et al. [41]

MIC minimum inhibitory concentration, NA not available
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Interestingly, the loss of these outer membrane proteins
resulted in some K. pneumoniae compensating by over-
expressing phoFE, a phosphate-regulated porin, that allows
negatively charged molecules to enter the periplasmic space
[44]. Upregulation of phoFE allowed negatively charged sulo-
penem diffusion, as well as zwitterionic carbapenems, grant-
ing them to access PBPs and resulting in bactericidal activity
[44]. However, other K. pneumoniae did not demonstrate
such phoE upregulation, and thus were sulopenem-resistant
[44]. The lack of phoE upregulation in this second group of
K. pneumoniae may be the result of phoE gene repression
in response to antimicrobial pressure [44].

Lastly, microorganisms may develop resistance by com-
bining a few of these aforementioned resistance mecha-
nisms together. An example of this is P. aeruginosa, where
its resistance to sulopenem is conferred by a combination
of three resistance mechanisms [33]. Firstly, P. aeruginosa
possesses chromosomal p-lactamase Amp-C, which can
hydrolyze sulopenem to a limited extent [33]. Secondly, P.
aeruginosa can alter OmpF expression, reducing sulope-
nem permeability across the outer membrane [33]. Thirdly,
P. aeruginosa can express the MexAB-OprM efflux pump
system, which effectively reduces or eliminates sulopenem
access to the periplasmic targets by expelling the compound
[33]. These combined P. aeruginosa mechanisms are also
congruent with P. aeruginosa resistance mechanisms for
ertapenem [53]. It is important to note that alterations in
PBP binding are not responsible for P. aeruginosa resistance
to carbapenems or penems, such as sulopenem [33].

Currently, no data are available regarding in vitro devel-
opment of reduced susceptibility or resistance to sulopenem
from single exposure or multi-exposure studies. In addition,
no data are available assessing the potential impact of sulo-
penem exposure on the normal microbiota. Thus, whether
patients exposed to sulopenem will become colonized
with carbapenem-resistant Enterobacterales or whether
sulopenem-resistant E. coli will occur in clinical practice
is unknown.

5 Microbiology

Tables 4, 5, 6 and 7 show the in vitro activity of sulopenem
and its carbapenem comparators (ertapenem, meropenem,
and imipenem) against Gram-positive and Gram-negative
aerobes and anaerobes, as well as resistant phenotypes of E.
coli and K. pneumoniae, key bacteria involved in UTIs. The
tables display MIC values that were reported most frequently
for each microorganism. Whenever a modal MIC was not
available (e.g., too few isolates), a median MIC was given.
Comparator MICs were derived from sulopenem-related
literature to ensure the same MIC methodology was used,
allowing for accurate comparison. It should be recognized
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that, at this time, neither FDA, CLSI, nor EUCAST break-
points for sulopenem have been established [16].

Table 4 compares the activity of sulopenem against
Gram-positive microorganisms versus ertapenem, merope-
nem, and imipenem [2, 22, 23, 25, 30, 38, 40, 43, 48, 51-53,
56, 57]. Sulopenem activity was either superior (2- to 4-fold
reduction in MICs) or equal to the activity of carbapenems
against all phenotypes of S. pneumoniae [23, 25, 26, 36, 38,
43,51, 53, 57]. Of the three comparators, only imipenem
demonstrated greater activity than sulopenem (two- to four-
fold lower MICs) against Enterococcus faecalis, Listeria
monocytogenes, methicillin-susceptible S. aureus (MSSA),
and Staphylococcus epidermidis [7, 8, 23, 25, 26, 30, 38,
40, 43, 51-53, 56, 57]. Sulopenem activity against Strepto-
coccus agalactiae was reported as identical to meropenem
but slightly lower than ertapenem and imipenem (two- to
four-fold increase in MICs) [26, 43, 51, 53, 56, 57]. Sulope-
nem and all carbapenems demonstrated poor activity against
MRSA [7, 40]. While the MICy, and MIC,, of sulopenem
against Streptococcus pyogenes remained low at 0.03 mg/L,
they were two- to four-fold higher than ertapenem, mero-
penem, and imipenem MICs, and MICy, [25, 26, 38, 43,
51-53, 56, 57].

Table 5 provides activities of sulopenem, ertapenem,
meropenem, and imipenem against Gram-negative aerobes
and anaerobes [2, 7, 8, 17-22, 25, 26, 30, 37, 38, 40, 43,
48, 51-53, 56, 57]. Generally, sulopenem activity against
Gram-negative microorganisms was found to be lower than
ertapenem and meropenem (4- to 32-fold increased MICs)
but greater than imipenem (2- to 4-fold reduction in MICs)
[2, 7,8, 17-22, 25, 26, 30, 37, 38, 40, 43, 48, 51-53, 56,
57]. Exceptions exist for Acinetobacter spp., against which
sulopenem had greater activity over ertapenem (eight-fold
reduction in MICs,) but poorer activity compared with
meropenem and imipenem (two-fold increase in MICs)
[51, 53, 57]. Against Bordatella pertussis and Enterobac-
ter spp., sulopenem demonstrated similar or slightly greater
(two-fold reduction in MICs) activity versus comparators
[21, 26, 37]. Sulopenem demonstrated equivalent or slightly
better activity against E. coli and K. pneumoniae compared
with meropenem (identical MICs;) and imipenem (8-fold
reduction in MICs;) but not ertapenem [2, 7, 8, 17-22,
25, 26, 30, 37, 38, 40, 43, 48, 51-53, 56, 57]. Sulopenem
activity against Proteus vulgaris was found to be similar to
ertapenem and meropenem but greater (16-fold reduction in
MICj, and MIC) than imipenem [25]. As expected, due to
resistance mechanisms described earlier, sulopenem, simi-
lar to ertapenem, is not active against P. aeruginosa, unlike
meropenem and imipenem [2, 8, 23, 25, 26, 30, 38, 40, 43,
51-53, 56, 57].

Table 6 compares the anti-anaerobic activity of sulope-
nem and imipenem and shows that for many Gram-posi-
tive and Gram-negative anaerobes, including Clostridium
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Table 4 In vitro activity (MIC, mg/L) of sulopenem and comparators against Gram-positive microorganisms [2, 22, 23, 25, 30, 38, 40, 43, 48,

51-53, 56, 57]
Organism Sulopenem Ertapenem Meropenem Imipenem
MICs, MIC,, Range MIC;, MICy, MICs, MIC,, MICs, MIC,,
(mg/L) (mg/L)  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Enterococcus faecalis 4 8 025t0>32 8 16 8 8 1 2
Listeria monocytogenes 0.06 0.12 0.06-0.12 0.25 0.5 0.12 0.12 0.03 0.12
Streptococcus agalactiae 0.06 0.06 0.03-0.25 0.03 0.06 0.06 0.06 0.016 0.03
Staphylococcus aureus 0.06 0.12 0.03-0.25 0.12 0.25 0.12 0.25 0.03 0.06
(MSSA)
Staphylococcus aureus 16 64 0.25t0>128 4 32 8 16 8 32
(MRSA)
Staphylococcus epidermidis 0.12 2 0.12to >128 0.25 0.25 0.12 8 0.03 0.5
Streptococcus pneumoniae  0.008 0.06 0.003-0.125 0.016 0.016 <0.016 0.016 0.008 0.008
(PEN-S)
Streptococcus pneumoniae  0.06 0.25 0.03-0.25 0.25 1 0.12 0.5 0.06 0.12
(PEN-I)
Streptococcus pneumoniae  0.25 0.5 0.12-1 1 2 0.5 1 0.5 1
(PEN-R)
Streptococcus pyogenes 0.03 0.03 0.016-0.25  <0.016 <0.016 <0.016 <0.016 <0.008 0.016

MIC minimum inhibitory concentration, MICs, MIC inhibiting growth of 50% of isolates, MICq, MIC inhibiting growth of 90% of isolates,

MSSA methicillin-susceptible Staphylococcus aureus, MRSA methicillin-resistant S. aureus, PEN-S penicillin-susceptible (MIC <0.06 mg/L),
PEN-I penicillin-intermediate (MIC 0.12—1 mg/L), PEN-R penicillin-resistant (MIC >2 mg/L).

difficile, Clostridium perfringens, Bacteroides fragilis,
Bacteroides thetaiotaomicron, Fusobacterium mortiferum,
Gardnerella vaginalis, and Porphyromonas gingivalis, sulo-
penem exhibited identical or two- to four-fold greater activ-
ity than imipenem, while versus others, such as Anaerococ-
cus spp., Bifidobacterium spp., Eggerthella lenta, Finegoldia
magna, Micromonas micros, Peptostreptococcus anaero-
bius, Propionibacterium acnes, and Prevotella spp., sulo-
penem demonstrated two- to eight-fold higher MICs [16, 22,
25, 26, 43,52, 53, 57]. Of note, activity against Lactobacil-
lus spp. was the most variable in terms of MIC differences,
with sulopenem MICs, >8 mg/L (generally considered as
resistant), while for imipenem, the MICs, was 0.06 mg/L
(generally considered as susceptible) [16, 53]. Researchers
reported no evidence that sulopenem selects for C. difficile
or that using sulopenem increases C. difficile colony-forming
units (CFUs) following administration [22].

Table 7 shows the activity of sulopenem and its compara-
tors ertapenem, meropenem, and imipenem against resistant
E. coli and K. pneumoniae [8, 11, 17, 20, 37, 48, 52]. Sulo-
penem activity against E. coli non-susceptible to TMP-SMX,
ciprofloxacin, or both, or those exhibiting ESBL, CTX-M,
Amp-C, or multidrug resistance, as well as K. pneumoniae
producing ESBL or KPC, was found nearly identical (one- to
two-fold difference in MICs) to ertapenem and meropenem

and improved (eight-fold reduction in MICs,) over imipenem
[2,7, 8, 20,37, 52, 53, 56]. Sulopenem, like carbapenems,
was not active against carbapenemase-producing Enterobac-
terales containing KPC, NDM and OXA enzymes (Tables 3
and 7) [8, 11, 17, 20, 37, 41, 48, 52].

Researchers have tested sulopenem MICs in various types
of media, including horse serum, and reported little to no
significant impact on MIC [26]. A potential exception exists
for P. aeruginosa where increasing concentrations of horse
serum was found to lower sulopenem MICs [26]. The effect
of human serum on sulopenem activity was unremarkable
except for E. coli ML4707, where results showed a four-fold
increase in MICs from 0.016 mg/L to 0.06 mg/L as human
serum concentration increased from 0 to 50% [24]. Given
sulopenem is being developed for UTIs, the influence of
pH is of interest. Changes in pH ranging from 5.5 to 8.5
resulted in no notable differences in MICs for E. coli, K.
pneumoniae, P. mirabilis, P. aeruginosa, S. aureus, or Serra-
tia marcescens [26]. The inoculum effect was also minimal
for K. pneumoniae, P. mirabilis, P. aeruginosa, S. aureus,
and S. marcescens, but may exist for E. coli, as increasing
the inoculum from 10* to 108 CFU/mL demonstrated two- to
four-fold MIC increases [26]. As expected, MICs for sulope-
nem matched minimum bactericidal concentrations (MBCs),
confirming its bactericidal activity [26].
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Table 6 In vitro activity (MIC, mg/L) of sulopenem and imipenem against anaerobes [16, 22, 25, 26, 43, 52, 53, 57]

Organism Sulopenem Imipenem
MICs, (mg/L)1 MIC,y, (mg/L)2 Range (mg/L) MICs, (mg/L) MIC,, (mg/L)

Gram-positive
Anaerococcus spp. 0.12 0.25 0.03-1 0.03 0.06
Bifidobacterium spp. 0.25 1 0.06-1 0.03 0.12
Clostridium difficile 2 4 1-4 4 4
Clostridium perfringens <0.03 0.06 <0.03-0.5 0.06 0.12
Clostridium spp. 2 4 0.06-4 1 1
Eggerthella lenta 1 1 1 0.5 0.5
Finegoldia magna 0.12 0.25 <0.03-0.5 0.06 0.12
Lactobacillus spp. >8 >8 0.5 to >8 0.12 2
Micromonas micros 0.12 0.12 0.12-0.25 0.03 0.06
Peptostreptococcus anaerobius 0.5 2 0.12-4 0.06 1
Peptostreptococcus asaccharolyticus <0.03 0.12 <0.03-0.12 <0.03 0.06
Propionibacterium acnes 0.12 0.25 0.12-0.25 0.03 0.03
Gram-negative
Bacteroides distasonis 0.5 1 0.25-1 0.5 1
Bacteroides fragilis 0.06 0.5 <0.016-8 0.25 0.5
Bacteroides ovatus 0.25 0.5 0.25to >1 0.25 0.25
Bacteroides thetaiotaomicron 0.25 0.5 0.06 to >4 0.5 1
Bacteroides spp. 0.5 1 0.25-1 0.5 0.5
Fusobacterium mortiferum 0.5 0.5 0.12-1 0.5 1
Fusobacterium nucleatum <0.016 0.03 <0.016-0.06 0.03 0.06
Fusobacterium varium 0.5 0.5 0.12-0.5 0.5 1
Fusobacterium spp. <0.03 <0.03 <0.016-0.03 0.12 0.5
Gardnerella vaginalis 0.25 0.25 <0.03-0.5 0.25 0.5
Mobiluncus spp. 0.25 0.5 <0.025-0.5 0.25 1
Porphyromonas gingivalis <0.03 0.12 <0.03-0.12 0.06 0.12
Prevotella bivia 0.12 0.25 <0.03 to >1 0.03 0.25
Prevotella buccae 0.12 0.25 0.06-0.25 0.03 0.12
Prevotella intermedia 0.06 0.12 <0.025-0.12 0.03 0.12
Prevotella melaninogenica/Prevotella 0.12 0.25 0.03-0.25 0.03 0.12

denticola
Prevotella spp. 0.06 0.12 0.03-0.12 0.03 0.06

MIC minimum inhibitory concentration, MICs, MIC inhibiting growth of 50% of isolates, MIC,, MIC inhibiting growth of 90% of isolates

6 Pharmacokinetics and Pharmacodynamics

To our knowledge, only one pharmacokinetic study of sulo-
penem in humans [42] has been published to date and no
pharmacodynamic studies. The information in this section
is largely based on preliminary data obtained from confer-
ence proceedings and ClinicalTrials.gov reports. Sulopenem
was initially studied as an SR-stereoisomeric mixture, how-
ever subsequent research and development has been with
the S-isomer [42].

The PKs of intravenous sulopenem appear similar to
carbapenems such as imipenem-cilastatin, meropenem, and
doripenem (Table 8) [53]. Investigations in healthy subjects

reported volumes of distribution (V,) ranging from 15.8 to
27.6 L, with total drug clearances (CLy) of 18.9-24.9 L/h
and elimination half-lives (#,,) of 0.88—1.03 h [42, 58]. The
estimated renal clearance (CLy) of sulopenem was 8.0-10.6
L/h [42, 58], and in one study, 35.5% + 6.7% of a 1000
mg dose was recovered unchanged in the urine [42]. In
the abstract by Hazra-Raybon et al., the t,, of sulopenem
increased from 1.0 h in subjects with creatinine clearances
(CrCL) >80 mL/min to 2.3 h in those with CrCL <30 mL/
min [58]. In subjects with normal renal function, the maxi-
mum plasma concentration at the end of the infusion (C,,,,)
and area under the plasma concentration versus time curve
(AUC) following a 1000 mg dose of sulopenem infused over

A\ Adis



G. G. Zhanel et al.

Table 7 In vitro activity (MIC, mg/L) of sulopenem and comparators against Escherichia coli and Klebsiella pneumoniae with various pheno-

types [8, 11, 17, 20, 37, 48, 52]

Phenotype Sulopenem Ertapenem Meropenem Imipenem
MICs, MIC,, Range MICy, MIC,, MICs, MIC,, MICs, MIC,,
(mg/L) (mg/L)  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)  (mg/L) (mg/L)
Esherichia coli
TMP-SMX non-susceptible 0.03 0.06 0.016-0.12  0.03 0.03 <0.03 <0.03 0.25 0.25
Ciprofloxacin non-susceptible 0.03 0.06 0.016-0.12  0.03 0.03 <0.03 <0.03 0.25 0.25
TMP-SMX and ciprofloxacin  0.03 0.06 0.016-0.12  0.03 0.03 <0.03 <0.03 0.25 0.25
non-susceptible
MDR* 0.03 0.06 0.016-4 0.03 0.03 <0.03 <0.03 0.25 0.25
ESBL producers 0.03 0.06 0.016-0.25  0.03 0.25 0.03 0.06 0.25 0.5
CTX-M producers 0.06 0.125 0.016-0.125 0.03 0.25 0.03 0.06 0.25 0.5
Amp-C-positive 0.06 0.25 0.0164 0.03 0.25 <0.06 0.06 0.25 0.5
Klebsiella pneumoniae
ESBL producers 0.06 0.25 0.03to >8 0.06 0.5 0.06 0.12 0.5 1
KPC producers 32 32 4 to >64 32 64 32 64 32 64

MIC5, minimum inhibitory concentration (mg/L) inhibiting growth of 50% of isolates, MIC,, minimum inhibitory concentration (mg/L) inhibit-
ing growth of 90% of isolates, MDR multidrug-resistant, TMP-SMX trimethoprim-sulfamethoxazole, ESBL extended spectrum f-lactamases,

KPC Klebsiella pneumoniae carbapenemase

“Defined as non-susceptible to three or more antibiotics from separate classes

10 min were 69.8 + 4.3 mg/L and 54.1 + 7.9 mg X h/L,
respectively [42]. In another study, the mean C,,,, was 17.7
mg/L and AUC was 32.3 mg X h/L with an 800 mg dose
infused over 90 min [58]. In the report by Gootz et al., the
protein binding of sulopenem in pooled human serum was
10% at a concentration of 20 mg/L [39].

An ester prodrug, sulopenem etzadroxil, was developed
for oral administration. Initial investigations estimated an
oral bioavailability of 20-34% under fasted conditions
[15], however subsequent work showed that bioavailability
could be improved by administering sulopenem with food
to increase its oral absorption, or with probenecid to reduce
its renal tubular secretion (Table 9). Dunne et al. reported
that food consumption increased the AUC of oral sulopenem
(500 mg twice daily) by 23.6% when administered alone and
62% when administered with 500 mg of probenecid [32]. In
the study by Chandra et al., the AUC following an oral dose
of sulopenem (600 mg, fasted) was 34% higher when admin-
istered with 500 mg of probenecid and 66.9% higher when
administered with 1000 mg of probenecid [15]. Dunne et al.
reported similar results where coadministering sulopenem
and probenecid (500 mg each, fasted) increased the AUC of
sulopenem by 28% [31]. Another study by the same authors
showed that probenecid (500 mg) had a greater effect under
fed conditions, where the AUC with an oral dose of sulo-
penem (500 mg) was only 7.3% higher when fasted com-
pared with 40.7% higher when fed [32]. Currently, there is
no published information on the bioavailability of specific
formulations intended for clinical use.
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Finally, Forrest et al. used plasma concentrations from
24 healthy subjects to develop population pharmacokinetic
models for intravenous and oral sulopenem [50]. Intra-
venous doses ranged from 400 to 2800 mg infused over
60 min, whereas oral doses ranged from 600 to 1200 mg
under fasted conditions, with and without probenecid (1000
mg). Intravenous sulopenem was best described by a two-
compartment model with a central volume of 16.1 L (3.1%
residual standard error [RSE]), peripheral volume of 3.9 L
(8.1% RSE), and intercompartmental clearance of 2.71 L/h
(12% RSE). The central clearance was described by (inter-
cept — slope*dose), where the intercept was 26.8 L/h (5.5%
RSE) and slope was 0.00252 L/h/mg (22% RSE). Oral sulo-
penem was characterized by a one-compartment model with
first-order absorption and elimination. The pharmacokinetic
estimates included an absorption rate constant of 0.78 h™!
(6.8% RSE), central volume/F of 90.7 L (15% RSE), and
CL./F of 122 L/h (7.4% RSE) without probenecid and 71.4
L/h (7.6% RSE) with probenecid.

Like carbapenems, sulopenem demonstrates bactericidal
activity [48] that is associated with the percentage of time
that free concentrations exceed the MIC (%f T > MIC). The
activity of sulopenem in urine was also studied in healthy
subjects who received a 500 mg oral dose followed by 2 h
of urine collection [35]. The urine samples were inoculated
with a reference E. coli isolate (MIC = 0.015 mg/L), ESBL-
producing E. coli (MIC = 0.03 mg/L), Amp-C-positive E.
coli (MIC = 0.12 mg/L), or OXA-48-positive S. pneumo-
niae (MIC = 16 mg/L) and incubated for 24 h. Sulopenem
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concentrations in urine were highly variable, ranging from
21.8 mg/L to 420.0 mg/L (median 84.4 mg/L) in fasted
subjects and 28.8 mg/L to 609.0 mg/L (median 87.3 mg/L)
in those who were fed. Bactericidal activity was observed
against all isolates that were tested.

There are limited pharmacodynamic data and no pub-
lished studies on the optimal %f T > MIC thresholds for
sulopenem activity. Girard et al. tested sulopenem against
single isolates of penicillin-resistant S. pneumoniae and
ESBL-producing K. pneumoniae in an immunosuppressed
murine thigh infection model [49]. The reduction in CFUs
per thigh at 24 h best correlated with %f T >MIC (R*> =
0.84), compared with f AUC/MIC (R* = 0.45) or f CpaxMIC
(R? = 0.45). For S. pneumoniae, bacteriostasis and 3-log
bacterial kill were associated with %f T > MICs of 11.6%
and 14.6%, respectively, while for K. pneumoniae, bacte-
riostasis and 2-log, kill was observed at %f T > MICs of
16.4% and 20.2%, respectively. The investigators studied the
same isolates in an immunocompetent murine thigh infec-
tion model [50]. Overall, bacteriostasis was associated with
%f T >MICs ranging from 8.6 to 17%, whereas 2-log, kill
was seen at values ranging from 12 to 28% [50].

7 Animal Models

The in vivo efficacy of sulopenem has been assessed in a
variety of animal models, including guinea pig and murine
systemic and lung infections [22, 23, 26]. Pathogens studied
in these animal models included Acinetobacter calcoace-
ticus, B. fragilis, C. freundii, E. cloacae, E. coli, K. pneu-
moniae, P. vulgaris, S. marcescens, S. aureus, and S. pneu-
moniae, as well as mixed infections combining B. fragilis
and E. coli [22, 23, 26, 40]. Comparator agents included
carbapenems (imipenem, meropenem) and cephalosporins
(cefotiam, ceftazidime, cefuzonam, flomoxef) [22, 23, 26,
40]. It should be noted that the available animal studies were
primarily published in the 1990s, available in Japanese, and
typically did not include robust statistical analysis; there-
fore, confidence intervals (CIs) were commonly used in this
section to evaluate antimicrobial comparisons of efficacy.
Whenever there was overlap in the 95% Cls in the 50% effec-
tive dose (EDs,) values, we depicted the efficacy as similar,
however where there was no overlap, a conclusion of higher
or lower ED5, was made.

In a study of intraperitoneal S. aureus infections, sulo-
penem demonstrated a lower EDs than either meropenem
or ceftazidime, but a higher ED5, compared with imipenem
[26]. In the same study, sulopenem and imipenem displayed
similar EDs, values for S. pneumoniae intraperitoneal infec-
tions, while meropenem and ceftazidime displayed signifi-
cantly increased EDs,, values [26]. No statistically signifi-
cant difference was reported when treating C. freundii, E.

cloacae, E. coli, K. pneumoniae, P. vulgaris, or S. marces-
cens intraperitoneal infections with sulopenem versus imi-
penem [26]. Sulopenem EDjs, values were higher than imi-
penem, similar to meropenem, and lower than ceftazidime in
treating A. calcoaceticus systemic infections [23, 26].
Sulopenem EDs, values were statistically similar to imi-
penem in treating mixed intraperitoneal infections combin-
ing E. coli and B. fragilis; in such infections, both sulopenem
and imipenem reduced the abscess formation rate by 50%
[22, 26]. No statistical difference was reported between sulo-
penem and imipenem in the therapeutic effect, defined as
bacterial inoculum reduction in the lung, using a K. pneumo-
niae guinea pig lung infection model [26]. However, sulope-
nem achieved a significantly (p < 0.01) greater reduction of
the inoculum in the lung compared with second-generation
cephalosporins [26]. In summary, in vivo animal studies have
reported that sulopenem is well tolerated and effective in
treating lung and intraperitoneal infections, including mixed
microbial infections involving abscess formation. These
studies reported that overall, sulopenem was non-inferior to
carbapenems but appeared to be superior to cephalosporins.

8 Clinical Trials

Clinical trials for sulopenem are summarized in Table 10
[13, 14, 45], including three completed phase III trials for
the treatment of uUTI in adult women (NCT03354598) and
cUTT in adults (NCT03357614). Although the focus of this
paper is UTIs, we have added the data on sulopenem treat-
ment of adults with complicated intra-abdominal infection
(cIAI) for completeness (NCT03358576).

8.1 SURE-1

The efficacy and safety of oral sulopenem etzadroxil/
probenecid has been studied for the treatment of uUTI in
adult women in a multicenter, double-blind, randomized,
active-controlled phase III trial (SURE-1, NCT03354598).
A total of 1671 patients were randomly assigned (1:1) to
receive sulopenem etzadroxil/probenecid (500/500 mg)
orally twice daily for 5 days with 3 days of placebo, or
ciprofloxacin (250 mg) orally twice daily for 3 days with 5
days of placebo. Patients enrolled were consenting women
>18 years of age with 24-96 h of symptoms attributable
to a UTI (with at least two of urinary frequency, urinary
urgency, pain or burning on micturition, suprapubic pain)
and a mid-stream urine specimen with a dipstick analysis
positive for nitrite and evidence of pyuria. Patients were
excluded from the study if they had signs or symptoms of
acute pyelonephritis; had a urine culture with more than two
microorganisms or a confirmed fungal UTI; had an indwell-
ing urinary catheter in the previous 30 days; had ileal loops,
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urinary stoma, paraplegia, liver disease, uncontrolled diabe-
tes mellitus or acute gouty attack; were pregnant or unable
to take adequate contraceptive precautions; had a history of
seizures, myasthenia gravis, uric acid kidney stones, blood
dyscrasias, trauma to the pelvis or urinary tract, CrCl <50
mL/min or allergy to the studied antimicrobial classes or
probenecid; were immunocompromised, receiving hemodi-
alysis or peritoneal dialysis or had a renal transplant, receiv-
ing chronic methotrexate therapy or considered unlikely to
survive the 4-week study period, or had a rapidly progressive
or terminal illness associated with a high risk of mortality.
Patients were also excluded if they received effective antimi-
crobial therapy in the past 7 days for uUTI, used concurrent
non-study treatments that could affect outcome evaluations,
were likely to receive ongoing antibacterial prophylaxis fol-
lowing uUTI treatment, required concomitant administration
of tizanidine or valproic acid, or had used any other investi-
gational drug in the 30 days prior to the study.

The primary outcomes of the SURE-1 trial were overall
success (composite of clinical and microbiologic success) at
the test-of-cure assessment (TOC, 12 days following initia-
tion of treatment) in the microbiologic modified intent-to-
treat resistant (micro-MITT R) and microbiologic modified
intent-to-treat susceptible (micro-MITT S) populations.
Overall success was defined as resolution of uUTI symptoms
present at trial entry (with no new symptoms) and eradica-
tion of the pathogen identified at baseline (<1000 CFU/mL
at TOC). The micro-MITT R population included all rand-
omized patients who received at least one dose of study drug
and had a baseline uropathogen that was non-susceptible
(MIC >2 mg/L) to the comparator antimicrobial, ciprofloxa-
cin; this population comprised 286 patients, including 147 in
the sulopenem arm and 139 in the ciprofloxacin arm. Sulo-
penem was superior to ciprofloxacin in the micro-MITT R
population, where overall success at TOC was 62.6% for
sulopenem and 36.0% for ciprofloxacin, a difference of
26.6% (95% CI 15.1, 37.4) (Table 10). The overall response
for sulopenem was consistent at end of treatment (EOT, day
5), final visit (day 28) and among MDR pathogens.

The micro-MITT S population included all randomized
patients who received at least one dose of study drug and
had a baseline uropathogen that was susceptible to cipro-
floxacin; this population comprised 785 patients, includ-
ing 370 in the sulopenem arm and 415 in the ciprofloxacin
arm. Sulopenem was not non-inferior to ciprofloxacin in the
micro-MITT S population, where overall success at TOC
was 66.8% for sulopenem and 78.6% for ciprofloxacin, a
difference of —11.8% (95% CI —18.0, —5.6). The difference
in outcome was the result of a lower rate of asymptomatic
bacteriuria (resulting in microbiologic failure) at TOC in
the ciprofloxacin arm (n = 16, 3.9%) in comparison with the
sulopenem arm (n = 47, 12.7%).

fSURE-2 micro-MITT population = all randomized patients who received at least one dose of study drug and had a positive urine culture (>100,000 CFU/mL of a uropathogen, no more than

two species of a uropathogen >100,000 CFU/mL) within 48 h prior to the first dose of study drug, and patients who had one of the uropathogens isolated from baseline blood culture, regardless

of the baseline urine culture result
£Clinical success was defined as resolution of symptoms present at study entry and no new symptoms (and without the need for additional antimicrobials or interventions for the SURE-3 trial)

"SURE-3 micro-MITT population = all randomized patients who received at least one dose of study drug and had at least one Gram-negative study pathogen identified at study entry within

intravenous, microMITT modified microbiological intent to treat, PO by mouth, gid four times daily, R resistant, S susceptible, TOC test of cure (12, 21 and 28 days following treatment initiation
48 h prior to first dose and up to 24 h after the first dose, regardless of isolate susceptibilities and regardless of other organisms identified in the culture

bid twice daily, c[Al complicated intra-abdominal infection, cUTI complicated urinary tract infection, EOT end of treatment (last day of study treatment, day 11-14 for the SURE-3 trial), IV
for the SURE-1, SURE-2 and SURE-3 trials, respectively), ¢’ infusion time, uUTI uncomplicated urinary tract infection

#Qverall success was defined as clinical success (resolution of symptoms present at study entry and no new symptoms) AND microbiologic success (eradication of baseline pathogen)
"SURE-1 Micro-MITT R population = all randomized patients who received at least one dose of study drug and had a baseline uropathogen that was non-susceptible to ciprofloxacin

°SURE-1 Micro-MITT S population = all randomized patients who received at least one dose of study drug and had a baseline uropathogen that was susceptible to ciprofloxacin

¢SURE-1 Micro-MITT = all randomized patients who received at least one dose of study drug and had a baseline uropathogen

Adapted from Dunne et al. [13, 14] and Iterum Therapeutics [45]
dMicrobiological success was defined as eradication of the baseline pathogen (<1000 CFU/mL at TOC)

Table 10 (continued)
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A secondary endpoint in the SURE-1 trial was microbio-
logic success in the micro-MITT R population at TOC. Sulo-
penem was superior to ciprofloxacin in the micro-MITT R
population, where microbiologic success at TOC was 74.1%
for sulopenem and 49.6% for ciprofloxacin, a difference of
24.5% (95% CI 13.4, 35.1). An additional endpoint was
overall success in the micro-MITT population at TOC. The
complete micro-MITT population included all randomized
patients who received at least one dose of study drug with a
baseline uropathogen, regardless of fluoroquinolone suscep-
tibility; this population comprised 1071 patients, including
517 in the sulopenem arm and 554 in the ciprofloxacin arm.
Sulopenem was non-inferior to ciprofloxacin in the micro-
MITT population, where overall success at TOC was 65.6%
for sulopenem and 67.9% for ciprofloxacin, a difference of
—2.3% (95% CI —17.9, 3.3). Adverse events observed in the
SURE-1 study will be discussed in Sect. 9.

Based on the SURE-1 results, on 23 July 2021 the FDA
gave Iterum a Complete Response Letter (CRL) for its
New Drug Application (NDA) for sulopenem etzadroxil/
probenecid (oral sulopenem) [https://www.iterumtx.com,
23 July 2021]. The CRL stated that the FDA has completed
its review of the NDA and has determined that it cannot
approve the NDA in its present form. In the CRL, the FDA
acknowledged that the phase III SURE-1 clinical trial dem-
onstrated statistical significance in difference in the overall
response rate of oral sulopenem compared with ciprofloxacin
in the ciprofloxacin-resistant population. However, the FDA
determined that additional data were necessary to support
approval for the treatment of adult women with uncompli-
cated UTIs caused by designated susceptible microorgan-
isms proven or strongly suspected to be non-susceptible
to a fluoroquinolone. The FDA recommended that Iterum
conduct at least one additional adequate and well-controlled
clinical trial, potentially using a different comparator drug.
Additionally, the FDA recommended that Iterum conduct
further non-clinical investigations to determine the opti-
mal dosing regimen, although the FDA stated that this rec-
ommendation does not raise an approvability issue. After
a meeting with the FDA, Iterum stated that they are cur-
rently evaluating the optimal design for an additional phase
III uncomplicated UTI study to be conducted prior to the
potential resubmission of the NDA.

8.2 SURE-2

The efficacy and safety of intravenous sulopenem followed
by oral sulopenem etzadroxil/probenecid has been studied
for the treatment of cUTI in adults in a multicenter, double-
blind, double-dummy, randomized, active-controlled phase
III trial (SURE-2, NCT03357614) [14]. A total of 1395
patients were randomly assigned (1:1) to receive sulopenem
(1000 mg) administered intravenously once daily (infused

A\ Adis

over 3 h) for a minimum of 5 days followed by sulopenem
etzadroxil/probenecid (500/500 mg) orally twice daily to
complete 7-10 days of treatment, or ertapenem (1000 mg)
administered intravenously once daily (infused over 30 min)
for a minimum of 5 days followed by ciprofloxacin (500
mg) orally twice daily to complete 7-10 days of treatment
(or amoxicillin-clavulanate [S00 mg] orally twice daily if
the baseline pathogen was non-susceptible to ciprofloxacin)
(Table 10). Patients enrolled were consenting adults >18
years of age with >24 h of urinary symptoms attributable
to a UTT (with at least two of the following: rigors, chills or
fever/hypothermia; flank or pelvic pain; nausea or vomiting;
dysuria, urinary frequency or urinary urgency; costoverte-
bral angle tenderness on physical examination), clinically
documented pyelonephritis with normal anatomy or cUTI
(as defined by one or more of the following: the presence of
an indwelling catheter; >100 mL of residual urine after void-
ing; neurogenic bladder; obstructive uropathy due to neph-
rolithiasis, tumor or fibrosis; azotemia due to intrinsic renal
disease; urinary retention in men possibly due to benign
prostatic hypertrophy; surgically modified or abnormal uri-
nary tract anatomy), and a mid-stream urine specimen with
a dipstick analysis positive for nitrite and evidence of pyuria.
Patients were excluded from the study if they had uUTI;
an ertapenem-resistant organism isolated from the urine
culture within the last year; high risk of cUTI caused by
Pseudomonas spp.; a severe structural or functional urinary
tract abnormality responsible for an intractable infection
that, in the opinion of the investigator, would require >10
days of therapy or post-treatment prophylaxis; cUTI associ-
ated with complete obstruction, emphysematous pyelone-
phritis, known or suspected renal or perinephric abscess or
expected to require surgical intervention to achieve cure; had
hypotension with systolic blood pressure [BP] <90 mmHg,
chronic indwelling catheters/stents, ileal loops, vesico-ure-
thral reflux, paraplegia/quadriplegia, renal transplantation,
prostatitis or acute gouty attack; were pregnant, breastfeed-
ing or unable to take adequate contraceptive precautions, or
were unwilling to use effective barrier contraception dur-
ing the study and 14 days post-treatment if male; had a his-
tory of liver disease, kidney disease, neutropenia, seizures,
myasthenia gravis, uric acid kidney stones, blood dyscrasias,
trauma to the pelvis or urinary tract in the past 30 days or
allergy/hypersensitivity to the studied antimicrobial classes
or probenecid; were immunocompromised, required dialy-
sis, receiving chronic methotrexate therapy or considered
unlikely to survive the 4-week study period, or had a rapidly
progressive or terminal illness associated with a high risk of
mortality. Patients were also excluded if they received effec-
tive antimicrobial therapy for cUTI for a continuous duration
>24 h in the prior 72 h, required concomitant administra-
tion of tizanidine or valproic acid, were participating in any
other clinical study that involved the administration of an
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investigational medication, or were unlikely to comply with
the study protocol.

The primary outcome of the SURE-2 trial was overall
success (composite of clinical and microbiologic success)
at the TOC assessment (21 days following initiation of
treatment) in the micro-MITT population. Overall success
was defined as complete resolution of cUTI symptoms pre-
sent at trial entry (with no new symptoms) and eradication
of the pathogen identified at baseline (<1000 CFU/mL at
TOC). The micro-MITT population included all randomized
patients who received at least one dose of study drug and had
a positive urine culture (>100,000 CFU/mL of a uropatho-
gen, no more than two species of a uropathogen >100,000
CFU/mL) within 48 h prior to the first dose of study drug,
and patients who had one of the uropathogens isolated from
baseline blood culture, regardless of the baseline urine cul-
ture result. The micro-MITT population comprised 884
patients, including 444 in the sulopenem arm and 440 in
the ertapenem arm. Intravenous sulopenem followed by oral
sulopenem etzadroxil was not non-inferior to ertapenem fol-
lowed by oral stepdown therapy; overall success at TOC
was 67.8% for sulopenem and 73.9% for ertapenem, a dif-
ference of —6.1% (95% CI —12.0, —0.1) [Table 10]. This
fell short of non-inferiority, which required that the lower
limit of the difference in the outcome rates be greater than
—10%. The difference in outcome was a result of a lower rate
of asymptomatic bacteriuria (microbiologic failure) occur-
ring between EOT and TOC in the ertapenem arm, particu-
larly in those patients with a fluoroquinolone-susceptible
isolate receiving oral ciprofloxacin as stepdown therapy. No
difference in overall success was noted at EOT (86.7% for
sulopenem and 88.9% for ertapenem, a difference of —2.2%
[95% CI —6.5, 2.2]). Intravenous sulopenem followed by oral
sulopenem etzadroxil (or intravenous sulopenem alone) per-
formed well at TOC in comparison with ertapenem followed
by oral amoxicillin/clavulanate (or intravenous ertapenem
alone) for patients infected with quinolone non-susceptible
strains (overall success of 70.4% for sulopenem and 63.2%
for ertapenem, a difference of 7.2% [95% CI —2.7, 16.8]).

Secondary endpoints in the SURE-2 trial included micro-
biologic success and clinical success in the micro-MITT
population at TOC. Microbiologic success at TOC was
71.2% for sulopenem and 78.0% for ertapenem, a difference
of —6.8% (95% CI —12.5, —1.1). Clinical response at TOC
was similar between both treatment arms (89.4% for sulope-
nem and 88.4% for ertapenem, a difference of 1.0% [95% CI
—3.1, 5.1]). Adverse events observed in the SURE-2 study
will be discussed in Sect. 9.

From these data, it is clear that clinical data are required
to fully assess the clinical efficacy and safety of sulopenem,
especially in patients with cUTI caused by resistant patho-
gens such as ESBL-producing, Amp-C and MDR E. coli.

8.3 SURE-3

The efficacy and safety of intravenous sulopenem fol-
lowed by oral sulopenem etzadroxil/probenecid has been
studied for the treatment of cIAI in adults in a multicenter,
double-blind, randomized, active-controlled phase III trial
(SURE-3, NCT03358576) [45]. A total of 674 patients were
randomly assigned (1:1) to receive sulopenem (1000 mg)
administered intravenously once daily (infused over 3 h) for
a minimum of 5 days followed by sulopenem etzadroxil/
probenecid (500/500 mg) orally twice daily to complete
7-10 days of treatment, or ertapenem (1000 mg) admin-
istered intravenously once daily (infused over 30 min) for
a minimum of 5 days followed by ciprofloxacin (500 mg)
orally twice daily plus metronidazole (500 mg) orally four
times daily to complete 7—10 days of treatment. If the patient
had a causative pathogen non-susceptible to ciprofloxacin,
amoxicillin-clavulanate (875 mg) orally twice daily was
used instead of ciprofloxacin (Table 10). Patients enrolled
were consenting adults >18 years of age with either intra-
or postoperative enrollment with visual confirmation of an
IAI associated with peritonitis, including at least one of the
following: cholecystitis with gangrenous rupture or perfo-
ration or progression of the infection beyond the gallblad-
der wall, diverticular disease with perforation or abscess,
appendiceal perforation or peri-appendiceal abscess, trau-
matic perforation of the intestines, only if operated on >12 h
after perforation occurred, secondary peritonitis (but not
spontaneous bacterial peritonitis associated with cirrhosis
and chronic ascites) or intra-abdominal abscess (including
of liver or spleen provided that there was extension beyond
the organ with evidence of intraperitoneal involvement); or
preoperative enrollment where one of the following surgical
procedures are planned within 24 h prior to the first dose of
study drug: open laparotomy, percutaneous drainage of an
intra-abdominal abscess or laparoscopic surgery. Patients
enrolled also had specimens from the surgical intervention
sent for culture, evidence of systemic inflammatory indica-
tors (with at least one of the following: fever [body tempera-
ture >38 °C] or hypothermia with a core body temperature
<35 °C, elevated white blood cell count [>12,000 cells/
mm?], drop in BP [systolic BP <90 mmHg without pressor
support], increased heart rate [>90 bpm] and respiratory
rate [>20 breaths/min], hypoxia [oxygen saturation <90%
on room air]) and physical findings or symptoms consist-
ent with IAI (with one or more of the following: abdominal
pain and/or tenderness, with or without rebound; localized
or diffuse abdominal wall rigidity; abdominal mass; nausea/
vomiting; altered mental status).

Patients were excluded from the study if they were diag-
nosed with traumatic bowel perforation undergoing surgery
within 12 h, perforation of gastroduodenal ulcers undergo-
ing surgery within 24 h, or had surgery including staged
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abdominal repair, ‘open abdomen’ technique or marsupi-
alization; had abdominal wall abscess or bowel obstruction
without perforation, ischemic bowel without perforation,
simple or gangrenous cholecystitis without rupture, sim-
ple appendicitis, acute suppurative cholangitis, infected
necrotizing pancreatitis, pancreatic abscess, perinephric
infections, an indwelling peritoneal dialysis catheter, acute
gouty attack, known inflammatory bowel disease, Clostridi-
oides difficile-associated diarrhea, a body mass index >45
kg/m? or an APACHE II score >30; had a cIAI at study entry
due to fungus, parasites, virus or tuberculosis, or caused
by pathogens known to be resistant to study antimicrobi-
als, or a concurrent infection that may interfere with the
study evaluation; received systemic antimicrobial therapy
in the 72 h prior to study entry {unless (1) the patient
had a new infection [not a treatment failure] and received
<24 h of total prior therapy and one or fewer doses of a
treatment postoperatively administered not more than 6 h
following the procedure; or (2) the patient did not respond
to the previous treatment, provided the following criteria
were met: the regimen had been administered for >72 h
and was judged to have been inadequate, the patient had
an operative intervention that was just completed or was
intended <24 h after study entry, findings of infection were
documented at surgery, specimens for bacterial cultures and
susceptibility testing were taken at surgery, and no further
non-study antimicrobials were administered after rand-
omization}; were pregnant, breastfeeding or unable to take
adequate contraceptive precautions, or were unwilling to
use effective barrier contraception during the study and 14
days post-treatment if male; had a history of acute hepatitis
in the recent past (3 months prior to study entry), chronic
hepatitis, cirrhosis, acute hepatic failure, acute decompen-
sation of chronic hepatic failure, epilepsy/seizure disorders,
uric acid kidney stones, blood dyscrasias or allergy/hyper-
sensitivity to the studied antimicrobial classes or probene-
cid; were immunocompromised, required hemodialysis or
peritoneal dialysis, receiving chronic methotrexate therapy
or considered unlikely to survive the 4-week study period
or had a rapidly progressive or terminal illness associated
with a high risk of mortality; or were known to have any of
the following laboratory values: hematocrit <25% or hemo-
globin <8 g/dL, absolute neutrophil count <1000/mm?,
platelet count <75,000/mm?>, bilirubin >3 x the upper limit
of normal (ULN) [unless the value was directly related to
the acute infection or known Gilbert’s disease], estimated
CrCl <50 mL/min, or alanine aminotransferase, aspartate
aminotransferase or alkaline phosphatase >3 X ULN val-
ues at screening (up to 5.0 X ULN were eligible if acute
and documented as being directly related to the infection
being treated). Patients were also excluded if they required
effective concomitant systemic antimicrobials or antifungals
in addition to the study compounds (except vancomycin,

A\ Adis

linezolid, or daptomycin if started for known or suspected
MRSA or Enterococcus spp.), were participating in any
other clinical study in the 30 days prior to enrollment that
involved the administration of an investigational medica-
tion, or had previously been treated with sulopenem, were
unlikely to comply with the study protocol, were unlikely to
respond to 10-14 days of antimicrobial treatment, or were in
a situation/had a condition that may interfere with optimal
study participation.

The primary outcome of the SURE-3 trial was clinical
success at the TOC assessment (28 days following initiation
of treatment) in the micro-MITT population. Clinical suc-
cess was defined as resolution of signs and symptoms of the
index infection (with no new symptoms), without the need
for additional antimicrobials or interventions. The micro-
MITT population included all randomized patients who
received at least one dose of study drug and had at least one
Gram-negative pathogen identified at study entry (irrespec-
tive of isolate susceptibilities). Patients with a bacterial spe-
cies not expected to respond to any of the study antimicrobi-
als were excluded. The micro-MITT population comprised
515 patients, including 249 in the sulopenem arm and 266
in the ertapenem arm. Intravenous sulopenem followed by
oral sulopenem etzadroxil was not non-inferior to ertapenem
followed by oral stepdown therapy; clinical success at TOC
was 85.5% for sulopenem and 90.2% for ertapenem, a dif-
ference of —4.7% (95% CI —10.3, 1.0). This fell short of
non-inferiority, which required that the lower limit of the
difference in the outcome rates be greater than —10%. A sec-
ondary outcome was clinical success at the EOT assessment
(11-14 days following initiation of treatment) in the micro-
MITT population. Clinical success at EOT was 83.5% for
sulopenem and 85.3% for ertapenem, a difference of —1.8%
(95% CI —8.1, 4.5). Adverse events observed in the SURE-3
study will be discussed in Sect. 9.

9 Adverse Effects

The safety and tolerability of sulopenem has been reported
in three phase I pharmacokinetic studies and three phase III
clinical trials [13-15, 31, 32, 45]. Adverse effects reported
in comparative phase III clinical trials are shown in Table 11
[13, 14, 45].

An initial pharmacokinetic study assessed the safety of
oral sulopenem in two separate groups of subjects [15]. First,
the safety of escalating doses of sulopenem (400-2000 mg)
was assessed in nine healthy adult subjects in a fasted state.
Second, the safety of sulopenem administered in combina-
tion with probenecid was assessed. Four healthy adults in a
fasted state received sulopenem alone (600 mg), and in com-
bination with probenecid (500 mg, 1000 mg). Treatment-
emergent adverse events (TEAEs) were all mild in severity
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and included abdominal pain, diarrhea, nausea, dysgeusia
and headache. There were no deaths, serious adverse events
(SAEs) or discontinuations due to TEAEs reported in either
group. The investigators reported no clinically significant
changes in vital signs, telemetry, ECGs or clinical labora-
tory test findings.

A second phase I pharmacokinetic study assessed the
effects of food and probenecid on the safety and tolerability
of sulopenem etzadroxil [32]. Subjects were administered
500 mg of sulopenem etzadroxil twice daily under either
fed or fasted conditions, and with or without the coadmin-
istration of 500 mg of probenecid (16 subjects per group).
TEAEs occurred in 12, 10, 12 and 13 subjects in the fed with
probenecid, fed without probenecid, fasted with probenecid
and fasted without probenecid treatment groups, respec-
tively, of which 10, 8, 11 and 13 were drug-related. No
SAEs were recorded and only one TEAE (in the fed with
probenecid group) resulted in premature discontinuation of
the study. The most frequent TEAE was diarrhea, which
was mild, self-limited and not associated with discontinu-
ation of treatment. Diarrhea occurred in two subjects each
who were fed with probenecid, fed without probenecid and
fasted with probenecid, and three subjects who were fasted
without probenecid.

A final phase I pharmacokinetic study assessed the safety
and tolerability of a single dose of sulopenem etzadroxil
with or without probenecid [31]. Twenty-four healthy male
and female subjects (12 of each) were randomized to receive
a single dose of sulopenem etzadroxil (500 mg oral sus-
pension) with or without probenecid (500 mg). Only two
TEAE:s occurred, in subjects who did not receive probene-
cid, although neither was drug-related and both were mild.
Specific information on the two events was not available.
No severe TEAEs, SAEs or discontinuations of study drug
were reported.

In the SURE-1 phase III clinical trial, the safety of oral
sulopenem etzadroxil was evaluated against oral ciprofloxa-
cin for the treatment of uUTI in women [13]. Of the subjects
receiving sulopenem and ciprofloxacin, 24.8% (207/833) and
13.9% (115/827) experienced a TEAE, respectively, includ-
ing 142 and 51 drug-related events. TEAEs affecting >1%
of patients were (from most to least common) diarrhea, nau-
sea, headache, vomiting and dizziness. Diarrhea was more
common in the sulopenem treatment group in comparison
with ciprofloxacin (12.4% [103/833] and 2.5% [21/827],
respectively), while the remainder were similar in occur-
rence between treatment groups (Table 11). SAEs occurred
in 0.7% (6/833) and 0.2% (2/827) of patients treated with
sulopenem and ciprofloxacin, respectively, including one
drug-related event (angioedema) in the sulopenem group.
Discontinuation of study therapy occurred due to a TEAE
in 1.6% (13/833) and 1.0% (8/827) of patients treated with
sulopenem and ciprofloxacin, respectively, however only one

subject (in the ciprofloxacin arm) had an SAE leading to
discontinuation of the study. One subject in the sulopenem
arm died due to lung cancer, which was unrelated to the
study drug. The investigators concluded that sulopenem was
well-tolerated with a favorable safety profile [59].

The SURE-2 clinical trial evaluated the safety of intra-
venous sulopenem followed by oral sulopenem etzadroxil/
probenecid stepdown therapy in comparison with intrave-
nous ertapenem followed by oral ciprofloxacin or amoxicil-
lin/clavulanate stepdown therapy for the treatment of cUTI
in adults [14]. In the sulopenem treatment group, 14.8% of
subjects (103/695) experienced a TEAE, including 72 and
42 events due to intravenous and oral therapy, respectively.
Forty-two subjects (6.0%) in the sulopenem group had a
drug-related TEAE, including 32 and 13 events due to intra-
venous and oral therapy, respectively. In comparison, 16.1%
of subjects in the ertapenem group (112/697) experienced
a TEAE, including 94 and 27 events due to intravenous and
oral therapy, respectively. Sixty-four subjects (9.2%) in the
ertapenem group had a drug-related TEAE, including 52
and 13 events due to intravenous and oral therapy, respec-
tively. Discontinuation of the study drug due to a TEAE
occurred for 3 (0.4%) and 4 (0.6%) subjects in the sulope-
nem and ertapenem groups, respectively. TEAEs affecting
>1% of patients included headache, diarrhea and nausea,
and were similar in occurrence between treatment groups
(Table 8). SAEs occurred in 2.0% (14/695) and 0.9% (6/697)
of patients treated with sulopenem and ertapenem, respec-
tively, including no drug-related events. No SAEs led to
discontinuation of the study drug or from the study, how-
ever two subjects in the sulopenem arm had an SAE leading
to death, although they were unrelated to the study drug.
Overall, the investigators concluded that sulopenem, both
intravenous and oral, was well tolerated.

In the SURE-3 trial, the safety of intravenous sulopenem
followed by oral sulopenem etzadroxil/probenecid stepdown
therapy was evaluated in comparison with intravenous ertap-
enem followed by oral ciprofloxacin or amoxicillin/clavu-
lanate stepdown therapy for the treatment of cIAl in adults
[45]. TEAEs were observed in 6.0% and 5.1% of patients
receiving sulopenem and ertapenem, respectively, with the
most reported drug-related adverse event being diarrhea
(4.5% and 2.4%, respectively) [Table 11]. SAEs unrelated
to study treatment were seen in 7.5% and 3.6% of patients
in the sulopenem and ertapenem treatment groups, respec-
tively. Discontinuations of the treatment/study were uncom-
mon, only seen in 1.5% of patients receiving sulopenem and
2.1% of patients receiving ertapenem.
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10 Drug Interactions

Limited information is currently available regarding specific
drug interactions with sulopenem.

As previously discussed, administering probenecid
in combination with sulopenem etzadroxil was found to
increase sulopenem plasma concentrations and time over
MIC [15, 31, 32]. Although probenecid decreases renal
excretion of p-lactams, resulting in an increase in plasma
concentration [60], urine concentrations of sulopenem
exceeded that of plasma and were sustained above the MICy,
for 8—12 h postdose [32].

Similar to other carbapenem antimicrobials, one would
expect that sulopenem would decrease serum concentrations
of valproic acid. A retrospective study on the interactions
of various carbapenems (ertapenem, meropenem, imipe-
nem/cilastatin) with valproic acid reported a 60% reduction
in valproic acid serum concentration within 24 h of initial

carbapenem administration [61]. The authors noted that
some compounds had a higher impact (ertapenem, merope-
nem) on valproic acid concentrations than others (imipenem/
cilastatin) [61]. It is unknown at this time whether sulope-
nem will have a higher or lower impact.

11 Place in Therapy

Sulopenem is an intravenous and oral penem being developed
for the treatment of uncomplicated and complicated UTIs.
In vitro studies have reported that sulopenem is a broad-
spectrum agent with activity versus both gram-positive and
gram-negative bacteria. Sulopenem activity against E. coli
carrying ESBL, CTX-M, or Amp-C enzymes, or demonstrat-
ing MDR phenotypes, as well as against ESBL-producing K.
pneumoniae, is nearly identical to ertapenem and merope-
nem. Sulopenem has demonstrated to be an efficacious and
well-tolerated agent in clinical trials treating patients with

Table 11 Adverse effects of sulopenem in comparative phase III clinical trials

Study Treatment dose Adverse effects Patients with
adverse events
[n/N (%)]
SURE-1[13] Experimental: Sulopenem etzadroxil/probenecid, 500/500 mg PO bid x 5 days Diarrhea 103/833 (12.4)
Clinically significant  60/833 (7.2)
Mild 47/833 (5.6)
Nausea 31/833 (3.7)
Headache 18/833 (2.2)
Vomiting 13/833 (1.6)
Dizziness 9/833 (1.1)
Comparator: Ciprofloxacin 250 mg PO bid x 3 days, plus placebo X 5 days Nausea 30/827 (3.6)
Diarrhea 21/827 (2.5)
Clinically significant  10/827 (1.2)
Mild 9/827 (1.1)
Headache 18/827 (2.2)
Vomiting 11/827 (1.3)
Dizziness 5/827 (0.6)
SURE-2 [14]  Experimental: Sulopenem 1000 mg IV (" 3 h) once daily X 5 days minimum, followed Headache 21/695 (3.0)
by sulopenem etzadroxil/probenecid, 500/500 mg PO bid to complete 7-10 days Diarrhea 19/695 (2.7)
Nausea 9/695 (1.3)
Comparator: Ertapenem 1000 mg IV (# 30 min) once daily X 5 days minimum, fol- Diarrhea 21/697 (3.0)
lowed by ciprofloxacin or amoxicillin/clavulanate 500 mg PO bid to complete 7-10  [eadache 15/697 (2.2)
days Nausea 11/697 (1.6)
SURE-3 [45]  Experimental: Sulopenem 1000 mg IV (¢’ 3 h) once daily X 5 days minimum, followed Diarrhea 4.5%*
by sulopenem etzadroxil/probenecid, 500/500 mg PO bid to complete 7-10 days
Comparator: Ertapenem 1000 mg IV (#* 30 min) once daily X 5 days minimum, Diarrhea 2.4%*

followed by ciprofloxacin 500 mg PO bid plus metronidazole 500 mg PO qid, or
amoxicillin/clavulanate 875 mg PO bid to complete 7-10 days

Adapted from Dunne et al. [13, 14] and Iterum Therapeutics [45].
bid twice daily, IV intravenous, PO oral, ¢’ infusion time

 Specific N values for each treatment group were not available
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both uncomplicated (sulopenem etzadroxil with probene-
cid in SURE-1) and complicated (intravenous sulopenem,
stepping down to sulopenem etzadroxil with probenecid in
SURE-2) UTIs. The safety and tolerability of sulopenem has
been reported in various phase I pharmacokinetic studies and
phase III clinical trials. Sulopenem (intravenous and oral)
appears to be well tolerated in healthy subjects, with and
without the coadministration of probenecid, with few seri-
ous drug-related TEAEs reported to date. Sulopenem orally
and/or intravenously represents a potentially well tolerated
and effective option for treating uncomplicated and compli-
cated UTTs, especially in patients with documented or highly
suspected antimicrobial pathogens to commonly used agents
(e.g. fluoroquinolone-resistant E. coli), and in patients with
documented microbiological or clinical failure, or patients
who demonstrate intolerance/adverse effects to first-line
agents. This agent will likely be used orally in the outpatient
setting and intravenously followed by oral stepdown in the
hospital setting. Sulopenem also allows for oral stepdown
therapy in the hospital setting from intravenous non-sulope-
nem therapy. More clinical data are required to fully assess
the clinical efficacy and safety of sulopenem, especially in
patients with cUTI caused by resistant pathogens such as
ESBL-producing, Amp-C and MDR E. coli. Antimicrobial
stewardship programs will need to create guidelines for when
this oral and intravenous penem should be used.

Declarations

Conflicts of interest George G. Zhanel has received research grants
from Iterum Pharmaceuticals. Marianna Pozdirca, Alyssa Golden,
Courtney K. Lawrence, Sheryl Zelenitsky, Liam Berry, Frank Sch-
weizer, Denice Bay, Heather J. Adam, Michael A. Zhanel, Philippe La-
gacé-Wiens, Andrew Walkty, Neal Irfan, Kurt Naber, Joseph P. Lynch
IIT and James A. Karlowsky have declared no conflicts of interest.

Funding The authors are grateful to Iterum Pharmaceuticals for their
assistance with literature retrieval and an unrestricted research grant
to aid in funding Marianna Pozdirca.

Author contributions GGZ: design and concept of the entire manu-
script and drafting all sections; senior and corresponding author. MP:
design and concept of the entire manuscript and drafting all sections.
AG: design and concept of the entire manuscript and drafting all sec-
tions. CKL: design and concept of the entire manuscript and drafting
the Pharmacokinetic/Pharmacodynamic section. SZ: design and con-
cept of the entire manuscript and drafting the Pharmacokinetic/Phar-
macodynamic section. LB: design and concept of the entire manuscript
and drafting the Chemistry and Microbiology sections. FS: design and
concept of the entire manuscript and drafting the Chemistry and Micro-
biology sections. DB: design and concept of the entire manuscript and
drafting the Introduction, Mechanisms of Action and Mechanisms of
Resistance sections. HJA: design and concept of the entire manuscript
and drafting the Microbiology section. MAZ: design and concept of
the entire manuscript and drafting the Introduction, Mechanisms of
Action, Mechanisms of Resistance, Chemistry and Microbiology sec-
tions. PL-W: design and concept of the entire manuscript and drafting
the Animal Models section. AW: design and concept of the entire man-
uscript and drafting the Clinical Trials, Adverse Effects and Place in

Therapy sections. NI: design and concept of the entire manuscript and
drafting the Adverse Effects, Drug Interactions and Place in Therapy
sections. KN: design and concept of the entire manuscript and draft-
ing the Clinical Trials section. JPLIII: design and concept of the entire
manuscript and drafting the Clinical Trials and Place in Therapy sec-
tions. JAK: design and concept of the entire manuscript and drafting
all sections.

Ethical approval Not applicable.

Availability of Data and Material Not applicable.
Consent for publication Not applicable.
Consent for participate Not applicable.

Code availability Not applicable.

References

1. Puttagunta S, Aronin S, Gupta V, Murray J, Dunne M. Impact of
initial inappropriate antibiotic therapy on outcome for uncompli-
cated urinary tract infection due to fluoroquinolone non-suscep-
tible Enterobacteriaceae [abstract plus poster]. American Society
for Microbiology (ASM) MICROBE 2018. Atlanta, GA; 2018.

2. Karlowsky J, Lagacé-Wiens P, Simner P, DeCorby M, Adam H,
Walkty A, et al. Antimicrobial resistance in urinary tract patho-
gens in Canada from 2007 to 2009: CANWARD surveillance
study. Antimicrob Agents Chemother. 2011;55:3169-75.

3. Dunne MW, Snow K, Mehta R. Failure of empiric treatment of
uncomplicated urinary tract infection (UTI) associated with resist-
ant pathogens [abstract no. 4561 plus poster]. American Society
for Microbiology (ASM) MICROBE 2019. San Francisco, CA;
2019.

4. Bader MS, Loeb M, Leto D, Brooks AA. Treatment of urinary
tract infections in the era of antimicrobial resistance and new anti-
microbial agents. Postgrad Med. 2020;132:234-50.

5. Puttagunta S, Aronin S, Gupta V, Murray J, Dunne M. Impact of
initial inappropriate antibiotic therapy on outcome for uncom-
plicated urinary tract infection due to antibiotic non-susceptible
Enterobacteriaceae [abstract plus poster]. American Society for
Microbiology (ASM) MICROBE 2018. Atlanta, GA; 2018.

6. Dunne M, Gupta V, Aronin S, Murray J, Puttagunta S. The preva-
lence of Enterobacteriaceae resistant to all major classes of oral
antibiotics from outpatient urine cultures in the United States and
effect on clinical outcomes [abstract plus poster]. IDWeek 2018.
San Francisco, CA; 2018.

7. Lagacé-Wiens P, Simner P, Forward K, Tailor F, Adam. HJ,
Decorby M, et al. Analysis of 3789 in- and outpatient Escheri-
chia coli isolates from across Canada—results of the CANWARD
2007-2009 study. Diagn Microbiol Infect Dis. 2011;69:314-9.

8. Karlowsky JA, Adam HJ, Baxter MR, Denisuik AJ, Lagacé-Wiens
PRS, Walkty AJ, et al. In vitro activity of sulopenem, an oral
penem, against urinary isolates of Escherichia coli. Antimicrob
Agents Chemother. 2019;63:e01832-e1918.

9. Dunne M, Aronin S, Gupta V, Murray J, Puttagunta S. Impact
of ESBL-positivity and quinolone non-susceptibility on outcome
for inpatients with complicated urinary tract infection: A multi-
center evaluation in the U.S. [abstract plus poster]. In: 28th Euro-
pean Congress of Clinical Microbiology and Infectious Diseases.
Madrid; 2018.

10. Puttagunta S, Gupta V, Murray J, Dunne M. Prevalence of
extended spectrum beta-lactamase producing and quinolone
non-susceptible Enterobacteriaceae in inpatient and outpatient

A\ Adis



G. G. Zhanel et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

settings in the USA from 2011-2017 [abstract no. 400 plus poster].
IDWeek 2017. San Diego, CA; 2017.

. Denisuik AJ, Karlowsky JA, Adam HJ, Baxter MR, Lagacé-Wiens

PRS, Mulvey MR, et al. Dramatic rise in the proportion of ESBL-
producing Escherichia coli and Klebsiella pneumoniae among
clinical isolates identified in Canadian hospital laboratories from
2007 to 2016. J Antimicrob Chemother. 2019;74:vi64-71.
Centers for Disease Control and Prevention. Antibiotic Resistance.
A.R. & Patient Safety Portal. Antibiotic Resistance and Patient
Safety Portal. 2019. https://arpsp.cdc.gov/profile/antibiotic-resis
tance?tab=antibiotic-resistance. Accessed 18 Aug 2021.

Dunne MW, Das A, Akinapelli K, Zelasky MT, Boucher HW,
Aronin SI. Efficacy and safety of oral sulopenem etzadroxil/
probenecid versus oral ciprofloxacin in the treatment of uncom-
plicated urinary uract infections (uWUTI) in adult women: Results
from the SURE-1 trial [abstract plus poster]. IDWeek 2020. Vir-
tual Conference, Online; 2020.

Dunne M, Aronin S. Efficacy and safety of intravenous sulopenem
followed by oral sulopenem etzadroxil/probenecid versus intra-
venous ertapenem followed by oral ciprofloxacin or amoxicillin-
clavulanate in the treatment of complicated urinary tract infec-
tions (cUTI): Results from the SURE-2 trial [abstract plus poster].
IDWeek 2020. Virtual Conference, Online; 2020.

Chandra R, Hazra A, Skogerboe T, Labadie R, Kirby D, Soma
K, et al. Pharmacokinetics (PK), safety and tolerability of single
oral doses of PF-03709270, with and without co-administration of
probenecid (abstract plus poster F1-353). In: 48th Annual ICAAC/
IDSA 46th Annual Meeting. Washington, DC; 2008.

Ednie LM, Appelbaum PC. Antianaerobic activity of sulopenem
compared to six other agents. Antimicrob Agents Chemother.
2009;53:2163-70.

Dunne M, Huband M, Flamm R, Aronin S, Puttagunta S. Pre-
diction of sulopenem activity against Enterobacteriaceae using
ertapenem as a surrogate [abstract plus poster]. American Society
for Microbiology (ASM) MICROBE 2018. Atlanta, GA; 2018.
Zhanel GG, Adam H, Baxter M, Denisuik A, Lagace-Wiens P,
Walkty A, et al. In vitro activity of sulopenem, an oral penem,
against Escherichia coli isolated from urine specimens of patients
across Canada in 2014-2016 [abstract plus poster SUNDAY-568].
American Society for Microbiology (ASM) MICROBE 2018.
Atlanta, GA; 2018.

Dunne M, Puttagunta S, Fisher J, Koeth L. In vitro activity of
sulopenem against resistant Neisseria gonorrhoeae [abstract plus
poster P1705]. In: 29th European Congress of Clinical Microbiol-
ogy & Infectious Diseases. Amsterdam; 2019.

Puttagunta S, Dunne M. Antimicrobial activity of sulopenem
tested against Gram-positive and Gram-negative organisms from
the United States and Europe (2013-2015) [abstract plus poster].
American Society for Microbiology (ASM) MICROBE 2017.
New Orleans, LA; 2017.

Aronin SI, Huband M, Flamm R, Puttagunta S, Dunne M. Sulo-
penem activity against Enterobacteriaceae isolates from patients
with urinary tract infection [abstract plus poster]. American Soci-
ety for Microbiology (ASM) MICROBE 2018. Atlanta, GA; 2018.
Watanabe K, Kato N, Tanaka K, Tanaka Y, Kato H, Ueno K.
In vitro activities of sulopenem, a new parenteral penem, against
anaerobes. Jpn J Antibiot. 1996;49:367-76.

Komoto A, Otsuki M, Nishino T. In vitro and in vivo antibacterial
activities of sulopenem, a new penem antibiotic. Jpn J Antibiot.
1996;49:352-66.

Inoue E, Komoto E, Taniyama Y, Mitsuhashi S. Antibacterial
activity of sulopenem, a new parenteral penem antibiotic. Jpn J
Antibiot. 1996;49:338-51.

Yoshida T, Tateda E, Hiramatsu K, Yokota T. In vitro antibacterial
activity of a new parenteral penem, sulopenem. Jpn J Antibiot.
1996;49:324-37.

A\ Adis

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

. Nagashima M, Goto S, Yoshida T, Matsunaga T, Shimohira H,

Ogawa M. In vitro and in vivo activities of sulopenem compared
with those of imipenem and cephalosporins. Jpn J Antibiot.
1996;49:303-23.

Brenek SJ, Caron S, Chisowa E, Delude MP, Drexler MT, Ewing
MD, et al. Development of a practical and convergent process for
the preparation of sulopenem. Org Process Res Dev Am Chem
Soc. 2012;16:1348-59.

Brenek SJ, Caron S, Chisowa E, Colon-Cruz R, Delude MP,
Drexler MT, et al. Development of a second-generation process
to antibacterial candidate sulopenem. Org Process Res Dev Am
Chem Soc. 2012;16:1338-47.

Hujer K, Hamza N, Hujer A, Perez F, Helfand M, Bethel C,
et al. Identification of a new allelic variant of the Acinetobacter
baumannii cephalosporinase, ADC-7 beta-lactamase: defining a
unique family of class C enzymes. Antimicrob Agents Chemother.
2005;49:2941-8.

Zhanel GG, Adam HJ, Baxter MR, Golden A, Lagacé-Wiens
P, Walkty A, et al. In vitro activity of sulopenem and compara-
tive agents against bacterial pathogens isolated from Canadian
patients with urinary tract infections: CANWARD surveillance
study 2014-2020 [abstract no. 4674 plus poster]. World Microbe
Forum. Online Worldwide; 2021.

Dunne M, Aronin S, Dunzo E, Puttagunta S. A phase 1, rand-
omized, open-label, crossover study in healthy subjects under
fasting conditions of orally administered sulopenem etzadroxil
alone or with probenecid to determine the pharmacokinetics of
sulopenem [abstract plus poster]. IDWeek 2018. San Francisco,
CA;2018.

Dunne M, Dunzo E, Puttagunta S. A phase 1 study to assess
the pharmacokinetics of sulopenem etzadroxil (PF-03709270)
[abstract plus poster]. IDWeek 2017. San Diego, CA; 2017.
Okamoto K, Gotoh N, Nishino T. Pseudomonas aeruginosa
reveals high intrinsic resistance to penem antibiotics: Penem
resistance mechanisms and their interplay. Antimicrob Agents
Chemother. 2001;45:1964-71.

Dunne M, Puttagunta S, Aronin S, Huband M, Flamm R. Post-
antibiotic and sub-inhibitory minimum inhibitory concentration
effects of sulopenem [abstract plus poster P1992]. In: 29th Euro-
pean Congress of Clinical Microbiology & Infectious Diseases.
Amsterdam; 2019.

Dunne M, Morrissey I, de Piano C, Magnet S, Hawser S, Put-
tagunta S. Antimicrobial activity of sulopenem in the urine of
healthy volunteers [abstract plus poster]. In: 28th European Con-
gress of Clinical Microbiology and Infectious Diseases. Madrid;
2018.

Kosowska-Shick K, Ednie LM, McGhee P, Appelbaum PC. Com-
parative antipneumococcal activities of sulopenem and other
drugs. Antimicrob Agents Chemother. 2009;53:2239-47.
Puttagunta S, Aronin S, Huband M, Flamm R, Dunne M. Sulo-
penem activity against Enterobacteriaceae isolates from patients
with urinary tract infection or intra-abdominal infection [abstract
plus poster]. IDWeek 2018. San Francisco, CA; 2018.
Minamimura M, Taniyama Y, Inoue E, Mitsuhashi S. In vitro
antibacterial activity and p-lactamase stability of CP-70,429,
a new penem antibiotic. Antimicrob Agents Chemother.
1993;37:1547-51.

Gootz T, Girard D, Schelkley W, Tensfeldt T, Foulds G, Kel-
logg M, et al. Pharmacokinetic studies in animals of a new par-
enteral penem CP-65,207 and its oral prodrug ester. J Antibiot.
1990;43:422-32.

Hamilton-Miller JMT. Chemical and microbiologic aspects of
penems, a distinct class of beta-lactams: focus on faropenem.
Pharmacotherapy. 2003;23:1497-507.

Chatwin CL, Hamrick JC, Trout REL, Myers CL, Cusick SM,
Weiss WJ, et al. Microbiological characterization of VNRX-5236,


https://arpsp.cdc.gov/profile/antibiotic-resistance?tab=antibiotic-resistance
https://arpsp.cdc.gov/profile/antibiotic-resistance?tab=antibiotic-resistance

Sulopenem: An Intravenous and Oral Penem

42.

43.

44,

45.

46.

47.

48.

49.

50.

a broad-spectrum f-lactamase inhibitor for rescue of the orally
bioavailable cephalosporin ceftibuten as a carbapenem-sparing
agent against strains of Enterobacterales expressing extended-
spectrum f-lactamases and serine carbapenemases. Antimicrob
Agents Chemother. 2021;65:¢0055221.

Foulds G, Knirsch AK, Lazar JD, Tensfeldt TG, Gerber N. Phar-
macokinetics of the penem CP-65,207 and its separate stereoiso-
mers in humans. Antimicrob Agents Chemother. 1991;35:665-71.
Gootz T, Retsema J, Girard A, Hamanaka E, Anderson M,
Sokolowski S. In vitro activity of CP-65,207, a new penem anti-
microbial agent, in comparison with those of other agents. Anti-
microb Agents Chemother. 1989;33:1160.

Kaczmarek FM, Dib-Hajj F, Shang W, Gootz TD. High-level car-
bapenem resistance in a Klebsiella pneumoniae clinical isolate
is due to the combination of blaACT-1 B-lactamase production,
porin OmpK35/36 insertional inactivation, and down-regulation
of the phosphate transport porin PhoE. Antimicrob Agents Chem-
other. 2006;50:3396-406.

Iterum Therapeutics. Iterum Therapeutics announces topline
results from phase 3 clinical trial of oral and IV sulopenem for
the treatment of complicated intra-abdominal infections. 2019.
https://www.iterumtx.com/news/press-releases/detail/29/iterum-
therapeutics-announces-topline-results-from-phase-3. Accessed
11 Jul 2021.

Theuretzbacher U, Bush K, Harbarth S, Paul M, Rex JH, Tac-
conelli E, et al. Critical analysis of antibacterial agents in clinical
development. Nat Rev Microbiol. 2020;18:286-98.

Bush K, Macielag M. New f-lactam antibiotics and p-lactamase
inhibitors. Expert Opin Ther Pat. 2010;20:1277-93.

Huband MD, Gootz TD, Mullins LM, McCurdy SP, Brennan LA,
Penzien JB, et al. In vitro antibacterial activity of sulopenem:
a new oral penem antimicrobial versus recent bacterial clinical
isolates [abstract plus poster F1-344]. In: 48th Annual ICAAC/
IDSA 46th Annual Meeting. Washington, DC; 2008.

Girard D, Finegan S, O’Donnell JP. Pharmacokinetics and phar-
macodynamics of sulopenem in preclinical species [abstract plus
poster A-054]. In: 48th Annual ICAAC/IDSA 46th Annual Meet-
ing. Washington, DC; 2008.

Forrest A, Hazra A, Girard D, O’Donnell J, Hanna D, Ogden
A, et al. PK/PD analysis to select IV sulopenem and oral
PF-03709270 doses for phase 2 trials (abstract plus poster A-034).
In: 48th Annual ICAAC/IDSA 46th Annual Meeting. Washington,
DC; 2008.

Authors and Affiliations

George G. Zhanel'

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Schurek KN, Wiebe R, Karlowsky JA, Rubinstein E, Hoban DJ,
Zhanel GG. Faropenem: review of a new oral penem. Expert Rev
Anti Infect Ther. 2007;5:185-98.

Dalhoft A, Janjic N, Echols R. Redefining penems. Biochem Phar-
macol. 2006;71:1085-95.

Zhanel GG, Wiebe R, Dilay L, Thomson K, Rubinstein E,
Hoban DJ, et al. Comparative review of the carbapenems. Drugs.
2007;67:1027-52.

Zhanel GG, Johanson C, Embil JM, Noreddin A, Gin A, Vercaigne
L, et al. Ertapenem: review of a new carbapenem. Expert Rev Anti
Infect Ther. 2005;3:23-39.

Zhanel G, Lawrence C, Adam H, Schweizer F, Zelenitsky S,
Zhanel M, et al. Imipenem-relebactam and meropenem—vabor-
bactam: two novel carbapenem-f-lactamase inhibitor combina-
tions. Drugs. 2018;78:65-98.

Zhanel GG, Adam HJ, Baxter MR, Fuller J, Nichol KA, Denisuik
AlJ, et al. 42936 pathogens from Canadian hospitals: 10 years
of results (2007-16) from the CANWARD surveillance study. J
Antimicrob Chemother. 2019;74(Suppl 4):vi5-21.

Zhanel GG, Simor AE, Vercaigne L, Mandell L. Imipenem and
meropenem: comparison of in vitro activity, pharmacokinetics,
clinical trials and adverse effects. Can J Infect Dis. 1998;9:215-28.
Hazra-Raybon A, O’Gorman M, Puttagunta S, Soma K, Skoger-
boe T, Fang J, et al. Effect of various degrees of renal impairment
(RI) on the pharmacokinetics (PK) of sulopenem after IV and oral
administration [abstract]. Clin Pharmacol Ther. 2011;89:S26.
Iterum Therapeutics. Iterum Therapeutics announces topline
results from its phase 3 clinical trial of oral sulopenem for the
treatment of uncomplicated urinary tract infections. 2020. https://
www.iterumtx.com/news/press-releases/detail/40/iterum-thera
peutics-announces-topline-results-from-its. Accessed 5 Aug 2021.
Robbins N, Koch SE, Tranter M, Rubinstein J. The history and
future of probenecid. Cardiovasc Toxicol. 2011;12:1-9.

Wu C-C, Pai T-Y, Hsiao F-Y, Shen L-J, Wu F-LL. The effect of
different carbapenem antibiotics (ertapenem, imipenem/cilasta-
tin, and meropenem) on serum valproic acid concentrations. Ther
Drug Monit. 2016;38:587-92.

A study to investigate the pharmacokinetics, safety and tolerability
of an intravenous and oral form of a compound in subjects with
varying degrees of renal impairment and normal renal function—
study results. ClinicalTrials.gov; 2016. https://clinicaltrials.gov/
ct2/show/results/NCT00759564?7cond=NCT00759564&draw=2&
rank=1&view=results. Accessed 6 Sep 2021.

- Marianna Pozdirca? - Alyssa R. Golden' - Courtney K. Lawrence? - Sheryl Zelenitsky? -
Liam Berry? - Frank Schweizer'? . Denice Bay' - Heather Adam'* - Michael A. Zhanel' - Philippe Lagacé-Wiens'* .

4

Andrew Walkty'* - Neal Irfan® - Kurt Naber® - Joseph P. Lynch IIl” - James A. Karlowsky'*

<

George G. Zhanel
ggzhanel @pcsinternet.ca

Clinical Microbiology, Department of Medical Microbiology
and Infectious Diseases, Max Rady College of Medicine,
Rady Faculty of Health Sciences, Health Sciences Centre,
University of Manitoba, MS673-820 Sherbrook Street,
Winnipeg, Manitoba, MB R3A 1R9, Canada

College of Pharmacy, Rady Faculty of Health Sciences,
University of Manitoba, Winnipeg, MB, Canada

Department of Chemistry, Faculty of Science, University
of Manitoba, Winnipeg, MB, Canada

Clinical Microbiology, Diagnostic Services, Shared Health,
Winnipeg, MB, Canada

Department of Medicine, Hamilton Health Sciences,
Hamilton, ON, Canada

Department of Urology, Technical University of Munich,
Munich, Germany

Division of Pulmonary, Critical Care, Allergy and Clinical
Immunology, The David Geffen School of Medicine
at UCLA, Los Angeles, CA, USA

A\ Adis


https://www.iterumtx.com/news/press-releases/detail/29/iterum-therapeutics-announces-topline-results-from-phase-3
https://www.iterumtx.com/news/press-releases/detail/29/iterum-therapeutics-announces-topline-results-from-phase-3
https://www.iterumtx.com/news/press-releases/detail/40/iterum-therapeutics-announces-topline-results-from-its
https://www.iterumtx.com/news/press-releases/detail/40/iterum-therapeutics-announces-topline-results-from-its
https://www.iterumtx.com/news/press-releases/detail/40/iterum-therapeutics-announces-topline-results-from-its
https://clinicaltrials.gov/ct2/show/results/NCT00759564?cond=NCT00759564&draw=2&rank=1&view=results
https://clinicaltrials.gov/ct2/show/results/NCT00759564?cond=NCT00759564&draw=2&rank=1&view=results
https://clinicaltrials.gov/ct2/show/results/NCT00759564?cond=NCT00759564&draw=2&rank=1&view=results
http://orcid.org/0000-0002-3238-0082

	Sulopenem: An Intravenous and Oral Penem for the Treatment of Urinary Tract Infections Due to Multidrug-Resistant Bacteria
	Abstract
	1 Introduction
	2 Chemistry
	3 Mechanisms of Action
	4 Mechanisms of Resistance
	5 Microbiology
	6 Pharmacokinetics and Pharmacodynamics
	7 Animal Models
	8 Clinical Trials
	8.1 SURE-1
	8.2 SURE-2
	8.3 SURE-3

	9 Adverse Effects
	10 Drug Interactions
	11 Place in Therapy
	References




