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ABSTRACT The continued evolution of bacterial resistance to the �-lactam class of
antibiotics has necessitated countermeasures to ensure continued effectiveness in
the treatment of infections caused by bacterial pathogens. One relatively successful
approach has been the development of new �-lactam analogs with advantages over
prior compounds in this class. The carbapenems are an example of such �-lactam
analogs possessing improved stability against �-lactamase enzymes and, therefore, a
wider spectrum of activity. However, all carbapenems currently marketed for adult
patients are intravenous agents, and there is an unmet need for an oral agent to
treat patients that otherwise do not require hospitalization. Tebipenem pivoxil hy-
drobromide (tebipenem-PI-HBr or SPR994) is an orally available prodrug of tebi-
penem, a carbapenem with activity versus multidrug-resistant (MDR) Gram-negative
pathogens, including quinolone-resistant and extended-spectrum-�-lactamase-producing
Enterobacterales. Tebipenem-PI-HBr is currently in development for the treatment of
complicated urinary tract infections (cUTI). Microbiological data are presented here that
demonstrate equivalency of tebipenem with intravenous carbapenems such as mero-
penem and support its use in infections in which the potency and spectrum of a car-
bapenem are desired. The results from standard in vitro microbiology assays as well as
efficacy in several in vivo mouse infection models suggest that tebipenem-PI-HBr could
be a valuable oral agent available to physicians for the treatment of infections, particu-
larly those caused by antibiotic-resistant Gram-negative pathogens.
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The �-lactam antibiotics have remained an important treatment option for bacterial
infections for many decades, although the continued proliferation of �-lactam-

inactivating enzymes, the �-lactamases, over the years has adversely affected the
clinical utility of this drug class (1, 2). Development of new and improved �-lactam
antibiotics along with several �-lactamase inhibitor compounds has allowed us to
narrowly keep ahead of bacterial resistance to the class. At present, the carbapenems
represent the most potent and broad-spectrum �-lactams and are minimally affected
by most �-lactamase enzymes (3). However, all currently marketed carbapenems for
adult patients, including meropenem and ertapenem, are intravenously (i.v.) adminis-
tered.

Spero Therapeutics is currently developing tebipenem pivoxil hydrobromide
(tebipenem-PI-HBr [Fig. 1]) as an orally bioavailable carbapenem prodrug for compli-
cated urinary tract infections (cUTIs) in adult patients. Tebipenem (SPR859 [Fig. 1]), the
active moiety, has broad-spectrum activity with excellent potency against the Entero-
bacterales, including extended-spectrum-�-lactamase (ESBL)- and AmpC �-lactamase-
producing organisms as well as trimethoprim-sulfamethoxazole (TMP-SMX)- and fluo-
roquinolone (FQ)-resistant organisms (4–6). Effective oral agents are particularly needed
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for cUTIs, in which Escherichia coli is the dominant causative agent and is becoming
increasingly resistant to current antibiotics (7).

Previously published studies have focused on the activity of tebipenem against
pathogens responsible for respiratory tract infections (4). In the studies described here,
we evaluated the in vitro microbiological activity of tebipenem in several standard
assays along with the intravenous carbapenem, meropenem, and other relevant com-
parators against representative, contemporary UTI pathogens. We also assessed the in
vivo efficacy of tebipenem-PI in infections using a murine ascending E. coli UTI model
as well as mouse thigh and lung infection models. The data indicate good antibacterial
potency and support the equivalency of tebipenem microbiological activity to those of
intravenous carbapenems. Tebipenem-PI-HBr should add a valuable oral option for the
treatment of Gram-negative bacterial infections.

RESULTS
Antimicrobial activity of tebipenem against bacterial pathogens. Tebipenem

has potent activity against current Enterobacterales clinical isolates, and production of
ESBL and/or pAmpC enzymes did not adversely affect in vitro activity against E. coli,
Klebsiella pneumoniae, or Proteus spp., with MIC50s of �0.06 �g/ml (Table 1) (6). As

FIG 1 Chemical structures of tebipenem and tebipenem-pivoxil.

TABLE 1 MICs of tebipenem against selected bacterial pathogensa

Organism(s) Phenotype n

Tebipenem MIC (�g/ml) Ertapenem MIC (�g/ml) Meropenem MIC (�g/ml)

Range 50%/90% Range 50%/90% Range 50%/90%

Gram negative
E. coli Non-ESBL producing 79 �0.015 to 0.12 �0.015/0.03 �0.015 to 0.12 �0.015/�0.015 NA NA

ESBL producing 21 �0.015 to 0.12 0.03/0.06 �0.015 to 0.5 0.03/0.5 NA NA
AmpC producing 6 0.03 to 0.12 NA 0.03 to 1 NA 0.03–0.06 NA

Klebsiella pneumoniae Non-ESBL producing 158 �0.015 to 0.12 0.03/0.06 �0.015 to 0.03 �0.015/�0.015 NA NA
ESBL producing 50 0.03 to �32 0.03/�32 �0.015 to �32 0.12/�32 NA NA
ESBL producing,

excluding CRE
41 0.03 to 4 0.03/0.25 �0.015 to �32 0.06/2 NA NA

AmpC producing 3 0.03 to 0.25 NA �0.015 to 0.25 NA 0.03 to 0.06 NA
CRE 9 1 to �32 NA 8 to �32 NA NA NA

Proteus spp. Non-ESBL producing 94 0.03 to 0.5 0.06/0.12 0.03 to 0.5 0.12/0.25 NA NA
ESBL producing 18 0.12 to 4 0.5/2 �0.12 to 4 0.12/0.5 0.03 to 4 0.12/0.5
AmpC producing 13 0.12 to 2 0.5/1 �0.015 to 0.25 0.03/0.12 0.06 to 0.5 0.12/0.5

Pseudomonas aeruginosa Wild type 11 2 to 16 4/8 1 to 16 4/16 0.06 to 4 0.25/1
Non-wild type 45 4 to �32 �32/�32 8 to �32 �32/�32 0.5 to �32 16/�32

Gram positive
Staphylococcus aureus MSSA 10 �0.015 to 0.06 0.03/0.03 0.12 to 0.25 0.25/0.25 0.06 to 0.25 0.12/0.12

MRSA 10 0.5 to 32 2/16 2 to �32 4/�32 2 to �32 4/32
Staphylococcus epidermidis MSSE 10 0.004 to 0.03 0.03 0.015 to 0.25 0.25/0.25 0.015 to 0.12 0.06/0.12

MRSE 10 0.06 to 8 4/4 1 to �32 4/�32 0.25 to 32 4/16
Enterococcus faecalis 10 1 to 2 2/2 8 to 16 8/16 4 to 8 8/8
Enterococcus faecium 10 2 to �32 �32/�32 16 to �32 �32/�32 16 to �32 �32/�32
Streptococcus pneumoniae PSSP 10 0.002 to 0.06 0.004/0.06 0.015 to 0.25 0.015/0.25 0.008 to 0.25 0.015/0.12

PNSSP 10 0.12 to 0.5 0.25/0.5 1 to 2 2/2 0.5 to 1 1/1
Streptococcus pyogenes 20 0.002 to 0.004 0.004/0.004 0.004 to 0.015 0.015/0.015 0.002 to 0.008 0.008/0.008

aESBL, extended-spectrum �-lactamase; CRE, carbapenem-resistant Enterobacterales; MRSA, methicillin-resistant S. aureus; MSSA, methicillin-susceptible S. aureus; MSSE,
methicillin-susceptible S. epidermidis; MRSE, methicillin-resistant S. epidermidis; PSSP, penicillin-susceptible S. pneumoniae; PNSSP, penicillin-nonsusceptible S.
pneumoniae as defined by CLSI document M100 (29th edition) criteria for parenteral penicillin (nonmeningitis) MICs of �4 �g/ml (28); NA, not available.
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expected, tebipenem was less active against Enterobacteriaceae isolates displaying a
carbapenem-resistant phenotype (MICs � 8 �g/ml). Tebipenem was also active against
a number of Gram-positive pathogens, including Staphylococcus aureus, Staphylococcus
epidermidis, Enterococcus faecalis, Enterococcus faecium, Streptococcus pneumoniae, and
Streptococcus pyogenes. Tebipenem possesses reduced antibacterial activity against
methicillin-resistant staphylococci (MRSA) and E. faecalis but was active against most
streptococci, including isolates that were penicillin nonsusceptible (Table 1) (4, 5).

Antibacterial activity against anaerobic bacteria. Carbapenems are potent anti-
bacterial agents with broad-spectrum activity. Clinical use of such antibiotics has been
known to impact the anaerobic bacteria in the gut, and this dysbiosis can potentially
lead to Clostridioides difficile infections (8). This can be an especially important issue for
an orally administered broad-spectrum antibiotic such as tebipenem; therefore, we
examined the in vitro activity against selected anaerobic bacteria. It was active against
a broad collection of anaerobic bacteria, and broth MIC90 values for tebipenem against
a panel of anaerobic isolates were similar to those for meropenem, ranging from
�0.015 to 2 �g/ml (Table 2). Against C. difficile, agar MIC values were 2 �g/ml for each
of 10 isolates, versus 0.25 to 0.5 �g/ml for metronidazole, while values were similar (2
to 4 �g/ml) to recently reported data for meropenem (9).

Time-kill assays of tebipenem and comparator antibiotics. Broth time-kill studies
were performed on both non-ESBL- and ESBL-producing isolates of E. coli and K.
pneumoniae (Fig. 2). The non-ESBL-producing strains were E. coli ATCC 25922 and
K. pneumoniae ATCC 43816. The ESBL-producing strains were E. coli ATCC 35218 and K.
pneumoniae ATCC 700603. Culture viability was monitored for 24 h, and bactericidal
activity was defined as a 3-log10 reduction in CFU per milliliter of the initial inoculum.
By this definition, tebipenem was found to be bactericidal at 4� to 8� MIC within 4 h
against both the E. coli and K. pneumoniae strains, comparable to meropenem at 4�

MIC. Regrowth in tebipenem samples was observed at 1� to 2� and 8� MIC; however,
in all cases colonies isolated from these samples at 24 h maintained parent-like
susceptibility to tebipenem, suggesting that they were not mutants.

PAE assessment of tebipenem. The in vitro postantibiotic effect (PAE) of tebi-
penem and comparators was established against E. coli ATCC 25922 and K. pneumoniae
ATCC 43816 (10). Log-phase cultures were treated with antimicrobial agents at 4�

TABLE 2 MICs of tebipenem and comparators against anaerobic clinical isolates

Organism(s) n

MIC50/90 (�g/ml)a

Tebipenem Meropenem Metronidazole

Bacteroides sp. 25 0.5/2 1/4 1/1
Fusobacterium spp. 10 �0.015 �0.015/0.06 �0.06/0.25
Porphyromonas spp. 10 0.03/0.06 0.06 0.25/1
Prevotella spp. 30 0.125/0.25 0.25 0.5/2
Clostridioides difficile 10 2 2/4 0.25/0.5
Gram-positive rodsc 12 0.03/0.25 �0.03/0.25 16/�16
Gram-positive spore-forming rodsd 48 0.5/2 0.25/2b 0.5/2
Gram-positive non-spore-forming rodse 26 0.06/1 0.25/8 2/�16
Gram-positive coccif 24 0.06/0.25 0.125/0.25 0.25/1
aAgar dilution method according to procedures described in CLSI document M11-A8 (27).
bn � 38.
cGram-positive rods: Actinomyces europaeus, Actinomyces israelii, Actinomyces neuii subsp. neuii, Actinomyces
odontolyticus, Actinomyces turicensis, Anaerostipes caccae, Bifidobacterium adolescentis, Bifidobacterium
catenulatum, and Bifidobacterium pseudocatenulatum.

dGram-positive spore-forming rods: Clostridioides aldenense, Clostridium bolteae, Clostridium butyricum,
Clostridium celerecrescens, Clostridium citroniae, C. clostridioforme, Hungatella hathewayi, Clostridium novyi A,
C. perfringens, Clostridium ramosum, C. difficile, Clostridium scindens, Clostridium sporogenes, Clostridium
symbiosum, and Robinsoniella peoriensis.

eGram-positive non-spore-forming rods: Collinsella aerofaciens, Collinsella sp., Eggerthella lenta, Eubacterium
limosum, Catabacter hongkongensis, Faecalitalea cylindroides, Lactobacillus casei, Lactobacillus fermentum, L.
rhamnosus GG, L. rhamnosus, and Lactobacillus salivarius.

fAnaerobic Gram-positive cocci: Finegoldia magna, Parvimonas micra, Parvimonas sp., Peptostreptococcus
anaerobius, Ruminococcus gnavus, R. gnavus-like, Ruminococcus torques, Ruminococcus productus, and Blautia sp.
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and/or 8� MIC for 1 h and diluted into fresh cation-adjusted Mueller-Hinton broth
(CAMHB), and viability was monitored for 6 h by plating for CFU per milliliter. PAE was
calculated as T – C, where T and C are the times required to increase 1 log10 CFU
following 1:1,000 dilution for the bacteria treated with and not treated with the agents,
respectively. At 4� to 8� MIC, tebipenem produced negligible PAEs against E. coli
ATCC 25922 and K. pneumoniae ATCC 43816, with values of �0.4 h, comparable to
those of meropenem. As expected, levofloxacin at 4� MIC showed PAEs of 0.8 to 2 h
against E. coli ATCC 25922 and 2.9 to 3.1 h against K. pneumoniae ATCC 43816 (11).

Impact of varied growth conditions on the in vitro activity of tebipenem. Prior
to widespread susceptibility testing of tebipenem, it was important to understand the
impact of variations to the standard CLSI testing methods on in vitro activity. Standard
susceptibility test parameters that can affect MIC test results when varied include
growth medium pH and cation concentration, inoculum size, and inoculation duration
and atmosphere. In addition, it is important to understand the effect of bodily fluids
such as human urine and serum on in vitro activity of new agents. Possible effects of
several growth conditions on the antibacterial properties of tebipenem and mero-
penem were evaluated.

Test organisms included non-ESBL- and ESBL-producing isolates of E. coli, K. pneu-
moniae, and Proteus mirabilis. Under standard conditions, tebipenem and meropenem
had similar activities and the activity was not affected by ESBL phenotype. The
antibacterial activity of both tebipenem and meropenem decreased with increasing
inoculum size and was eliminated for both drugs against all strains when the starting
inoculum reached 5 � 107 CFU/ml (Table 3) and for P. mirabilis isolates at acidic pH
(Table 4). There were no significant changes in activity when tested in 100% pooled
human urine with the exception of P. mirabilis, for which the activity of both mero-
penem and tebipenem decreased 4-fold (Table 4). Tebipenem displayed 8- to 32-fold

FIG 2 Time-kill curves for tebipenem, meropenem, and levofloxacin versus E. coli and K. pneumoniae. Compounds
were added to cultures at time zero, and samples were processed as described in Materials and Methods. Circles,
growth control; squares, tebipenem at 1� MIC; open diamonds, tebipenem at 2� MIC; triangles, tebipenem at
4� MIC; inverted triangles, tebipenem at 8� MIC; stars, meropenem at 4� MIC; solid diamonds, levofloxacin at
4� MIC.
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less activity when tested in 50% mouse serum; however, there were no significant
changes in activity when tested in 10% mouse serum or 10% or 50% human serum
(Table 5). There were minimal or no changes in the activity of tebipenem or mero-
penem in the presence of varied divalent cations, with prolonged incubation time, or
when incubated in CO2 (Spero, unpublished data). The clinical significance, if any, of
decreased activity as observed with mouse serum and human urine (P. mirabilis only)
remains to be determined, although protein binding was much lower in human serum
(36.1 to 45.2%) than in mouse serum (97.7 to 98.4%) (12; Spero, unpublished data). The
impact increased inoculum size here highlights the need for adherence to CLSI guide-
lines during the broth microdilution testing of both tebipenem and meropenem.

Tebipenem-PI shows efficacy in several murine infection models. Animal infec-
tion models were used to determine the efficacy of tebipenem, administered as the oral
prodrug, tebipenem-PI. Six Gram-negative bacterial strains were chosen for in vivo
assessment of tebipenem-PI in three different mouse infection models: thigh, lung, and
urinary tract. For the thigh infection model (13), E. coli ATCC 25922 (wild type, antibiotic
susceptible) was used. MICs for these six strains are listed in Table 6. For lung studies,
K. pneumoniae ATCC 43816, a broadly antibiotic-susceptible strain, and Pseudomonas
aeruginosa ATCC 27853, an isolate that possesses an inducible AmpC �-lactamase (14),
were used (Table 6). All isolates have tebipenem MICs of �0.5 �g/ml except for P.
aeruginosa ATCC 27853, which has an MIC of 4 �g/ml, consistent with the reported

TABLE 3 Impact of inoculum on MICs of tebipenem and meropenema

Organism ESBLb Compound
MIC under standard
conditions

Impact of FINAL Inoculum (CFU/ml) (fold
change)

5.0 � 104 5.0 � 106 5.0 � 107

E. coli ATCC 25922 N Tebipenem 0.015 0.015 (0) 0.06 (4) >32
Meropenem 0.015 0.03 (2) 0.06 (4) >32

E. coli ATCC 35218 Y Tebipenem 0.015 0.015 (0) 0.03 (2) >32
Meropenem 0.015 0.015 (0) 0.03 (2) >32

K. pneumoniae ATCC 43816 N Tebipenem 0.03 0.03 (0) 0.12 (4) >32
Meropenem 0.03 0.03 (0) 0.06 (2) >32

K. pneumoniae ATCC 700603 Y Tebipenem 0.06 0.06 (0) 0.25 (4) >32
Meropenem 0.03 0.03 (0) 0.25 (8) >32

P. mirabilis ATCC 43071 N Tebipenem 0.12 0.03 (�4) 8 (64) >32
Meropenem 0.06 0.03 (�2) 2 (32) >32

P. mirabilis MMX 6343 Y Tebipenem 0.5 0.12 (�8) 8 (16) >32
Meropenem 0.12 0.03 (�8) 1 (8) >32

aMICs are in micrograms per milliliter. Bold indicates �4� differences from CLSI standard inoculum (�5 � 105 CFU/ml).
bN, no; Y, yes.

TABLE 4 Effect of varying the pH on antibacterial activity of tebipenem in media and pooled human urine

Testing
condition Compound

Tebipenem MIC (�g/ml)

E. coli
ATCC 25922,
non-ESBL

E. coli
ATCC 35218,
ESBL

K. pneumoniae
ATCC 43816,
non-ESBL

K. pneumoniae
ATCC 700603,
ESBL

P. mirabilis
ATCC 43071,
non-ESBL

P. mirabilis
MMX 6343,
ESBL

pH 5 Tebipenem 0.06 0.03 0.03 0.06 1 1
Meropenem 0.12 0.06 0.06 0.06 0.5 1

pH 6 Tebipenem 0.03 0.015 0.03 0.06 1 1
Meropenem 0.06 0.03 0.06 0.06 0.5 1

pH 7 Tebipenem 0.015 0.015 0.03 0.12 0.12 0.5
Meropenem 0.015–0.03 0.015–0.03 0.03–0.06 0.03–0.06 0.06 0.12–0.25

pH 8 Tebipenem 0.03 0.015 0.03 0.12 0.12 0.5
Meropenem 0.06 0.06 0.12 0.06 0.06 0.12

Human urinea Tebipenem 0.015 0.015 0.03 0.06 0.5 2
Meropenem 0.03 0.015 0.03 0.06 0.25 0.5

aPooled human urine at pH 6.9.
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reduced activity of this compound for Pseudomonas isolates (15). For the murine
immunocompetent UTI infection model (16, 17), E. coli ATCC 700928 (CFT073 [18]) and
E. coli UTI89 (19), both known uropathogenic isolates, were selected (20, 21).

Thigh infection model. A mouse E. coli thigh infection model was established in
female CD-1 mice with strains ATCC 25922 and ATCC BAA-2523. Changes in CFU with
and without antibiotic treatment were measured in thigh tissue 2 h after infection and
24 h after treatment. For E. coli ATCC 25922, monotherapy of tebipenem-PI after a
single dose of 10 mg/kg of body weight/day showed a 1.3-log10 CFU/g reduction
compared to the 2-h pretreatment control (Fig. 3). Dose-dependent decreases in log10

CFU per gram were observed, with a 2.4-log10 CFU/g decrease observed at the highest
dose of 100 mg/kg. Levofloxacin dosed at 120 mg/kg per os (p.o.) every 24 h (q24h)
resulted in a 3.4-log reduction in CFU burden after treatment was initiated at 2 h.

Lung infection model. A neutropenic mouse E. coli lung infection model was
established in male ICR mice with K. pneumoniae ATCC 43816 and P. aeruginosa ATCC
27853 as the infecting pathogens. For K. pneumoniae, the effects on bacterial burden in
lung tissue following oral administration of tebipenem-PI were compared to those after
subcutaneous (s.c.) administration of tigecycline and/or intravenous (i.v.) administration
of meropenem after treatment for 24 h. Two studies were performed to compare the
effects of q24h versus q8h dosing schedules. Treatment with tebipenem-PI caused a
dose-dependent reduction in lung burden compared to that in vehicle-treated animals
whether administered q24h (Fig. 4A) or q8h (Fig. 4B) p.o. When administered q24h,

TABLE 5 Impact of human, mouse serum on tebipenem, meropenem MIC

Organism ESBL Compound CAMHB

MIC (�g/ml) (fold vs CAMHB)a

50% human
serum

10% human
serum

50% mouse
serum

10% mouse
serum

E. coli ATCC 25922 N Tebipenem 0.15 0.03 (2) 0.03 (2) 0.5 (32) 0.06 (4)
Meropenem 0.015 0.03 (2) 0.03 (2) 0.03 (2) 0.03 (2)

E. coli ATCC 35218 Y Tebipenem 0.15 0.03 (2) 0.03 (2) 0.5 (32) 0.03 (2)
Meropenem 0.015 0.03 (2) 0.03 (2) 0.03 (2) 0.015 (0)

K. pneumoniae ATCC 43816 N Tebipenem 0.03 0.06 (2) 0.03 (0) 1 (32) 0.06 (2)
Meropenem 0.03 0.03 (0) 0.03 (0) 0.03 (0) 0.03 (0)

K. pneumoniae ATCC 700603 Y Tebipenem 0.06 0.12 (2) 0.06 (0) 2 (32) 0.12 (2)
Meropenem 0.03 0.06 (2) 0.03 (0) 0.12 (4) 0.03 (0)

P. mirabilis ATCC 43071 N Tebipenem 0.12 0.25 (2) 0.25 (2) 2 (16) 0.25 (2)
Meropenem 0.06 0.12 (2) 0.12 (2) 0.06 (0) 0.06 (0)

P. mirabilis MMX 6343 Y Tebipenem 0.5 0.5 (0) 1 (2) 4 (8) 1 (2)
Meropenem 0.12 0.12 (0) 0.12 (0) 0.25 (2) 0.5 (4)

aBold indicates �4� differences from standard conditions (CAMHB minus serum).

TABLE 6 MICs of tebipenem and comparators against strains used in microbiology
studiesa

Strain Compound and MIC (�g/ml)

In vitro Tebipenem Meropenem Levofloxacin
E. coli ATCC 25922 0.015 0.03 0.015
E. coli ATCC 35218 0.015 0.015 0.03
K. pneumoniae ATCC 43816 0.03 0.03 0.03
K. pneumoniae ATCC 700603 0.06 0.03 0.5

Thigh study Tebipenem Levofloxacin Ciprofloxacin
E. coli ATCC 25922 0.016 0.12 NA

UTI study Tebipenem Levofloxacin Ciprofloxacin
E. coli ATCC 700928 0.016 0.03 NA
E. coli UTI89 0.016 NA 0.016

Lung study Tebipenem Meropenem Tigecycline Polymyxin B
K. pneumoniae ATCC 43816 0.06 0.03 0.5 NA
P. aeruginosa ATCC 27853 4 0.5 NA 1

aUTI, urinary tract infection; NA, not applicable (not used as a comparator in the study).
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reduction of the lung burden to pretreatment levels was achieved following adminis-
tration of 30 mg/kg of tebipenem-PI. When administered q8h, tebipenem-PI doses
greater than 10 mg/kg reduced the bacterial burden to below pretreatment levels.
Efficacy comparable to those of the tigecycline and meropenem comparator agents
was observed.

The effects on P. aeruginosa ATCC 27853 burden in lung tissue following adminis-
tration of tebipenem-PI (p.o.) were compared to those of polymyxin B (s.c.) and
meropenem (i.v.) at 15 h. For the control antibiotics, the burden of P. aeruginosa ATCC
27853 in the lung was reduced below pretreatment levels following 20 mg/kg q8h for
polymyxin B and was reduced greater than 2.71 log10 CFU/g of lung tissue at 300
mg/kg q8h for meropenem. Despite the higher MIC of 4 �g/ml, bacterial burden was
reduced to pretreatment levels by tebipenem-PI at 30 mg/kg or greater q8h, with a
maximum reduction of 2.6 log10 CFU/g achieved following 300 mg/kg q8h (Fig. 4C).
Efficacy comparable to that of meropenem was observed, and tebipenem-PI was
superior to polymyxin B in this model.

Urinary tract infection model. A mouse E. coli upper urinary tract infection model
was established in female C3H/HeN mice with uropathogenic strains UTI89 and ATCC
700928 (CFT073) as the infecting pathogens. Changes in CFU with and without anti-
biotic treatment were measured in kidneys, bladders, and urine for ATCC 700928 (Fig.
5A to C) and in kidneys for UTI89 (Fig. 5D). Dosages of tebipenem-PI ranged from 0.03
to 3 mg/kg/day for 3 days starting 24 h postinoculation, while the levofloxacin control
was dosed at 20 mg/kg/day for 3 days starting 24 h postinoculation. Results showed
that the expected growth of the E. coli strains was observed in untreated animals
between 1 and 4 days after infection in each of the analyzed body sites. For E. coli ATCC
700928, administration of levofloxacin resulted in 3.4-log10 CFU/g, 4.3-log10 CFU/g, and
2.7-log10 CFU/ml decreases in bacterial burdens in kidneys, bladder, and urine, respec-
tively, compared to the 1-day pretreatment control. Administration of tebipenem-PI
dosed at 0.03, 0.1, 0.3, 1, and 3 mg/kg showed significant dose-dependent reductions
in bacterial burdens across all body sites (kidney, �1.4, �1.9, �2.5, �3.2, and �3.9
log10 CFU/g, respectively; bladder, �2.9, �2.3, �3.4, �3.8, and �4.1 log10 CFU/g,
respectively; urine, �0.3, �0.3, �1.0, �1.7, and �2.2 log10 CFU/ml, respectively),
comparable to levofloxacin at the highest dosage of 3 mg/kg/day. For E. coli UTI89,
administration of ciprofloxacin (CIP) at 10 mg/kg/day for 3 days resulted in a 3.1-log10

CFU/g decrease in bacterial burden in the kidney compared to the 1-day pretreatment
control. Administration of tebipenem-PI at 1, 3, 10, and 30 mg/kg showed significant
dose-dependent reductions in the kidney, �2.7, �3.3, �2.3, �3.0 log10 CFU/g, com-
parable to the ciprofloxacin control.

FIG 3 Bacterial burdens in mouse thighs infected with E. coli ATCC 25922 after 1 day of treatment with
tebipenem-PI dosed at 10, 30, and 100 mg/kg p.o. q24h and levofloxacin dosed at 120 mg/kg p.o. q24h.
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DISCUSSION

Tebipenem (SPR859) is an oral carbapenem antibiotic with a relatively broad spec-
trum of activity against bacterial pathogens, particularly key Gram-negative organisms,
including Escherichia coli and Klebsiella pneumoniae, similar to that of current intrave-
nously administered carbapenems (4, 6). Among the Enterobacterales, tebipenem re-
tains antibacterial activity against many extended-spectrum �-lactamase (ESBL)- and
AmpC �-lactamase-producing isolates as well as trimethoprim-sulfamethoxazole (TMP-
SMX)- and fluoroquinolone (FQ)-nonsusceptible organisms that are increasingly prev-
alent, particularly among uropathogens (6). Tebipenem is bactericidal and a potent
inhibitor of multiple penicillin-binding proteins (PBPs), typical of other �-lactam anti-
biotics, with the primary target PBP2, similar to other carbapenems (22). Microbiological
evaluation of tebipenem in several in vitro and in vivo studies is reported here.

As might be expected, the microbiological activity was very similar to that of the
intravenous carbapenems, typified by meropenem. This finding held true even under
nonstandard conditions, including in vitro in pooled human urine and ex vivo against
ESBL-producing E. coli in urine collected from subjects dosed with 300 mg of tebi-
penem every 8 h (q8h) (23). Addition of human serum, either 10 or 50% final concen-
tration, did not affect MIC values, suggesting that protein binding is not a major issue.
Protein binding is much higher in mouse plasma than in human plasma as determined

FIG 4 Bacterial burdens in mouse lungs after 1 day of treatment with tebipenem-PI and comparators (comparator antibiotics polymyxin B and tigecycline were
administered intravenously, while meropenem was dosed via subcutaneous [s.c.] injection). (A and B) K. pneumoniae ATCC 43816 after 24 h of treatment with
either tebipenem-PI dosed q24h (A) or tebipenem-PI dosed q8h p.o. (B); (C) P. aeruginosa ATCC 27853 after 14 h of treatment with tebipenem-PI dosed
q8h p.o.
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by ultrafiltration (�98% versus 45%) (12; Spero, unpublished data) and needs to be
considered in order to accurately determine levels of free drug, particularly when
interpreting results from mouse infection model studies.

As expected and in common with other carbapenems, tebipenem was relatively
inactive against carbapenemase-producing organisms, such oxacillinase 48 (OXA-48)-,
K. pneumoniae carbapenemase (KPC)-, and metallo-�-lactamase-producing organisms,
which demonstrated MICs of �8 �g/ml. Tebipenem, similar to ertapenem, possesses
limited antibacterial activity against Pseudomonas aeruginosa, which is not being
considered as a target pathogen for this drug. These results support the development
indication of tebipenem as an oral option for treating cUTIs caused by ESBL-/AmpC-
producing Enterobacteriaceae with coverage of fluoroquinolone-nonsusceptible iso-
lates. Although tebipenem exhibited broad-spectrum antibacterial activity against
anaerobes, the observed activity against vegetative C. difficile may minimize over-
growth of this organism in the gastrointestinal (GI) tract. Future clinical trial data
analyses will determine if oral dosing would result in significant concentrations in the
gut and subsequent impact on intestinal microflora.

In vivo, tebipenem administered as oral prodrug tebipenem-PI has demonstrated
proof-of-concept efficacy against wild-type and ESBL-producing organisms in the
murine lung and neutropenic thigh infection models and wild-type organisms in the
murine ascending UTI infection model. For the latter, E. coli and K. pneumoniae are key
pathogens implicated in UTI and acute pyelonephritis, and tebipenem has demon-
strated good in vitro and in vivo antibacterial activity against these organisms (6).
History has indicated that success in mouse infection models is often predictive of
clinical efficacy in humans, and it is hoped that this will be the case here (24). Like most

FIG 5 Bacterial burdens in mouse urinary tract infections after treatment with tebipenem-PI or comparators (levofloxacin or ciprofloxacin). Shown are burdens
of E. coli ATCC 700928 in kidney (A) bladder (B), and urine (C) and E. coli UTI89 in kidney (D). Paired t tests of treated versus untreated group results on day
4 are shown as follows: ns, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001; and ****, P � 0.0001.
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�-lactams, tebipenem was shown to exhibit time-dependent pharmacodynamics, with
better efficacy observed with increased dosing frequency (12).

In summary, the activity of tebipenem against ESBL-/AmpC-producing cUTI patho-
gens shows robust proof-of-concept efficacy in multiple in vitro and in vivo models.
Based on pharmacokinetic/pharmacodynamic (PK/PD) target attainment analyses,
approximately 90% of patients are predicted to achieve the nonclinical PK/PD stasis
targets for cUTI isolates of E. coli and K. pneumoniae with tebipenem MICs of
0.06 �g/ml (12). The microbiological data presented here support further evaluation of
tebipenem-SPR994 in the clinical setting as an oral option for cUTIs, including those
caused by resistant pathogens, particularly those that are fluoroquinolone resistant
and/or ESBL producers, with future potential for treatment of other types of infections.

MATERIALS AND METHODS
Bacterial strains and media. MICs were determined using tebipenem by broth microdilution in

accordance with CLSI document M7-A10 (25). Bacterial strains used in the microbiology experiments
were E. coli ATCC 25922 (wild type, antibiotic susceptible), E. coli ATCC 35218 (expresses ESBL), K.
pneumoniae ATCC 43816 (broadly antibiotic susceptible), and K. pneumoniae ATCC 700603 (expresses
SHV-18). Bacterial strains used in the mouse infection studies were E. coli ATCC 25922, E. coli ATCC
BAA-2523 (expresses OXA-48 carbapenemase), E. coli ATCC 700928 (uropathogenic clinical isolate), E. coli
UTI89 (uropathogenic clinical isolate), K. pneumoniae ATCC 43816 (broadly antibiotic susceptible), and P.
aeruginosa ATCC 27853 (inducible AmpC �-lactamase) (16). Bactericidal activity was determined by
NCCLS (now the CLSI) standard methods (26). MICs of bacterial strains used in in vitro and in vivo studies
are listed in Table 6.

The clinical isolates listed in Table 1 were recovered from a diverse range of human clinical specimens
in patients examined or hospitalized in medical institutions in the United States, Europe (including Russia
and Turkey), Latin America, and the Asia-Western Pacific region. Contemporary isolates were preferen-
tially used, and the majority were collected during the SENTRY Antimicrobial Surveillance Program for
2013 to 2016 (6). Some isolates exhibiting key resistance phenotypes originated from older collections
(2005 to 2012). The ESBL phenotype was defined for E. coli, K. pneumoniae, and P. mirabilis as isolates that
displayed MIC values of �2 �g/ml for ceftriaxone, ceftazidime, and/or aztreonam but were not typed by
molecular methods. This study was intended to characterize the microbiology profile of tebipenem
rather than provide a representative sampling of any particular set of clinical isolates.

For anaerobic organism MIC assays, isolates were recovered from clinical infections of patients and
stored as pure cultures in 20% skim milk at –70°C. Prior to testing, isolates were transferred to brucella
agar supplemented with sheep blood, vitamin K, and hemin to ensure purity and good growth. Agar
dilution testing was performed according to procedures described in CLSI document M11-A8 (27).
Meropenem and metronidazole were included for quality control (QC) and comparison.

Antibiotics. Tebipenem and tebipenem-PI were synthesized by Spero Therapeutics. Comparator
antibiotics (meropenem, tigecycline, levofloxacin, ciprofloxacin, polymyxin B, and metronidazole) were
purchased from commercial sources.

Time-kill assays. Time-kill assays were performed by the broth macrodilution method, according to
NCCLS guideline M26-A (26). Briefly, log-phase cultures at �1.0 � 105 CFU/ml in cation-adjusted Mueller-
Hinton broth (CAMHB) were treated with antimicrobial agents at 2� to 8� MIC, viability was monitored
for 24 h, and bactericidal activity was defined as a 3-log10 reduction in CFU per milliliter of the initial
inoculum.

PAE. The in vitro postantibiotic effect (PAE) of tebipenem and comparators was established using a
standard method (10). Log-phase cultures were treated with antimicrobial agents at 4� and/or 8� MIC
for 1 h and diluted 1:1,000 into fresh CAMHB, and viability was monitored for 6 h by plating for CFU per
milliliter. PAE � T – C, where T and C are the times required to increase 1-log10 CFU following 1:1,000
dilution for the bacteria treated with and not treated with the agents, respectively.

Impact of varied growth conditions on in vitro antibacterial activity. CAMHB, which contains
divalent cation concentrations of 10 to 12.5 �g/ml of Ca2� for calcium and 20 to 25 �g/ml of Mg2� for
magnesium, was used as the growth medium unless otherwise indicated. MICs were determined by
broth microdilution in accordance with CLSI document M7-A10 (25) under standard and nonstandard
conditions in parallel. Testing conditions were modified as follows. Medium pH was adjusted to pH 5, 6,
or 7 from the standard pH 7.2 to 7.4. Standard inoculum was �5 � 105 CFU/ml, with low inoculum
(�5 � 104 CFU/ml) and high inoculum (�5 � 106-7) used where indicated. Altered atmosphere was 6.5%
CO2. For assays with MHB plus serum, pooled heat-inactivated human or mouse serum (10% and 50%
wt/vol) was used. For assays containing urine, 100% pooled human urine was used, with pH adjusted to
7.2 to 7.4 to match CAMHB.

Animal welfare. All studies were approved by the Spero institutional Animal Care and Use Com-
mittee (IACUC).

Mouse thigh infection. Neutropenia was induced in CD-1 mice by administering cyclophosphamide
by intraperitoneal (i.p.) injection on days �4 and �1 (150 and 100 mg/kg, respectively). Female mice
were infected by intramuscular (i.m.) injection into the lateral thigh muscles with E. coli ATCC 25922.
Tebipenem-PI was dosed p.o. at various concentrations and intervals as shown in Fig. 2. Mice were
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euthanized 24 h postinfection, the thigh muscle was quantitatively cultured, serially diluted, and plated
on appropriate media, and CFU were counted after overnight incubation. CFU/thigh were calculated.

Mouse lung infection. Male ICR mice were rendered neutropenic using cyclophosphamide on days
�4 and �1 (200 and 150 mg/kg, respectively). Mice were infected intranasally with either K. pneumoniae
ATCC 43816 (�2.5 � 105 CFU) or P. aeruginosa ATCC 27853 (4 � 104 CFU). Treatment was initiated 2 h
postinfection. For K. pneumoniae models (26-h duration), tebipenem-PI was administered either as a
single oral dose (p.o.) of 3, 10, or 30 mg/kg or as three doses of 3.33, 10, 20, or 33.3 mg/kg/dose p.o. given
q8h. For the P. aeruginosa model (15-h duration), tebipenem-PI was administered as two doses of 10, 30,
100, or 300 mg/kg p.o. at 2 and 10 h postinfection. Comparator antibiotics polymyxin B and tigecycline
were dosed via i.v. administration, while meropenem was dosed via subcutaneous (s.c.) administration.
Lung tissue was quantitatively cultured, serially diluted, and plated on appropriate media, and CFU were
quantified following overnight incubation.

Mouse urinary tract infection. All mice were placed on 5% glucose solution ad libitum 5 days prior
to infection. Mice were infected transurethrally with either E. coli ATCC 700928 or E. coli UTI89 following
published methods (20, 21). Tebipenem-PI prodrug was dosed orally at various concentrations once per
day (QD) for 3 days starting 24 h postinoculation. Mice were euthanized 24 h after the final dose, the
kidneys, bladder, and urine were collected and quantitatively cultured, serially diluted, and plated on
appropriate media, and CFU were counted after overnight incubation.

Statistical analyses. A one-way analysis of variance (ANOVA) was performed followed by post hoc
unpaired t test using GraphPad Prism version 8.3.0 for Windows, GraphPad Software, San Diego, CA.
Differences were deemed statistically significant when a P value of �0.05 was obtained.
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