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ABSTRACT: The peptidomimetic H-[NLys-tBuAla]6-NH2 (CEP-
136), which exhibits low inherent antimicrobial activity against Gram-
negative bacteria (MIC = 16−64 μM), was shown to significantly
potentiate the antibacterial activity of several clinically important
antibiotics against the human pathogens Escherichia coli, Klebsiella
pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa. Thus,
the antibacterial spectrum of rifampicin, clarithromycin, and azithromy-
cin could be extended to include also these Gram-negative bacteria.
Additionally, the potentiation effect was demonstrated in a panel of
clinically relevant multidrug-resistant isolates including extended-
spectrum β-lactamase (ESBL)- and carbapenemase-producing as well
as colistin-resistant strains. For some peptidomimetic−antibiotic
combinations, the strong synergy corresponded to a more than 50-
fold reduction of the minimal inhibitory concentration of the antibiotic.
Mechanistic studies indicate that the potentiation arises from a permeabilization effect exerted on the outer membrane
lipopolysaccharide layer of the Gram-negative bacteria without significant disruption of the inner membrane. Furthermore, the
peptidomimetic enhancer exhibited only a marginal effect on the viability of mammalian HepG2 cells even at concentrations 100-
fold higher than that enabling the antibiotic enhancement. Also, a low hemolytic activity combined with limited in vivo acute toxicity
of CEP-136 in healthy mice allowed in vivo validation of the potentiation effect on both rifampicin and azithromycin treatment in a
murine peritonitis model. Thus, CEP-136 is an interesting hit compound for further development of effective adjuvants for
repurposing antibiotics for use against infections by multidrug-resistant Gram-negative bacteria.

KEYWORDS: antibiotic potentiation, peptidomimetic, Gram-negative bacteria, multidrug resistance, Escherichia coli

The rapid rise of antimicrobial resistance in bacteria has
intensified the search for new treatment options. In

particular, the emergence of difficult-to-treat infections caused
by multidrug-resistant (MDR) Gram-negative pathogens is
becoming a worldwide threat to human health.1 Although
conventional antibiotics are generally safe and efficacious,
increasing selection pressure through widespread antibiotic
use and misuse has accelerated resistance development toward
traditionally used drugs.
The discovery of a new class of antimicrobial agents against

MDR Gram-negative pathogens is rare, and therefore,
alternative approaches are also in focus. Notably, the prospect
of repurposing existing antibiotics by expanding their spectrum
of activity has received considerable attention in recent years.2−4

Some antibiotics (e.g., large relatively hydrophobic molecules
such as the macrolides clarithromycin and azithromycin) are
traditionally not used in the clinic against Gram-negative
pathogens due to their low efficacy arising from limited
penetration of the outer-membrane lipopolysaccharide (LPS)
layer. The potency of such antibiotics may be improved when

combined with an enhancer molecule that facilitates the passage
of the antibiotic across the bacterial envelope to reach its
intracellular target, e.g., by permeabilizing the outer membrane.
Antibiotic resistance caused by increased efflux or enzymatic
degradation may similarly be ameliorated by using uptake
enhancers to increase the level of antibiotic entering the bacterial
cell. Only target mutations would then render the antibiotic
ineffective. The polymyxin B nonapeptide (PMBN)-derived
NAB741 (more recently denoted SPR741) is one of the most
studied promising antibiotic potentiators exhibiting low
inherent antibacterial activity.4 Structurally, NAB741 is lacking
the fatty acid tail and has a reduced net positive charge. Previous
studies on NAB741 have demonstrated its ability to
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permeabilize the outer membrane of Gram-negative bacteria,
thereby sensitizing them to other large antibiotics both in vitro
and in vivo.5−7 NAB741 was first described in 2010 by Vaara et
al.; it has recently undergone phase I clinical trials (as SPR741)
and is well-tolerated, both alone and in combination with β-
lactam antibiotics,8 which exemplifies that this strategy is
moving into the translational phase in combating challenging
Gram-negative infections. More recently, ultrashort lipidated,
cationic peptides were also shown to function as antibiotic
potentiators in Gram-negative bacteria.9,10

Indeed, many organisms produce short antimicrobial peptides
(AMPs) as part of their innate defense against microbial attacks.
Inspired by the often potent and broad-spectrum activity of
AMPs, synthetic analogues have for the last decades attracted
increasing attention as a novel antibiotic drug class. In particular,
incorporation of non-natural amino acids and analogues thereof
(e.g., peptoids, β-amino acids, and D-amino acids) has been used
to improve pharmacological properties.11 In recent work,
systematic analysis of structure−activity relationships (SARs)
among lysine-based peptide/peptoid hybrid oligomers with an
alternating cationic/hydrophobic design have produced pepti-
domimetics with interesting direct antimicrobial properties12−14

as well as antibiotic enhancer properties.15 However, in contrast
to, e.g., NAB741, these also showed significant inherent
antibacterial activity.15

In a systematic SAR study of lysine-based peptidomimetics,14

it was noted that a subclass of the peptidomimetics exhibited
moderate to low intrinsic antimicrobial and weak hemolytic
properties, thus resembling the characteristics of NAB741, and
therefore, these peptidomimetics were screened for their
potential as enhancers of conventional antibiotics. The present
results demonstrate that the peptidomimetic H-[NLys-tBuAla]6-
NH2 (CEP-136; NLys = N-(4-aminobutyl)glycine; tBuAla =
tert-butylalanine), with low antimicrobial activity (16−64 μM)
against Gram-negative bacteria when tested alone, has the ability
to efficiently expand the spectrum of activity for several well-
established antibiotics, including rifampicin, clarithromycin, and
azithromycin. The data support that this effect most likely arises
from permeabilization of the Gram-negative LPS layer/outer
membrane without disruption of the inner membrane. The
potentiation effect was demonstrated in Escherichia coli,
Klebsiella pneumoniae, Acinetobacter baumannii, and Pseudomo-
nas aeruginosa comprising a panel of clinically relevant MDR
strains including extended-spectrum β-lactamase (ESBL)-
producing isolates. In some cases, the strong synergy between

the peptidomimetic and the antibiotic corresponded to a
reduction of the minimal inhibitory concentration (MIC) of the
antibiotic to concentrations below their clinical breakpoint for
some Gram-positive bacteria. Importantly, CEP-136 did not
induce deleterious membrane perturbation, showed no
significant toxicity against mammalian HepG2 cells, and had
low hemolytic activity. Limited acute in vivo toxicity in healthy
mice allowed in vivo validation of the potentiation effect of CEP-
136 on rifampicin or azithromycin treatment in a mouse
peritonitis model.

■ RESULTS

Initial Screening of Peptidomimetics as Antibiotic
Uptake Enhancers. A small series of synthetic peptidomi-
metics with low inherent antibacterial activity was screened for
their ability to improve the antibacterial activity of rifampicin
(Table 1) in E. coli by using the checkerboard assay. Initially, the
MICs of the peptidomimetics alone were determined in E. coli
MG1655 (a standard laboratory strain) and in the clinical isolate
EC106-09 (see Table S1). As the MICs of the peptidomimetics
showed minimal variation between the two strains, the synergy
between peptidomimetics and rifampicin was tested only in the
clinical MDR E. coli isolate, EC106-09.
Synergy was characterized by the fractional inhibitory

concentration index (FICI), which at values below 0.5 indicates
synergy, in this case between rifampicin and a peptidomimetic.
Optimally, an antibiotic enhancer should exhibit significant
synergy (i.e., a FICI well below 0.5) combined with a low
intrinsic antibacterial activity (i.e., a relatively high MIC). This
parameter may be expressed by the MIC/FICI ratio that
constitutes a convenient selection criterion. Five of the screened
peptidomimetics (i.e., CEP-136, CEP-391, CEP-130, CEP-144
,and CEP-246) proved to be particularly interesting (Table 1).
In order to further characterize the synergistic effects against E.
coli, a panel of antibiotics (that are not clinically efficacious
against this bacterium or Gram-negative pathogens in general)
was tested in a checkerboard assay using E. coliEC106-09 (Table
2 and Figure 1). Interestingly, all five peptidomimetics displayed
a high degree of synergy, especially when combined with
rifampicin, azithromycin, or clarithromycin, which are com-
pounds that normally are excluded by the LPS layer of Gram-
negative bacteria. In contrast, insignificant or no synergy was
observed for gentamicin, ciprofloxacin and tetracycline.

Table 1. Peptidomimetics Screened in the Studya

peptidomimetic sequence
MIC E. coli

MG1655 (μM)
MIC E. coli

EC106-09 (μM)
FICI
(RIF)

fold change
(RIF)

hemolysis 400 μg/
mL (%)b

MIC/
FICI

Lipo-
indexc

CEP-124 H-(NLys-Phe)6-NH2 6.5 4 0.09 32 2.7 44 36
CEP-126 H-(NLys-Leu)6-NH2 >32 >32 >1 none 1.5 35
CEP-129 H-(NLys-Tyr)6-NH2 32 32 0.37 2 1.6 86 31
CEP-130 H-(NLys-Tyr(Me))6-NH2 8 8 0.03 64 3.0 267 38
CEP-136 H-(NLys-tBuAla)6-NH2 32 16−32 0.06 32 3.9 (±2.0) 400 38
CEP-140 H-(NLys-Phe(4-NH2))6-NH2 >32 >32 >1 none 0.1 30
CEP-144 H-(NOrn-Phe)6-NH2 16 8 0.06 32 5.5 (±2.5) 133 36
CEP-246 H-(NLys-Trp)4-NH2 16 8−16 0.09 16 4.6 (±3) 150 38
CEP-391 H-(NLys-Cha)3-NH2 64 64 0.07 16 22.6 (±2) 914 40

aMIC values in wt E. coli (MG1655) and the clinical isolate E. coli EC106-09, and fractional inhibition concentration index (FICI) for oligomers in
combination with rifampicin in E. coli EC106-09. The fold change in antibiotic concentration between the MIC, and the MIC when combined with
peptidomimetics is reported at the concentration yielding the highest degree of synergy (lowest FICI). bPeptidomimetics were tested on
erythrocytes at 400 μg/mL for hemolytic activity (results are presented as percentage of lysed erythrocytes upon treatment).13,14 cExperimental
relative hydrophobicity measured as % MeCN at peak elution in RP-HPLC using a gradient of 0−60% B (during 10 min).13,14
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Upon determining the effect on HepG2 cell viability, CEP-
130, CEP-144, and CEP-246 appeared to be less promising due
to their higher cellular toxicity (Figure 2), while CEP-130,
although being the best potentiator of rifampicin, was inferior to
CEP-136 and CEP-391 when combined with the clinically more
relevant antibiotics azithromycin or clarithromycin. Therefore,
the focus was directed to CEP-136 and to a lesser extent to CEP-
391 due to its higher hemolytic activity (Table 1). Thus, CEP-
136 was tested in combination with a range of antibiotics against
the MDR E. coli strain EC-106-09 to obtain insight into which
type(s) of resistance mechanisms may be overcome via the
apparent permeabilizing effect. This strain harbors several
mutations in the gyrase and topoisomerase genes, which confer
resistance toward fluoroquinolones. As expected, synergy was
not observed with antibiotics for which the bacterial resistance is
caused by a target mutation as exemplified by the combinations
with ciprofloxacin. In contrast, increased efflux of tetracycline via
a tetA mutation and degradation of ceftazidime by the β-
lactamase CTX-M-27 could both be partly overcome in the
presence of the enhancer. In fact, the addition of 8 μMCEP-136
reduced the MIC of ceftazidime 32-fold (from 32 to 1 μg/mL;
Figure 1D), thereby effectively increasing the sensitivity to
ceftazidime in the EC-106-09 strain to a level similar to the
EUCAST clinical breakpoint for this antibiotic.
Since rifampicin, clarithromycin, and azithromycin exhibit

limited activity against Gram-negative pathogens (and therefore
are not generally used clinically against these), the concentration
of antibiotic required to inhibit growth, when used in
combination with either of the peptidomimetics, was compared
to the clinical breakpoint for Staphylococcus spp. From the
isobolograms (Figure 1), it is clearly seen that the combination
with CEP-136 (and CEP-391; see Figure S1) is capable of
reducing the required effective antibacterial concentration of
clarithromycin or azithromycin to below 1 μg/mL. As a result, it
appears possible that the arsenal of antibiotics with efficacy
against MDR E. coli may be expanded to also include certain
macrolides when combined with a suitable peptidomimetic
enhancer.

Potentiation Effects in Other Gram-Negative Species.
In order to obtain information on the antibacterial spectrum of
the synergistic enhancer effect of CEP-136, it was also tested in
combination with rifampicin or clarithromycin against a panel of
other Gram-negative bacteria (K. pneumoniae, P. aeruginosa, and
A. baumannii; Table 3). Synergy was demonstrated in all cases,
resulting in up to 64-fold enhancement of in vitro antimicrobial
activity. Moreover, similar results were obtained for combina-
tions with CEP-391 (Table S2), corroborating that certain
peptide−peptoid hybrid peptidomimetics may exert a general
potentiation of selected antibiotics belonging to different classes.

Time−Kill Kinetics. The checkerboard data was comple-
mented with determination of time−kill kinetics for CEP-136 in
combination with rifampicin or clarithromycin (Figure 3),
showing that the potentiation effect did not only result in growth
inhibition, but also involves enhanced bactericidal action of the
antibiotics. Neither the peptidomimetic nor the antibiotics alone
had any effect on bacterial survival at the concentrations giving
rise to the rapid synergistic killing effect of the combination
within 3−6 h.

Envelope Permeabilization. Some peptide antibiotics
(e.g., polymyxin B and colistin) cause detrimental disruption
of the outer membrane (and possibly also of the inner
membrane) of Gram-negative bacteria as a central part of their
mechanism of action.16,17 Since CEP-136 displays high MICT
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values, no major disruption of the envelope was expected upon
exposure to CEP-136 at the sub-MIC values involved in the
potentiation of other antibiotics. This was confirmed by a
SYTOXGreen assay as shown in Figure 4. Colistin was used as a
positive control for permeabilization of the bacteria for rapid

entry of SYTOXGreen into the cytoplasm to give a fluorescence
signal upon binding to nucleic acids. In contrast, CEP-136 alone
or in combination with rifampicin resulted in minimal or no
envelope disruption. This was also the case for CEP-391 (Figure
4), which supports the hypothesis that the synergistic effect of

Figure 1. Isobolograms of CEP-136 or CEP-391 in combination with rifampicin (A/E), clarithromycin (B/F), azithromycin (C/G), or ceftazidime
(D) in E. coli EC106-09.
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the peptidomimetic and antibiotic combinations is not achieved
through inner membrane disruption, but more likely through
facilitation of increased influx of antibiotic across the envelope.
Synergy in LPS Inner-Core Deletion Mutants. The LPS

in the outer bacterial membrane constitutes an effective barrier
against penetration of, e.g., rifampicin and clarithromycin,
conferring a low antibacterial potency of these against Gram-
negative species. Thus, the efficient synergy with CEP-136 is
likely due to permeabilization of the LPS layer. In that case, LPS
mutants lacking significant portions of the LPS polysaccharide
structure should respond differently to the antibiotic-CEP136

combination and display less or no synergy. Mutants with no
outer LPS core and an increasingly perturbed inner core (i.e.,
ΔrfaG, ΔrfaF, ΔrfaE, ΔrfaC deletion strains; Table S1 and
Figure 5) were tested in checkerboard assays to probe the
involvement of LPS in peptidomimetic-antibiotic synergy.
For all LPS mutants tested, it was evident that both rifampicin

and clarithromycin were dramatically more active with
significantly reduced MIC values (often more than 40−128-
fold) as compared to that found for the wild-type strain (Table
4). In contrast, the MIC of CEP-136 remained essentially
unchanged for all bacterial strains, thereby indicating that the
antibacterial activity of CEP-136 is not mechanistically
connected to the LPS layer. The results also show that the
LPS is not a barrier for CEP-136 to reach any putative
intracellular target. Thus, the antibacterial mechanism of CEP-
136 is not clear. Synergy between CEP-136 and the antibiotics
was also evident in these mutants, with the most pronounced
effect observed in the ΔrfaGmutant, which lacks the outer core
sugar moieties, while retaining a complete inner core, whereas
the degree of synergy was lower when parts of the inner LPS core
units were lacking, e.g., in the ΔrfaC/E/F mutants. This may
indicate that CEP-136 is predominantly facilitating antibiotic
passage via interaction with/perturbation of the LPS inner core,
which may then destabilize the LPS.

Potentiation of Antibiotic Action against MDR Clinical
Isolates. In order to explore whether the observed synergy is
also obtainable more broadly, a range of clinically relevant
strains was used. A panel of MDR clinical isolates (comprising E.
coli, K. pneumoniae, and A. baumannii) was selected for testing of
the effect of CEP-136 when combined with rifampicin or
azithromycin against strains harboring a range of different
resistance genes conferring very high tolerance to β-lactams and
carbapenems as well as colistin (Table 5). Presently,
carbapenems are among the last-resort agents left to fight
MDR Gram-negative species, and hence, the emergence and
spreading of carbapenemase-based resistance poses a serious
threat to effective treatment of these infections. The
combination of a permeabilizing compound with a non-β-
lactam antibiotic, such as rifampicin or a macrolide, could
provide a new treatment option against such clinically highly
problematic strains. Importantly, CEP-136 in combination with
either rifampicin or azithromycin exhibited synergy against all E.
coli and K. pneumoniae strains tested (FICI typically within the
range 0.02−0.31), including the colistin-resistant strains and
two out of four MDR A. baumannii strains.
For the E. coli AMA1235, AMA 2152, and ESBL 20150072

strains, we also compared the potentiation effect of CEP-136 to
that of the established enhancer NAB741 in combination with
rifampicin or azithromycin. The potentiation effect of CEP-136
is similar to that of NAB741 (Table 6) in the AMA2151 strain;
but in contrast to CEP-136, no effect of NAB741 was observed
in the colistin-resistant strains. Indeed, NAB741 is not expected
to decrease the MIC of any antibiotic against isolates that are
resistant to polymyxins,18 possibly due to mechanistic overlap
between the antibacterial activity and the potentiation effect of
these closely related compounds.

Lack of Synergistic Effect with Colistin. It has previously
been reported that changes in the LPS layer regarding its
composition and/or modification can lead to increased specific
tolerance toward colistin.19 Given our data, it would not be
predicted that this resistance could be overcome by combination
with any of the permeabilizing peptidomimetics, as the
interaction of colistin with LPS is also part of its ownmechanism

Figure 2. Cell viability assay in human HepG2 cells treated with
peptidomimetics at the indicated concentrations for 24 h. Cell viability
is measured as ATP content and is expressed as the percentage of
untreated control ± SD, n = 6.

Table 3. Combination MIC values for Antibiotic/
Peptidomimetic (given in μg/mL and μM, Respectively)
Giving the Highest Degree of Synergy (the Lowest FICI) are
Shown for CEP-136 in Four Different Gram-Negative
Speciesa

peptidomimetic

CEP-136

strain/antibiotic MIC
synergy
MICs FICI

fold
change

E. coli/ATCC 25922
clarithromycin 64 μg/mL 1/2 0.08 64
rifampicin 8 μg/mL 0.25/0.125 0.03 32
CEP-136 32 μM

E. coli/MG 1655
clarithromycin 64 μg/mL 1/0.5 0.03 64
rifampicin 8 μg/mL 0.125/0.5 0.03 64
CEP-136 32 μM

K. pneumoniae/ATCC
13883
clarithromycin 32 μg/mL 0.5/1 0.04 64
rifampicin 8 μg/mL 0.25/0.25 0.03 32
CEP-136 >64 μM

P. aeruginosa/PAO1
clarithromycin 32 μg/mL 4/4 0.25 8
rifampicin 16 μg/mL 0.5/1 0.06 32
CEP-136 >32 μM

A. baumannii/ATCC
19606
clarithromycin 8 μg/mL 0.5/1 0.09 16
rifampicin 2 μg/mL 0.25/0.25 0.13 8
CEP-136 >32 μM

aFold change reports the ratio between the antibiotic MIC alone
relative to the MIC in the most synergistic (i.e., lowest FICI)
combination with the peptidomimetic.
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of action. As expected, no synergy was observed for
combinations of CEP-136 (or CEP-391) with colistin in the
colistin-tolerant WD101 strain or in the colistin-resensitized
WDΔeptAΔarnT strain (Table S3).
Stability. CEP-136 is composed exclusively of unnatural

amino acids and peptoid residues, and it is therefore not
expected to be a substrate for peptidases or proteases and should
exhibit good serum stability. Concordantly, when analyzing the

stability of CEP-136 in human serum, at least 80% of the intact
peptidomimetic remained after incubation for 24 h (Figure 6).

Effect of CEP-136 Combined with Rifampicin/Azithro-
mycin in a Peritonitis Mouse Model. The in vivo efficacy of
CEP-136 in combination with conventional antibiotics was
evaluated in a neutropenic murine peritonitis model. Based on
the FICI values, rifampicin and azithromycin were chosen as
representatives of two different drug classes normally exhibiting
low efficacy against Gram-negative pathogens. Initially, an acute
toxicity study demonstrated that CEP-136 was well tolerated up
to 10 mg/kg in healthy NMRI mice after intraperitoneal
administration. At higher doses, mice were affected transiently
(movement pattern, hedgehog fur) for up to 45 min (after doses
of 15 and 20 mg/kg). In the efficacy study, neutropenic NMRI
mice were treated intraperitoneally with antibiotic or
peptidomimetic alone or in combination 1 h postinoculation
of the E. coli strain (EC106-09). Five hours post challenge, and
thereby 4 h post treatment, the bacterial content (measured as
viable cell counts, i.e., CFU) of the peritoneal fluid was
determined. Rifampicin reduced the bacterial load somewhat
as compared to the control (i.e., vehicle), and this reduction was
about 10-fold larger when combined with CEP-136, which in
itself did not show any bactericidal activity at the concentration
tested (Figure 7A). As expected, the positive control treatment
with colistin showed a more potent effect, reducing the CFU
counts by ∼4log in the peritoneal fluid. Some degree of pain-

Figure 3. Time−kill curves for CEP-136 combined with rifampicin (A) or clarithromycin (B). In a MIC setup, bacterial survival was followed for 6 h
upon treatment with peptidomimetic and antibiotic alone or in combination. Dashed line indicates detection limit.

Figure 4. SYTOX green uptake in E. coli EC106-09. Inner membrane permeabilization caused by (A) CEP-136 or (B) CEP-391 as measured by
SYTOX green fluorescence. Bacterial inner membrane permeability allows entry of SYTOX green resulting in a measurable fluorescence signal. CEP-
136 and CEP-391 did not promote SYTOX entry as compared to the positive control colistin.

Figure 5. Schematic composition of E. coli LPS based on a K12-derived
strain. Adapted with permission from ref 27. Copyright 2015, the
authors. CC-BY license.
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associated reactions were observed for the mice that were both
immunosuppressed and infected from 30 min to 1 h post
administration of CEP-136 alone or in combination with
rifampicin. In a second peritonitis experiment, involving
combination with azithromycin, the dose of CEP-136 was
reduced accordingly. A less significant 1.5−2-fold reduction of
the bacterial load was found upon treatment with combinations
of CEP-136 (at 5 or 7.5 mg/kg) with azithromycin at
concentrations where the antibiotic alone was completely
ineffective in reducing bacterial load (Figure 7B). Again, CEP-

136 alone as well as in combination with azithromycin caused
some pain-associated reactions in infected mice upon i.p.
administration.

■ DISCUSSION

The present results demonstrate that CEP-136 can effectively
increase the sensitivity of several Gram-negative species toward
clarithromycin and azithromycin to below their respective
EUCAST clinical breakpoints for infections with Staphylococcus
spp., thereby in effect sensitizing Gram-negative pathogens to

Table 4. Synergy of CEP-136 and Rifampicin/Clarithromycin in LPS-Deficient E. colia

E. coli ATCC25922 E. coli ΔrfaC E. coli ΔrfaE E. coli ΔrfaF E. coli ΔrfaG

MIC (CEP136) 32 μM 16 μM 16 μM 32 μM 16 μM
MIC (rifampicin) 8 μg/mL 0.2 μg/mL 0.1 μg/mL 0.2 μg/mL 1 μg/mL
MIC (clarithromycin) >64 μg/mL 1 μg/mL 1 μg/mL 0.5 μg/mL 4 μg/mL

FICI (at antibiotic/CEP-136)
rifampicin 0.02 (0.1/0.2) 0.5 (0.1/0.2) 0.27 (0.03/0.1) 0.13 (0.03/0.1) 0.05 (0.03/0.2)
clarithromycin 0.07 (2/0.5) 0.25 (0.25/0.1) 0.16 (0.1/0.5) 0.25 (0.1/0.1 0.04 (0.1/0.2)

aMIC values of antibiotic alone or in combination with CEP-136 in the Δrfa mutant strains. FICI is given for the combinations with the highest
degree of synergy.

Table 5. Checkerboard Results from the Combination of CEP-136 with Rifampicin or Azithromycin against a Panel of Clinical
Isolates of E. coli, K. pneumoniae, and A. baumanniia

strain/antibiotic resistance MIC (μg/mL) synergy MICs (μg·mL−1/μM)a FICI fold changeb

E. coli/AMA 817 blaNDM‑1, blaCMY‑6, blaDHA‑1‑like, blaOXA‑1, blaTEM‑1C >16 μMc

azithromycin 4 0.25/0.125 0.07 16
rifampicin 8 0.125/0.125 0.02 64

E. coli/AMA 1235 mcr-1, blaCTX‑M‑15, blaTEM1B, blaOXA‑1 >16 μMc

azithromycin >16 1/0.5 <0.09 16
rifampicin 8 0.25/0.25 <0.05 32

E. coli/AMA 1656 blaVIM‑4, blaCTX‑M‑15, blaCTX‑M‑9, blaOXA‑1 16 μMc

azithromycin 4 0.125/0.25 0.05 32
rifampicin 4 0.125/0.125 0.04 32

E. coli/AMA 2152 blaOXA‑48, blaCTX‑M‑15, blaOXA‑1 >16 μMc

azithromycin 4 0.25/0.125 <0.07 16
rifampicin 8 0.125/0.125 <0.02 64

E. coli/ESBL 20150072 mcr-1, blaCMY‑2, blaCTX‑M‑55, blaTEM‑1B >16 μMc

azithromycin >16 0.5/0.5 <0.06 32
rifampicin 8 0.25/0.25 0.05 32

K. pneumoniae/ST258 blaOXA‑9like, blaSHV‑5‑like, blaKPC‑2, KPC-2, blaTEM‑1A‑like >16 μMc

azithromycin >16 4/1 <0.31 4
rifampicin 8 0.5/0.5 <0.09 16

K. pneumoniae/AMA 2413 blaNDM‑1, blaSHV‑11, blaCTX‑M‑15, blaTEM‑1B >16 μMc

azithromycin >16 1/0.25 <0.07 16
rifampicin >16 2/1 <0.19 8

K. pneumoniae/AMA 2460 blaOXA‑48, blaOXA‑1, blaSHV‑187‑like, blaTEM‑1B >16 μMc

azithromycin >16 2/0.25 <0.14 8
rifampicin >16 0.25/0.25 <0.03 64

A. baumannii/44 blaOXA‑23, blaOXA‑24 >32 μMc

azithromycin >32 >8/> 8 >0.5 nd
rifampicin 4 0.125/0.125 0.03 32

A. baumannii/46 blaOXA‑23, blaOXA‑24 >32 μMc

azithromycin 8 1/4 0.25 8
rifampicin 2 0.06/0.5 0.05 32

A. baumannii/AMA 1104 blaOXA‑23, blaADC‑25‑like, blaOXA‑66, tetB-like >32 μMc

azithromycin >64 >16/> 4 >0.5 nd
rifampicin 1 0.125/0.25 0.13 8

aMICs for combinations (antibiotic/peptidomimetic) giving the highest degree of synergy (the lowest FICI) are shown for CEP-136. Fold change
represents the ratio in antibiotic concentration between the MIC alone and the MIC when combined with peptidomimetic CEP-136 at the
concentration yielding the highest degree of synergy (i.e., the lowest FICI). bnd: not determined. cMIC of CEP-136.
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conventional “anti-Gram-positive” antibiotics. This was also the
case for a panel of MDR clinical isolates of E. coli,K. pneumoniae,

and A. baumannii. The principle of utilizing an outer-membrane
permeabilizer for the repurposing of such conventional
antibiotics has also been demonstrated with other polycationic
peptides.4,20−22 It was recently reported that colistin acts
synergistically in vitro with rifampicin, clarithromycin, azithro-
mycin, and other antibiotics against colistin-resistant strains,
including mcr strains.2,3 The clinical use of colistin was
abandoned in the 1960s partly due to its nephrotoxicity and
because better tolerated antibiotics were introduced. Now
polymyxins have re-emerged as the last-resort drugs against
extremely drug-resistant (XDR) strains. However, the recent
appearance of mcr genes vividly illustrates the never-ending
battle against resistance development. The synergistic effects
found for CEP-136 are fully comparable to those obtained with
the to date most well-characterized peptide-based antibiotic
adjuvant NAB7416 and better than those reported for other
LPS-disrupting peptides.23 For comparison, we also tested
NAB741 for synergy with rifampicin and azitromycin in three
clinical E. coli isolates, which all responded to sensitization with
CEP-136. Whereas both CEP-136 and NAB741 can sensitize
the carbapenemase-producing strain, only CEP-136 was
effective in the two colistin-resistant strains. This is in
accordance with a recent report concluding that NAB741 is
not expected to decrease the MIC of antibiotics for strains that
are resistant to polymyxins,18 presumably because the
antibacterial activity of colistin (and related polymyxins) and
the membrane-permeabilizing effect of NAB741 rely on similar
molecular interactions with the Gram-negative bacterial
envelope. However, most interestingly, NAB739, a new
polymyxin derivative (with significant inherent antibacterial
effect), was reported to show synergy with several antibiotics
against colistin-resistant strains (Col-R and mcr-1).24

The present results obtained with mutants expressing a
perturbed LPS composition indicate that the CEP-136
potentiation effect indeed involves interactions with the LPS
layer. Likewise, the results also show that the outer core of the
LPS structure is significantly hampering the antibacterial activity
of rifampicin, clarithromycin, and azithromycin. Furthermore,
the potentiation effect of CEP-136 is disappearing as the LPS
layer is reduced (Table 4). This supports the hypothesis that the
mechanism of CEP-136 involves permeabilization/disturbance

Table 6. Synergy with NAB741 Using the Checkerboard
Assaya

NAB741

strain/
antibiotic resistance

MIC
(μg/mL)

synergy
MICs FICIab

fold
change

E. coli/AMA
1235

mcr-1,
blaCTX‑M‑15,
blaTEM1B,
blaOXA‑1

>8c

azithromycin >16 >8/>8 nd none
E.coli/AMA
2152

blaOXA‑48,
blaCTX‑M‑15,
blaOXA‑1

16c

azithromycin 8 0.5/1 0.125 16
rifampicin 4 0.25/0.5 0.09 16
E.coli/ESBL
20150072

mcr-1, blaCMY‑2,
blaCTX‑M‑55,
blaTEM‑1B

>8c

azithromycin >16 >8/>8 nd none
aMIC antibiotic/enhancer (given in μg/mL and μM, respectively)
combinations giving the highest degree of synergy (the lowest FICI)
are shown for NAB741 in E. coli AMA2152. Fold change is given as
the reduction in antibiotic concentration for combinations with the
lowest FICI. bnd: not determined. cMIC for NAB741.

Figure 6. Stability of CEP-136 in human serum. The peptidomimetic at
a 60 μM starting concentration was extracted from serum at indicated
time points, separated and quantified by HPLC, and identified by
MALDI-TOF MS. Average of two determinations.

Figure 7. In vivo assessment of the antibacterial potential of rifampicin (A) or azithromycin (B) combined with CEP-136. The effect of combination
therapy (4 h) on the bacterial load in the peritoneal cavity of neutropenic mice after infection with E. coli strain EC106-09. One-way ANOVA with
Sidak’s multiple comparisons test: *p < 0.1,****P < 0.0001.
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of the outer part of the LPS, allowing large hydrophobic
antibiotics to penetrate the outer membrane and reach the
periplasm and then eventually also the cytoplasm, a mechanism
that appears analogous to that of NAB741.6,25 However, the
finding that CEP-136 in contrast to NAB741 is also capable of
sensitizing colistin-resistant strains indicates that the detailed
molecular mechanism is somewhat different for the two
compounds. It is noteworthy that CEP-136 also exhibits a
potentiation effect in K. pneumoniae, P. aeruginosa, and A.
baumannii, which are other Gram-negative pathogens of critical
medical importance.
The in vitro findings were extended by demonstrating an in

vivo potentiation effect in a murine peritonitis model, showing
that the bacterial load of a clinical E. coli strain can be
significantly reduced upon treatment with a combination of
CEP-136 and azithromycin, while treatment with each agent
separately did not show significant effects. Although the present
results clearly show promise, it is also evident that further SAR
studies are required to improve in vivo efficacy and optimize
pharmacokinetics.
However, peptidomimetics like CEP-136 have several

advantages in drug discovery and development. They are
chemically simple, have high biological stability due to resistance
to proteolytic degradation (most likely being metabolized by
oxidative pathways), and are readily amenable to extensive
chemical SAR analysis. In general, optimization via SAR studies
of antimicrobial peptides/peptidomimetics focuses on obtaining
high antibacterial potency combined with low cellular and in vivo
toxicity (most often acute and renal). This task is typically very
challenging because both properties involve membrane
disruption/disturbance (i.e., a highly selective killing of bacteria
over mammalian cells is required), which typically is dependent
on the balance between cationic charge and hydrophobicity.11

However, the fact that antibiotic adjuvants in contrast to
antimicrobial peptides are not required (or desired) to exhibit
direct antibacterial activity is expected to make this optimization
easier. This is also illustrated by the (limited) SAR so far
performed onCEP-136. Indeed, most of the present compounds
were selected based on their low inherent antibacterial activity
(see Table 1). Their general structure is based on a cationic/
hydrophobic alternating [Lys-Phe]n motif,11,12 in which Lys is
replaced by the analogous peptoid residue (i.e., NLys), while Phe
is varied to include various (non-natural) hydrophobic amino
acids. Previously, an attempt to correlate the overall hydro-
phobicity within a larger series of analogues with antibacterial
and hemolytic activity revealed no simple correlation, but
evidence was found for the existence of a “safe hydrophobicity
window” conferring antibacterial activity without significant
hemolysis.9 Likewise, the present results on enhancer/antibiotic
synergy do not indicate a clear correlation between the overall
hydrophobicity (Lipo-index) and synergy (FICI or FICI/MIC;
see Tables 1 and S2), although there is a trend that increasing
hydrophobicity does confer an increased potential for synergy
within a series of structurally closely related compounds (Table
S4). Cationic peptides often exhibit in vivo toxicity, not least
nephrotoxicity. Whether this is a challenge for the present
compounds remains to be seen. Preliminary results using
analogues of CEP-136 with fewer [NLys-tBuAla] dimeric
repeating units, thus reducing total number of both cationic
and hydrophobic groups, showed less favorable FICI, although
the 10-residue analogue still exhibited synergistic effects (Table
S5). Thus, more detailed SAR-based optimization of CEP-136

should include both oligomer length and structure of the
cationic and hydrophobic side chains.
The potential clinical use of antibiotic enhancers is twofold:

(i) repurposing of antibiotics by increasing their spectrum of
activity and (ii) resensitization of antibiotic-tolerant strains by
increasing antibiotic uptake, thereby circumventing the effect of,
e.g., increased efflux or enzymatic degradation of antibiotics as
exemplified by the development of NAB741 (SPR741).13 The
results obtained here with CEP-136 and analogues demonstrate
that simple linear peptidomimetics with very low inherent
antibacterial activity in fact can act as potent antibiotic
adjuvants, capable of resensitizingMDRGram-negative bacteria
(also comprising colistin-resistant strains), including species in
the health-threatening ESKAPE group to rifampicin and
macrolide antibiotics. Future studies will show whether further
extensive preclinical studies and optimization via medicinal
chemistry of this class of compounds will enable discovery of
derivatives that may enter drug development.

■ METHODS
Manual Solid-Phase Synthesis of Peptidomimetics.

Peptidomimetics were prepared manually as previously
described.13,14 In brief, Teflon vessels (10 mL; fitted with a
polypropylene filter) were charged with Fmoc-Rink Amide
polystyrene resin (Iris Biotech GmbH, Marktredwitz, Germany;
loading 0.74 mmol/g; 0.1 mmol). Coupling conditions used for
Fmoc-protected amino acids and peptoid building blocks: 3.0
equiv of building block, 3.0 equiv of N,N′-diisopropylcarbodii-
mide (DIC), and 3.0 equiv of ethyl (hydroxyimino)-
cyanoacetate (OxymaPure). All reagents were added to the
resin and shaken at 40 °C for at least 1 h; amino acid building
blocks were coupled twice to ensure complete conversion of
resin-bound peptoid secondary amine. Fmoc deprotection
conditions: 20% piperidine in DMF (2 × 10 min, each time
with 5 mL under shaking at 40 °C).

Strains and Growth Medium. Strains are listed in Table
S1. E. coli MG1655, K. pneumoniae ATCC13883, P. aeruginosa
PAO1, and A. baumanii ATCC 19606 were in our lab collection.
E. coli strain EC106-09 and the panel of clinical isolates were
provided by Carina Vingsbo Lundberg, Statens Serum Institute
(SSI, Copenhagen, Denmark). The clinicalA. baumannii isolates
were provided by Dr. A. Japoni-Nejad.26

E. coli strain ATCC 25922 and the corresponding ΔrfaC/E/
F/G deletions strains27 were provided by Dr. Anna Ebbensgaard
(University of Copenhagen).
E. coli strains WD101 and WDΔeptAΔarnD were kindly

provided by Professor M. Stephen Trent (University of Georgia,
Athens, GA).19 All strains were grown in noncation adjusted
MHB (Sigma-Aldrich, Merck KGaA, cat. no. 70192, Darmstadt,
Germany).

MIC and Checkerboard Assay. MIC values were
determined by broth microdilution according to standard
protocols, briefly, 190 μL of bacterial cell culture containing
approx 105 CFU/mL was dispensed into a 96-well plate
(Thermo Scientific, Nunc cat. no. 260896, 96F straight w/lid)
along with 10 μL of peptidomimetic stock solution or antibiotic.
For the checkerboard assay, the test antibiotic was 2-fold

serially diluted along the rows, while the peptidomimetic was 2-
fold serially diluted along the columns to create a matrix in which
each well contains a combination of both agents at different
concentrations.
The plate was incubated in a Tecan Genios plate reader at 37

°C for 18 h, and OD was measured every 20 min at 595 nm. The
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MIC was determined as the lowest concentration which
inhibited visible growth (OD < 0.1) in the wells.
The fractional inhibitory concentration index (FICI) of each

combination was calculated according to the following formula:
FICI = [MIC of A(A+B)/MIC of A] + [MIC of B(A+B)/MIC of B],
where MIC A(A+B) represents the MIC of compound A in the
combination of compound A and compound B and MIC B(A+B)
represents the MIC of compound B in the combination of
compound A and compound B. The FICIs were interpreted as
synergistic, indifferent, or antagonistic for values of FICI ≤ 0.5,
FICI > 4.0, and FICI > 0.5−4.0, respectively.28 For time−kill
curves, aliquots were taken at t = 0, 90 min, 3 h, and 6 h, and
plated on LB agar to determine the CFU/mL.
SYTOX Green Assay. E. coli EC106-09 cells (OD595 ∼ 0.3)

were centrifuged and washed with 0.9% NaCl and resuspended
in MHB diluted to OD595 ∼ 0.1. SYTOX green (Invitrogen,
ThermoFisher Scientific, Waltham, MA) was added (1 μM) and
incubated for 5 min at 37 °C. Bacteria were dispensed into a 96-
well plate, and each compound added individually or in
combination. Fluorescence intensity (λex = 480 nm, λem = 520
nm) was measured every 4 min for 90 min at 37 °C during
continuous shaking in a Synergy H1 mircroplate reader (Biotek,
Bad Friedrichshall, Germany). Colistin (Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany) at 1× MIC and 2× MIC
constituted the positive controls.
Cell Toxicity. The cell toxicity of each peptidomimetic was

determined by using HepG2 hepatocytes grown in DMEM
medium supplemented with 100 U/mL penicillin, 100 μg/mL
streptomycin, 1% glutamax, and 10% fetal bovine serum (FBS)
(Sigma-Aldrich, Merck KGaA, cat. no. F2442, Darmstadt,
Germany), at 37 °Cwith 5%CO2. Initially, 10

4 cells were seeded
into each well of a 96-well plate. After 48 h, the peptidomimetic
was added, followed by overnight incubation. Total adenosine
triphosphate (ATP) was used as a measure of cell viability
according to the CellTiter-Glo Luminescent Cell Viability Assay
kit (Promega, cat. no. G7275, Madison, WI). The concentration
of peptidomimetic ranged from 2.5 to 200 μM.
Hemolysis Assay. The lysis of human red blood cells was

measured as previously described.14 In brief, freshly drawn
human red blood cells (hRBCs) were washed three times with
PBS buffer and centrifuged twice for 5 min at 2500 rpm. Then, a
2-fold serial dilution of compounds in PBS buffer was added to
each well in a sterile polypropylene V-bottom 96-well plate to a
total volume of 75 μL. Then, a 0.5% v/v hRBC suspension (75
μL in PBS buffer) was added to each well to reach a final volume
of 150 μL in each well. The plate was incubated (37 °C) for 60
min, and the cells were pelleted by centrifugation at 1000 rpm
for 5 min. Finally, the supernatants (50 μL) were transferred to
clear, flat-bottomed plastic 96-well plates, and the concentration
of hemoglobin was detected by measuring the OD at 405 nm.
The OD of cells incubated with 0.1% SDS defined 100%
hemolysis, while the OD of cells incubated with PBS buffer
defined 0% hemolysis. The concentration tested was 400 μg/
mL. The assay was performed by the Latvian Institute of Organic
Synthesis Riga, Latvia
Stability in Serum. Human serum was incubated with 60

μM of CEP136 at 37 °C up to 24 h. At time t = 0, 2, 4, and 24 h
after incubation, 30 μL of 3% TCA was added to 30 μL of serum
incubated with CEP-136. Samples were kept on ice for 15 min
and then centrifuged for 15 min at 14 000g. Supernatant was
analyzed by HPLC and MALDI-TOF mass spectrometry.
Murine Peritonitis Infection Model. All animal experi-

ments were approved by the National Committee of Animal

Ethics, Denmark, and adhering to the standards of EU Directive
2010/63/EU. Female NMRI mice, purchased from Taconic
Biosciences A/S (Lille Skensved, Denmark) and acclimatized
before the experiments, had free access to domestic quality
drinking water and food (2016; 16% Protein Rodents Diet,
Harlan, USA). Initially, an acute toxicity study was performed in
healthy NMRI mice in order evaluate the feasibility of efficacy
studies. Female NMRI mice (∼25g) were injected with 200 μL
of vehicle at 10, 15, and 20 mg/kg intraperioneally and were
observed for 2 h and again after 24 h.
For the in vivo efficacy studies, the mice were rendered

neutropenic by injection of 0.5 mL of cyclophosphamide
(Sendoxan) solution intraperitoneally 4 days (approximately
200 mg/kg) and 1 day (approximately 100 mg/kg) prior to
inoculation. Fresh overnight E. coli EC106-09 colonies from a
5% Blood Agar plate (SSI Diagnostica) were suspended in sterile
saline to approximately 1 × 108 CFU/mL and then further
diluted to approximately 2−5 × 106 CFU/mL. Mice were
inoculated intraperitoneally with 0.5 mL of the E. coli
suspension. After 1 h, the mice were in groups treated either
with a defined dose of rifampicin or azithromycin, with a defined
dose of a combination of rifampicin/azithromycin and the
enhancer peptidomimetic CEP-136, or with vehicle (n = 4) by
i.p. administration. The vehicle-treated mice were injected with
the citrate buffer excipient alone. All test compounds were
diluted from the stock solutions in isotonic citrate or saline in
order to obtain solutions ready for injection. Mice were injected
i.p. with 0.2 mL of these solutions at t = 1 h.
Colistin treatment with a single i.p. dose of 5 mg/kg was

included as a positive control. At t = 4 h after treatment, the mice
were sacrificed by cervical dislocation, and then peritoneal fluid
samples were collected. A total of 2 mL of sterile saline was
injected i.p. Then the abdomen was gently massaged before it
was opened, and the fluid was sampled with a pipet. Each sample
was 10-fold diluted with saline, and 20 μL aliquots were applied
as spots on blood agar plates for CFU determination. The results
were analyzed in GraphPad Prism 8 by using one-way ANOVA
and Sidak’s multiple comparison post hoc tests for comparison
between groups.
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