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ABSTRACT To overcome increasing bacterial resistance to conventional antibiotics,
many antimicrobial peptides (AMPs) derived from host defense proteins have been
developed. However, there are considerable obstacles to their application to sys-
temic infections because of their low bioavailability. In the present study, we devel-
oped an AMP derived from Romo1 (AMPR-11) that exhibits a broad spectrum of
antimicrobial activity. AMPR-11 showed remarkable efficacy against sepsis-causing
bacteria, including multidrug-resistant strains, with low toxicity in a murine model of
sepsis after intravenous administration. It seems that AMPR-11 disrupts bacterial
membranes by interacting with cardiolipin and lipid A. From the results of this
study, we suggest that AMPR-11 is a new class of agent for overcoming low efficacy
in the intravenous application of AMPs and is a promising candidate to overcome
multidrug resistance.

IMPORTANCE Abuse of antibiotics often leads to increase of multidrug-resistant
(MDR) bacteria, which threatens the life of human beings. To overcome threat of an-
tibiotic resistance, scientists are developing a novel class of antibiotics, antimicrobial
peptides, that can eradicate MDR bacteria. Unfortunately, these antibiotics have
mainly been developed to cure bacterial skin infections rather than others, such as
life-threatening sepsis. Major pharmaceutical companies have tried to develop anti-
septic drugs; however, they have not been successful. Here, we report that AMPR-11,
the antimicrobial peptide (AMP) derived from mitochondrial nonselective channel
Romo1, has antimicrobial activity against Gram-positive and Gram-negative bacteria
comprising many clinically isolated MDR strains. Moreover, AMPR-11 increased the
survival rate in a murine model of sepsis caused by MDR bacteria. We propose that
AMPR-11 could be a novel antiseptic drug candidate with a broad antimicrobial
spectrum to overcome MDR bacterial infection.

KEYWORDS AMPR-11, antimicrobial peptide, drug resistance, multidrug-resistant
bacteria, peptide antibiotics, sepsis

Antibiotics are one of the most revolutionary medicines for human therapy and have
decreased the mortality of patients from bacterial infections (1). However, antibi-

otic abuse has increased the emergence of antibiotic-resistant bacteria, now paradox-
ically threatening the lives of human beings (2). Indeed, a research charity called the
“Wellcome Trust” warned that 10 million people would die in 2050 and that an
additional consequence of antimicrobial resistance would be an increase in global
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economic burden (3). The most notorious bacteria that are susceptible to antibiotic
resistance are collectively known as ESKAPE: Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species (4). Since patients suffering from nosocomial infections with
multidrug-resistant (MDR) Gram-negative bacteria have poor clinical outcomes, the
World Health Organization (WHO) recently reported carbapenem-resistant A. bauman-
nii (CRAB), carbapenem-resistant P. aeruginosa (CRPA), and Enterobacteriaceae as the
highest priority, all of which are carbapenem-resistant Gram-negative bacteria. Com-
pared to MDR Gram-positive bacteria (e.g., methicillin-resistant S. aureus [MRSA] or
vancomycin-resistant S. aureus [VRSA]), which are considered to be of secondary
priority, there are only a few options against carbapenem-resistant Gram-negative
bacteria (5).

Although the development of chemical antibiotics in major pharmaceutical com-
panies has decreased along with development of antibiotics because of lack of invest-
ment returns (6), scientists are developing a novel class of antibiotics, antimicrobial
peptides (AMPs), to eradicate MDR bacteria (7). However, AMP developments have
been focused on topical treatment for MDR bacteria causing skin and soft tissue
infections (SSTIs) as a first indication (8, 9). The first AMP to reach clinical trial was
Locilex, or pexiganan, a magainin analog isolated from the skin fluid of the African
clawed frog and indicated for treatment of diabetic foot ulcer (DFI). However, its New
Drug Application (NDA) was rejected by the U.S. Food and Drug Administration (FDA)
in 1999 because of its low efficacy compared to chemical antibiotics (10). In 2004, it was
reevaluated for DFI with two phase III trials (Onestep-1 and Onestep-2) with an
enhanced formulation but did not meet the primary endpoints (11). Although many
AMPs are currently under development, life-threatening infections such as MDR Gram-
negative bacteremia have not been considered an indication of AMPs regardless of
their high mortality. The lipopeptide colistin, a last-resort antibiotic that was discon-
tinued in the 1980s because of neuro- and nephrotoxicity, is undergoing phase III trials
for carbapenem-resistant Gram-negative bacteremia (12).

This situation becomes much more severe in septic patients. Sepsis is a life-
threatening systemic inflammation caused by pathogens, mainly bacteria (13). Major
pharmaceutical companies have tried to develop antiseptic drugs but have not been
successful (14). Although recombinant human activated protein C (Drotrecogin alfa,
Xigris) was developed by Eli Lilly for severe septic patients, it was withdrawn from the
market in 2011 due to lack of efficacy compared to placebo in the PROWESS-SHOCK
trial (15, 16). In that same year, orally available antimicrobial protein talactoferrin was
evaluated for severe sepsis in the phase II/III OASIS trial, but the results were unsatis-
factory (17).

According to sepsis guidelines, antibiotics should be administered within 1 h if
patients show symptoms of sepsis, which means that neither the bacterial species nor
the presence of MDR bacteria can be identified before antibiotic treatment (18).
Therefore, an empirical antibiotic combination is intravenously administered as the
initial step of sepsis treatment (19, 20). Considering that the ideal antimicrobials for
sepsis should eradicate the bacteria regardless of species and presence of MDR, AMP
could be the best antimicrobial candidate for sepsis caused by MDR bacteria. However,
AMPs already developed and under development have a limitation for use in sepsis
treatment due to lack of stability in blood (21).

It has been reported that expression of reactive oxygen species modulator 1
(Romo1) increased cellular reactive oxygen species (ROS) production and contributed
to tumor progression (22–24). Recently, Romo1 was shown to function as a nonselec-
tive cation channel. This protein contains two transmembrane domains (TMDs), and its
secondary TMD forms an amphipathic helical pore-forming domain (25). Because
Romo1 is a nucleus-encoded mitochondrial protein and the membrane characteristics
of mitochondria are similar to those of bacteria in terms of low membrane fluidity with
a negatively charged surface, Romo1 might harbor antimicrobial activity against bac-
teria due to its pore-forming domain. In this study, we explored the possibility of the
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pore-forming domain of Romo1 as an AMP for treating sepsis caused by MDR bacteria
and showed that AMP derived from Romo1 (AMPR-11) is a promising agent for
treatment of sepsis caused by MDR bacteria.

RESULTS
Antimicrobial activity of Romo1 against intracellular invading bacteria. Be-

cause mitochondria and bacteria share an ancestor (26) and many intracellular bacteria
can replicate within host cells (27), we posited that intracellular bacteria could be killed
by nucleus-encoded proteins translocated into mitochondria, which harbor an amphi-
pathic pore-forming domain, since amphipathic alpha-helical structures have antimi-
crobial activity. We focused on one of the mitochondrial nonselective ion channels,
Romo1, which was recently shown to induce mitochondrial membrane permeabiliza-
tion (25). Enteroinvasive Escherichia coli (EIEC), which has been reported to be inter-
nalized into the cells, was used in this experiment. We infected HeLa cells with EIEC and
determined that Romo1 did target the internalized EIEC (Fig. 1A). The number of
internalized EIEC in both Romo1-overexpressed and Romo1-knockdown cells was
examined by flow cytometry and showed no difference (see Fig. S1 in the supplemental
material). However, viability of the internalized EIEC was decreased in Romo1-
overexpressed cells (Fig. 1B) and increased in Romo1-knockdown cells (Fig. 1C),
indicating that Romo1 can eradicate the invaded bacteria.

Since Romo1 is not expressed in the E. coli expression system, it was chemically
synthesized and was dissolved in 75% trifluoroethanol, an alpha-helix stabilizing agent,
which has frequently been used as a solvent for alpha-helical transmembrane proteins
(28). We applied Romo1 to EIEC directly and measured the bacterial growth by
spectrophotometry. Romo1 treatment inhibited EIEC growth (Fig. 1D) and induced
green fluorescent protein (GFP) efflux from GFP-expressing EIEC (Fig. 1E). To visualize
Romo1 targeting the EIEC and the Romo1-induced GFP efflux, we administered
5-carboxytetramethylrhodamine (TAMRA)-labeled Romo1 to the GFP-expressing EIEC.
TAMRA-Romo1 targeted the EIEC within 1 min, and GFP was released from EIEC in a
time-dependent manner (Fig. 1F). Consistent with these results, bacterial membrane
disruption was observed by scanning electron microscopy (SEM) (Fig. 1G) and trans-

FIG 1 Antimicrobial activity of the Romo1 protein against EIEC. (A) Romo1 targeting the internalized EIEC in HeLa
cells. HeLa cells were infected with EIEC and stained with anti-Romo1 antibody and DAPI. Scale bar, 10 �m (left)
or 1 �m (right). (B and C) The number of internalized EIEC in Romo1 overexpressed (pcDNA3.1 or pcDNA3.1-Flag-
Romo1 for 36 h) or knockdown (control siRNA, Romo1 siRNA-1, or Romo1 siRNA-2 for 48 h) cells. The expression
level of Romo1 was confirmed by Western blotting. (D) Growth rate curves of EIEC incubated with 1 �g/ml of
Romo1 protein. (E) GFP-expressing EIEC were incubated with 100 nM Romo1, and GFP efflux was measured by flow
cytometry. (F) GFP-expressing EIEC were incubated with TAMRA-Romo1, and GFP efflux was visualized with
fluorescence microscopy. Scale bar, 15 �m. (G and H) SEM and TEM images of EIEC incubated with Romo1. Sale bar,
1 �m. Data represent means � the standard deviations (SD). **, P � 0.01; ***, P � 0.001 (by two-way analysis of
variance [ANOVA]).
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mission electron microscopy (TEM) (Fig. 1H). These results indicate that the Romo1
protein has antimicrobial activity through bacterial membrane permeabilization.

K58-R78 region of Romo1 has antimicrobial activity. We next sought to deter-
mine the core region of Romo1 that harbors antimicrobial activity. Because Romo1 has
an amphipathic alpha-helical transmembrane domain for pore formation, we expected
that this region might be responsible for antimicrobial activity. To evaluate this
hypothesis, we chemically synthesized 15 deletion mutants from their predicted am-
phipathic TMDs by sequential deletion (Fig. 2A). The deletion mutants were dissolved
in water, and their antimicrobial activities were evaluated by using the minimum
bactericidal concentration (MBC) test (29). The K58-R78 region showed the highest
bactericidal activity among deletion mutants (Fig. 2B). This peptide was called AMP
derived from Romo1-11 (AMPR-11). Next, we measured the antimicrobial activity of
AMPR-11 against sepsis-causing bacteria, including their MDR strains. Interestingly,
AMPR-11 showed a broad spectrum of antimicrobial activity against all bacteria tested
in this study (see Table S1 in the supplemental material). We examined the secondary
structure of AMPR-11 with circular dichroism. AMPR-11 formed a random coil structure
in distilled water but formed an ordered conformation in 50% hexafluoro-2-propanol
(HFIP), which has been used for implementing a membrane-mimic environment (30).
This conformation showed one positive peak at 192 nm and two negative peaks at
208 to 210 nm and at 222 nm, indicating a predominantly alpha-helix structure (Fig. 2C

FIG 2 Antimicrobial activity of AMPR-11 (K58-R78) derived from Romo1. (A) Sequences of deletion mutants of Romo1.
Green represents transmembrane domains (M21 to L43 and I56 to I77) by TMMTOP server. (B) Determination of the MBC
of each deletion mutant to kill 105 CFU of P. aeruginosa or S. aureus in 1 h. (C) Circular dichroism spectroscopy of AMPR-11.
The black line represents the AMPR-11 structure in distilled water, and the red line represents the AMPR-11 structure in
50% HFIP. (D) Predicted alpha-helical wheel of AMPR-11. The illustration was recreated based on the Helical Wheel
Projection server. Green, nonpolar amino acids; orange, polar amino acids. (E) GFP-expressing EIEC permeabilization by
TAMRA-AMPR-11. Scale bar, 20 �m. (F) SEM images of CRPA or MRSA incubated with AMPR-11. Scale bar, 1 �m.
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and D). This implies that AMPR-11 with a random coil structure before membrane
insertion forms an alpha-helical structure in the membrane environment. Similar to
wild-type Romo1, AMPR-11 induced membrane permeabilization in GFP-expressing
EIEC (Fig. 2E) and bacterial membrane disruption of CRPA or MRSA (Fig. 2F). These
results indicate that the K58-R78 region of Romo1 is a new class of AMP derived from
mitochondrial targeting protein with a broad spectrum of antimicrobial activity, includ-
ing against MDR strains.

AMPR-11 induces membrane permeabilization by interacting with cardiolipin
and/or lipid A. Prior to examination of AMPR-11-induced membrane permeabilization,
we tested whether AMPR-11 efficiently targets artificial giant unilamellar vesicles (GUVs)
composed of E. coli total lipid extract. E. coli membrane-mimic GUVs were incubated
with TAMRA-AMPR-11, and AMPR-11 targeted the GUVs (Fig. 3A). To evaluate liposome
permeabilization, we generated carboxyfluorescein (CF)-encapsulated large unilamellar
vesicles (CF-LUVs) composed of E. coli total lipid extract by extrusion, as previously
described (31). AMPR-11 induced CF release from the CF-LUVs (Fig. 3B) to a similar
extent as melittin (a pore-forming toxin of bee venom) and more than well-known
antimicrobial peptides such as magainin 2 and daptomycin. To examine the lipid
preference of AMPR-11, we performed a protein lipid overlay (PLO) assay. Interestingly,
AMPR-11 specifically bound to lipid A and cardiolipin (CL) (Fig. 3C), bacterium-specific
lipids, compared to other lipids used for the PLO assay. To confirm their importance in
membrane permeabilization, lipid A and CL were increased in proportion in the
CF-LUVs, and AMPR-11 induced CF release in a lipid A or CL concentration-dependent
manner (Fig. 3D). These results indicate that lipid A and CL are possible targets of
AMPR-11 to induce membrane permeabilization.

Efficacy of AMPR-11 in a murine model of sepsis and toxicity. The toxicity of
AMPR-11 in mammalian cells (HeLa cells, human embryonic kidney 293 [HEK293] cells,
and human umbilical vein endothelial cells [HUVECs]) was examined prior to evaluation
of its efficacy in a murine model of sepsis. AMPR-11 treatment exhibited less cytotox-

FIG 3 AMPR-11-induced liposome permeabilization and its lipid preference. (A) Targeting of AMPR-11
to bacterial membrane-mimic GUVs. GUVs were generated using E. coli total lipid extract with 0.5%
TF-CHOL. GUVs were incubated with TAMRA-AMPR-11 for 1 min and analyzed with confocal microscopy.
Scale bar, 10 �m. (B) CF-encapsulated LUVs permeabilization induced by AMPR-11. CF-LUVs were
generated using E. coli total lipid extract and incubated with 1 �g/ml of melittin, magainin 2, daptomy-
cin, or AMPR-11. CF release was monitored with a spectrophotometer. (C) Lipid preference of AMPR-11.
Lipid strip containing each natural lipid (20 pmol) was incubated with TAMRA-AMPR-11. (D) CF-LUVs
were generated using E. coli total lipid extract with additional lipid A or cardiolipin incubated with 500 ng
of AMPR-11 for 20 min, and CF release was monitored with a spectrophotometer. Data represent
means � the SD. DAP., daptomycin; MAG., magainin 2.
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icity (Fig. 4A) and hemolytic activity (Fig. 4B) than magainin 2 and daptomycin. To
clarify its safety in mice, we intravenously administered a single dose (100 mg/kg) of
AMPR-11 into a C57BL/6 mouse and tracked it for 15 days. There were no severe clinical
signs such as death or weight loss compared to the control group (phosphate-buffered
saline [PBS]) (Fig. 4C).

Next, we evaluated AMPR-11 efficacy in the murine model of sepsis. Mice were
injected intravenously with P. aeruginosa (ATCC 27853), S. aureus (ATCC 29213), K.
pneumoniae (ATCC 13883), or A. baumannii (ATCC 19606), and AMPR-11 was adminis-
tered after 1 h of infection as described in the experimental workflow (Fig. 4D) (32).
Imipenem was intraperitoneally administered four times every 12 h (q12h) as previously
described, with minor modifications (33). Interestingly, a single dose (10 mg/kg) of
AMPR-11, which was a 10-fold lower concentration when tested for in vivo toxicity,
increased the survival rate by �60% in both Gram-positive bacteria (S. aureus) and
Gram-negative bacteria (P. aeruginosa, K. pneumoniae, and A. baumannii) (Fig. 4E), with
a decrease in the bacterial load in blood (Fig. 4F). These results indicate that a single
dose (10 mg/kg) of AMPR-11 has similar efficacy to multiple doses of imipenem.

As shown in Fig. 2E, AMPR-11 has fast-acting antimicrobial activity in vitro. Therefore,
we examined whether this fast-acting property is demonstrated in the murine model of

FIG 4 Antimicrobial activity of AMPR-11 in the murine model of sepsis. (A) Cell viability assay of mammalian cells
(HeLa cells, HEK293 cells, and HUVECs) with daptomycin, magainin 2, or AMPR-11. Peptides from 0 to 256 �g/ml
were incubated for 2 h and analyzed by an MTT assay. (B) Hemolysis assay of RBCs incubated with daptomycin,
magainin 2, melittin, or AMPR-11. The percentage of hemolyzed RBCs was analyzed by spectrophotometer. (C)
Body weight changes of C57BL/6 mice after intravenous administration of AMPR-11 (100 mg/kg) or PBS. (D)
Experimental workflow of the sepsis model. (E) Survival rates in mice infected with P. aeruginosa, S. aureus, K.
pneumoniae, or A. baumannii. Each group was treated with PBS, imipenem (10 mg/kg with intraperitoneal
administration, four times q12h), or AMPR-11 (10 mg/kg with intravenous administration, single dose). Survival
rates were calculated with 15 mice/group for K. pneumoniae and A. baumannii and 20 mice/group for P. aeruginosa
and S. aureus. (F) Numbers of bacteria in mouse blood after 48 h of bacterial infection with or without AMPR-11
administration. Data represent means � the SD. **, P � 0.05; ***, P � 0.001 (by two-way ANOVA). DAP., daptomycin;
MAG., magainin 2; IMIP.; imipenem.
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sepsis. Mice infected with S. aureus were administered PBS or AMPR-11 immediately
after infection, after which blood was collected from the tail vein at each time described
in Fig. 5A. Consistent with the results in Fig. 2, AMPR-11 rapidly decreased the bacterial
load in blood (Fig. 5A).

Next, we investigated whether the following blood components affect the antimi-
crobial activity of AMPR-11: mouse plasma, human serum, human low-density lipopro-
tein (LDL), human high-density lipoprotein (HDL), bovine serum albumin, and mouse
red blood cells (RBCs). AMPR-11 incubated with mouse plasma or human serum
showed decreased antimicrobial activity in both P. aeruginosa and S. aureus depending
on incubation time (Fig. 5B), and its functional half-life was approximately 50 min in
plasma and 40 min in serum. Interestingly, AMPR-11 activity was not inhibited by RBCs,
LDL, HDL, or albumin (Fig. 5C), indicating that AMPR-11 does not interact with those
factors.

Efficacy of AMPR-11 in a murine model of sepsis caused by MDR bacteria. We
next evaluated the efficacy of AMPR-11 in the murine model of sepsis caused by MDR
bacteria, including MRSA and carbapenem-resistant Gram-negative bacteria (P. aerugi-
nosa [CRPA], K. pneumoniae [CRKP], and A. baumannii [CRAB]), which were clinically
isolated from sputum at Korea University Hospital. As expected, a single dose (10 mg/
kg) of AMPR-11 increased the survival rate by �60% in all MDR bacteria (Fig. 6A), with
an additional positive outcome of decrease in bacterial load in the liver, spleen, and
kidney (Fig. 6B). However, imipenem was of little effectiveness in this experiment. To
compare the antimicrobial activity of AMPR-11 in vivo with those of well-known AMPs
(magainin 2, LL-37, and daptomycin), mice were infected with MRSA or CRPA, and the
peptides were administered after 1 h of infection. Blood samples were collected from
the tail vein at 1 h after peptide administration. The antimicrobial activity of AMPR-11
in blood was statistically better than that of magainin 2, LL-37, or daptomycin; in
contrast to magainin 2 and daptomycin, AMPR-11 demonstrated no bacterial specificity
(Fig. 6C). Taken together, these results indicate that AMPR-11 has a broad spectrum of
antimicrobial activity in sepsis caused by MDR Gram-negative bacteria or MDR Gram-
positive bacteria, has low in vivo toxicity, and could be a promising therapeutic option
for blood infection diseases (i.e., bacteremia and sepsis).

FIG 5 Effects of blood components on antimicrobial activity of AMPR-11. (A) Comparison of bacterial load in blood
between PBS and AMPR-11. Mice were infected with S. aureus, and either AMPR-11 or PBS was subsequently
administered. CFU of blood samples from the tail vein was calculated using the following formula: CFU of
AMPR-11-administered mouse group / CFU of PBS group �100 (%). (B and C) Effects of AMPR-11 activity on mouse
plasma, human serum, low-density lipoprotein (LDL), high-density lipoprotein (HDL), and mouse RBCs. AMPR-11
was incubated with blood components for the indicated times (0, 5, 15, 30, 45, 60, or 75 min) and then with P.
aeruginosa or S. aureus for 1 h. Antimicrobial activity was measured with CFU assay. Data represent means � the
SD.
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DISCUSSION

Antiseptic drug development has not been successful because of the complexity of
practical applications. Anti-inflammatory agents such as anti-TNF-� antibody have been
evaluated in clinical trials to alleviate inflammation caused by pathogens, but they have
not been successful because of different inflammatory mechanisms between humans
and experimental animals (34). For this reason, the direction of drug development for
sepsis treatment has shifted from inflammatory response to organ dysfunction and
disruption of the immune response (35). However, antibiotic treatment is still the
inevitable first-line therapy for sepsis treatment.

There are many obstacles for development of new agents to cure sepsis. One of
these is that a lack of investment returns in antibiotics development has impeded the
discovery of a new class of antibiotics (7). To overcome this hurdle, AMPs derived from
host defense protein have been proposed. Unfortunately, low efficacy and high toxicity
in systemic application of AMPs have hampered their development against blood
infections such as sepsis and bacteremia. For example, intravenous administration of
the WLBU2 peptide showed promising efficacy in a mouse sepsis model caused by P.
aeruginosa; however, a single dose (16 mg/kg) of WLBU2 peptide killed the mice within
30 min (36). Although orally available talactoferrin was developed against severe sepsis
and evaluated in clinical trials, its efficacy was not supported in phase II/III trials. Based
on the assumption that the gastrointestinal tracts of such patients were not functionally
active, oral uptake of talactoferrin might be not appropriate for sepsis treatment (37).
In the present study, we evaluated the efficacy of intravenously administered AMPR-11
and showed it to have low in vivo toxicity with a broad spectrum of antimicrobial
activity, regardless of bacterial species, including MDR strains.

The superior antimicrobial activity of AMPR-11 in a murine model of sepsis could be
explained by several mechanisms. First, the fast-acting activity of AMPR-11 against
bacteria might compensate for its short functional half-life. AMPR-11 can kill bacteria
within 10 min (Fig. 2E), and its in vitro functional half-life in serum or plasma is around

FIG 6 Antimicrobial activity of AMPR-11 in the murine model of sepsis with MDR bacteria. (A) Survival rates in mice
infected with MRSA, clinically isolated carbapenem-resistant Gram-negative bacteria (P. aeruginosa [CRPA], K.
pneumoniae [CRKP], or A. baumannii [CRAB]). Each group was treated with PBS, imipenem (10 mg/kg with
intraperitoneal administration, four times q12h), or AMPR-11 (10 mg/kg with intravenous administration, single
dose). Survival rates were calculated with 15 mice/group. (B) CFU assay of liver, spleen, or kidney from mice infected
with MDR bacteria. After infection with MRSA, mice were administered PBS or AMPR-11. (C) Comparison of
antimicrobial activity of AMPR-11, magainin 2, LL-37, or daptomycin in blood. Mice were infected with CRPA or
MRSA, and then each peptide was intravenously administered. The CFU counts of the blood samples from the tail
vein were calculated. Data represent means � the SD. *, P � 0.05; **, P � 0.01 (by two-way ANOVA). DAP,
daptomycin; MAG, magainin 2; IMIP, imipenem.
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40 or 50 min (Fig. 5B). This functional half-life even shorter in vivo (Fig. 5A), possibly due
to renal clearance. We speculate that the decrease in half-life caused by renal clearance
can be overcome by modification of AMPR-11 with PEGylation or Fc conjugation (38).
Second, AMPR-11 did not interact with albumins or lipoproteins, which decrease the
activity of AMPs (39). This propensity would increase its activity in conjunction with its
fast-acting property in a murine model of sepsis. Since AMPR-11 activity gradually
decreased due to unknown factors in serum or plasma, it needs to be further studied
to identify its inhibitory factors in blood and to improve its efficacy. For example, it
would be worth examining the interaction of AMPR-11 with the serpin superfamily (e.g.,
�1-antitrypsin and �1-antichymotrypsin) or �2-macroglobulin, which modulate AMP
activity (40, 41). Third, AMPR-11 interaction with lipid A could provide an additional
effect on mouse survival. Indeed, some AMPs have the ability to interact with endo-
toxins such as lipopolysaccharide, alleviating systemic inflammation (42). It has been
reported that positively charged amino acids in the AMP (R, K, and H) can neutralize
negatively charged lipid A, and the hydrophobic region of AMP can interact with acyl
chains of lipid A (43). AMPR-11 contains two positively charged amino acids (K58 and
R78) and a hydrophobic region (F70 to I77), which might be important for interacting
with the negatively charged head group and hydrophobic acyl chains of lipid A,
respectively. However, further study is needed to evaluate the decrease of lipid A
toxicity caused by interaction with AMPR-11. Fourth, even though the MBC value of
AMPR-11 is higher than that of other AMPs or chemical antibiotics, its activity in the
murine model of sepsis was very effective. We injected 10 mg/kg of AMPR-11 to mice
(28 to 30 g), in which the blood volume of mice was approximately 1.5 to 2 ml. This
indicates that the concentration of AMPR-11 is in the range of 150 to 200 �g/ml, which
is higher than the MBC value determined in this study (�100 �g/ml). In contrast to
AMPR-11, other AMPs with very low MBC values must be present at much higher
concentration to achieve the same effectiveness in vivo (36, 44). Therefore, develop-
ment of novel AMP should take into account multiple assessment criteria such as
bactericidal activity, bacteriostatic activity, interaction with blood components, prote-
olysis, and toxin binding property, which can potentially inactivate AMP. Because the
antimicrobial activity of AMP determined from the in vitro assay, such as MIC or MBC,
is not proportional to in vivo efficacy, development of a new in vitro screening assay
system might be required for effective AMP discovery in vivo.

In the present study, we suggest that AMPR-11 has advantages over chemical
antibiotics. First, since AMPR-11 has a broad spectrum of antimicrobial activity against
Gram-negative bacteria and Gram-positive bacteria, including MDR strains that are
known to cause sepsis, it could treat bacterial species in patients who have symptoms
of sepsis before identification of the species from patient blood. Second, in terms of
AMP resistance, Gabriel et al. reported experimental evolution of resistance to pexiga-
nan, which was previously evaluated for DFI. This experimental resistance was acquired
over 600 to 700 generations (45). Indeed, resistance to pexiganan has not yet been
detected in clinical trials (46), in contrast to the resistance to chemical antibiotics often
detected during clinical trials (47). This implies that resistance against AMP might
confer a higher fitness cost to bacteria compared to chemical antibiotics. Third,
AMPR-11 might be degraded before excretion like other peptide-based medicines,
indicating no concerns of environmental pollution. Indeed, chemical antibiotics have
been utilized extensively in the livestock and agriculture industries, resulting in an
increase in MDR bacteria. For this reason, there is a concern that the antibiotics used for
nonhuman purposes can induce the emergence of MDR bacteria, which in turn infect
humans (48).

AMPR-11 could be combined with other potential antibiotics. In contrast to Gram-
positive bacteria, Gram-negative bacteria have efflux pumps to remove antibiotics from
the bacterial cytoplasm, and this has frequently been reported as a mechanism to gain
antibiotic resistance in Gram-negative bacteria (49). Cirioni et al. reported the syner-
gistic combination of magainin 2 and rifampin against MDR P. aeruginosa, suggesting
that membranolytic AMP could allow antibiotics to access the intracellular space of
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bacteria. However, its synergistic effect was shown only with an aminoglycoside
antibiotic, in the case of the P5 peptide. As a standard treatment protocol for sepsis
based on guidelines, empirical antibiotic combinations should be administered before
bacterial characterization; thus, AMPR-11 cannot be administered alone but should be
administered with an empirical antibiotic combination. Moreover, AMPR-11 showed
good efficacy even as a single dose; therefore, it would be valuable to evaluate the
effect of multiple doses of AMPR-11, which might increase the antimicrobial efficacy in
the murine model of sepsis model. For this reason, antibiotic combination with
AMPR-11 is a promising therapeutic strategy and needs to be further studied.

In this study, we used a single dose (10 mg/kg) of AMPR-11 to evaluate its efficacy
in a murine model of sepsis induced by 2 � 107 to 8 � 108 CFU of bacteria, which is
commonly used for sepsis models. However, human sepsis is much more sensitive than
that of mice in terms of inflammatory responses: 100 CFU/ml in blood induce sepsis in
humans (50). The blood volume of the mice we used in this study (28 to 30 g) was
approximately 1.5 to 2 ml, indicating that we injected bacteria at a rate of 2 � 105 to
8 � 107 times higher than the pathological concentration of bacteria in humans. Since
AMP activity is sensitive to the lipid-AMP ratio for penetrating bacteria (51), the amount
of AMPR-11 could be decreased in clinical trial. This would significantly decrease the
price of AMPR-11, thereby decreasing manufacturing cost, which is a limitation of AMPs
compared to chemical antibiotics. In conclusion, we suggest AMPR-11 as a promising
therapeutic option for sepsis/bacteremia caused by MDR bacteria. Considering that the
ideal AMP for sepsis will eradicate bacteria regardless of species and the presence of
MDR and should have low in vivo toxicity, AMPR-11 could be a promising antimicrobial
candidate for MDR bacteria causing sepsis/bacteremia.

MATERIALS AND METHODS
Chemicals. E. coli total lipid extract, egg L-�-phosphatidylcholine (PC), egg L-�-phosphatidylglycerol

(PG), brain L-�-phosphatidylserine (PS), egg L-�-phosphatidylethanolamine (PE), egg L-�-phosphatidic
acid (PA), liver L-�-phosphatidylinositol (PI), lipid A, cardiolipin (CL), and TF-CHOL were purchased from
Avanti Polar Lipids (Alabaster, AL). Human serum, human LDL, human HDL, bovine serum albumin, and
all chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Romo1 peptide with or without TAMRA
and LL-37 was chemically synthesized by GL Biochem (Shanghai, China); all other peptides were
synthesized by ANYGEN (Gwangju, South Korea) and purified by high-performance liquid chromatog-
raphy.

Bacterial strains. EIEC (NCCP 13719), S. pneumoniae (NCCP 14585), vancomycin-resistant S. aureus
(NCCP 15872), and vancomycin-resistant E. faecium (NCCP 11522) were purchased from the National
Culture Collection for Pathogens (NCCP; Cheongju, South Korea). P. aeruginosa (ATCC 27853), S. aureus
(ATCC 29213), K. pneumoniae (ATCC 13883), A. baumannii (ATCC 19606), Bacillus subtilis (ATCC 6633), E.
faecium (ATCC 19434), Streptomyces sindenensis (ATCC 12392), Enterococcus faecalis (ATCC 19433), E. coli
(ATCC 25922), Enterobacter aerogenes (ATCC 13048), and MRSA (ATCC 33591) were purchased from
American Type Culture Collection (ATCC; Gaithersburg, MD). CRPA, CRKP, and CRAB were clinically
isolated in Korea University Hospital (Institutional Review Board, no. 2015AN0129). CRPA is resistant to
piperacillin, piperacillin-tazobactam, ceftazidime, imipenem, meropenem, gentamicin, amikacin, and
ciprofloxacin. CRAB is resistant to piperacillin, piperacillin-tazobactam, cefepime, ceftazidime, imipenem,
meropenem, gentamicin, amikacin, and ciprofloxacin. CRKP is resistant to piperacillin-tazobactam,
cefepime, ceftazidime, imipenem, gentamicin, and ciprofloxacin. GFP-expressing EIEC were transformed
with AcGFP1-C1 plasmid. All strains were stored at – 80°C in 50% (vol/vol) glycerol and 50% (vol/vol)
Luria-Bertani (LB) or tryptic soy (TS) broth, grown on LB or TS plates, and aerated at 37°C.

Bacteria invasion of HeLa cells. Bacteria invasion experiments were performed as previously
described with minor modifications (52). Briefly, HeLa cells were maintained as monolayers in minimum
essential Eagle medium (MEM) with 10% fetal bovine serum in a 37°C, 5% CO2 incubator. HeLa cells were
seeded at 1.5 � 105 cells per well and incubated for 24 h. EIEC was diluted with MEM and infected the
HeLa cells with 500 �l of medium containing 5 � 102 CFU without antibiotics for 4 h at 37°C. The plates
were washed three times with PBS and incubated with 100 �g/ml gentamicin in medium for 1 h. The
HeLa cells were washed and lysed with 200 �l of 0.1% Triton X-100 in PBS for 30 min on ice. Serial
dilutions of cell lysate were plated on LB agar and incubated overnight to determine the number of
bacterial colonies. Romo1 double-stranded small interfering RNA (siRNA) oligonucleotides were synthe-
sized by Bioneer (Daejeon, South Korea). The sequences were 5-TTCTCCGAACGTGTCACGT-3 for control
siRNA and 5-GGGCTTCGTGATGGGTTG-3 and 5-AACCATGATGCAGAGTGGCGGCACCTT-3 for Romo1
siRNA-1 and Romo1 siRNA-2, respectively. These were transfected using Lipofectamine 3000.

Bactericidal assay. The minimum bactericidal concentration was determined as previously de-
scribed with minor modifications (29). Briefly, bacteria (5 � 105 CFU/ml) in 10 mM phosphate buffer (pH
7.4) with a 1% volume of TS broth were incubated with various peptide dilutions in a 96-well plate. After

Lee et al. ®

March/April 2020 Volume 11 Issue 2 e03258-19 mbio.asm.org 10

https://mbio.asm.org


incubation for 1 h, samples were placed on TS agar plates and incubated overnight at 37°C. The peptide
concentration at which no colonies were identified on the plate was determined to be the MBC.

Flow cytometric assay. Flow cytometric assay to measure the efflux of GFP from GFP-expressing
EIEC was performed using a FACS Canto II (Biosciences, CA). GFP-expressing EIEC with 100 nM AMPR-11
was incubated in PBS at room temperature for 10 min. The number of internalized EIEC in HeLa cells
(pcDNA 3.1 or pcDNA 3.1-Flag-Romo1/Control siRNA, Romo1 siRNA-1, or Romo1 siRNA-2) was measured
using CFDA-stained EIEC. The data were measured and analyzed with FlowJo software (Tree Star, Inc.,
Ashland, OR).

Scanning electron microscopy. Portions (109 CFU) of bacteria incubated with or without peptides
(250 �g) were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h at 25°C and
centrifuged at 1,000 rpm. After washing the pellet twice for 20 min, samples were postfixed with 2%
osmium tetroxide for 2 h and rinsed with distilled water for 5 min. After standard dehydration in ethanol
(60, 70, 80, 90, 95, and 100%), samples were freeze-dried (ES-2030; Hitachi, Ltd., Tokyo, Japan), attached
to a stub, and coated with platinum using an ion sputter (HitachiE-1045). The images were observed
using a Hitachi S-4700 scanning electron microscope.

Transmission electron microscopy. Portions (109 CFU) of bacteria incubated with or without Romo1
(250 �g) were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH
7.4) and centrifuged at 1,000 rpm. Samples were postfixed with 2% osmium tetroxide for 2 h and rinsed
with distilled water for 5 min. After standard dehydration in ethanol (60, 70, 80, 90, 95, and 100%),
samples were infiltrated and embedded in propylene oxide/Epon mixture. Thin sections (1 �m) were
obtained using an ultramicrotome (UC7; Leica, Vienna, Austria) on a grid with toluidine blue staining. The
images were observed using a Hitachi H-7650 transmission electron microscope with 80 kV acceleration
voltage.

Giant unilamellar vesicle preparation. Portions (10 �l) of E. coli total lipid extract with 0.5%
TF-CHOL were dissolved in chloroform (5 mg/ml) and dried on indium tin oxide-coated glass at 50°C. The
chamber was filled with 300 mM sorbitol, and GUVs were produced by 2 V peak-to-peak and 8 Hz for
120 min at 36°C using Vesicle Prep Pro (Nanion Technologies GmbH, Munich, Germany). GUV images
were acquired with a Zeiss LSM 700 and analyzed using ZEN 2 software (Zeiss GmbH, Jena, Germany).

Large unilamellar vesicle preparation. Portions (10 �l) of the lipid mixture of E. coli total lipid
extract were dried and rehydrated with 50 mM CF, 100 mM sucrose, and 5 mM HEPES/KOH (pH 7.4).
Multilamellar liposomal suspensions were extruded with a 0.1-�m polycarbonate membrane using an
Avanti Mini Extruder and purified by a PD-10 column (GE Healthcare, Buckinghamshire, United Kingdom)
as previously described. The peptides were added to LUVs, and CF leakage was measured using
Fluroskan Ascent FL (Thermo Labsystems, UK) in external buffer (150 mM KCl and 10 mM HEPES/Tris; pH
7). CF leakage was calculated using the following formula: CF leakage (%) � 100 � (F – F0)/(Fmax – F0),
where F is the measured fluorescence intensity, F0 is the basal LUV fluorescence intensity, and Fmax is the
fluorescence intensity of LUVs treated with 0.2% Triton X-100.

Protein lipid overlay assay. The experiment was performed as previously described (53) with minor
modifications. The lipid of PC, PG, PS, PE, PA, PI, lipid A, or CL was diluted and placed on the supported
nitrocellulose membrane at 20 pmol and dried at room temperature. The membrane was blocked with
Tris-buffered saline-Tween 20 (TBS-Tween 20, 50 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween 20)
containing 0.2% fatty acid-free bovine albumin for 1 h. After several washes in TBS, the membrane was
incubated with TAMRA-AMPR-11 at 2 �g/ml in blocking solution for 2 h. After several washes with
TBS-Tween 20, the fluorescent signal was detected using a fluorescent image scanner (Typhoon FLA
9500).

Circular dichroism. The secondary structure of the AMPR-11 was examined by circular dichroism
(CD) spectroscopy using Chirascan (Applied Photophysics, Ltd., Leatherhead, UK). The peptide concen-
tration was 100 �M in a 1-mm-path length quartz cuvette with distilled water or 50% HFIP. The CD
spectra were corrected for background scattering by subtracting a buffer-only spectrum measured
without peptide. The samples were recorded at 25°C between 180 and 260 nm.

Cell viability assay. The viabilities of the mammalian cells (HeLa cells, HEK293 cells, and HUVECs)
were determined using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. A
portion (1 � 104) cells was seeded on a 96-well plate, followed by incubation with AMPR-11, daptomycin,
or magainin 2. After incubation for 2 h, the cells were incubated with MTT solution at 2 mg/ml in PBS for
1 h. The medium was removed, and the purple formazan crystals were solubilized by dimethyl sulfoxide.
The plate was gently tapped, and the optical density (OD) absorbance was measured at 550 nm.

In vitro hemolysis assay. Mouse RBCs were rinsed several times with PBS and centrifuged for 10 min
at 2,000 rpm. The hematocrit at 1% (vol/vol) was resuspended in PBS, and aliquots of 100 �l of RBC
solution were incubated with 2-fold serial dilutions of AMPR-11, daptomycin, magainin 2, or melittin.
After incubating for 1 h, the cells were pelleted at 1,000 � g for 10 min, and the absorbance of the
supernatant was measured at 570 nm. The OD of the control was that of PBS (blank), and 1% Triton X-100
was used as the positive control.

Murine model of sepsis. Male C57BL/6N mice (10 weeks old; weight, 28 to 30 g) were obtained from
Orient Bio, Inc. (Gyeonggi-do, South Korea). After 1 week of quarantine, all mice were housed in an
animal biosafety level 2 (ABSL-2) facility with free access to food and water on a 12-h light and 12-h dark
cycle. Forty-five male mice were randomly divided into three groups of equal size. Each bacterium was
intravenously injected using a 1-ml insulin syringe 30 G (P. aeruginosa, 2 � 107 CFU; S. aureus, 1 � 108

CFU; A. baumannii, 4 � 108 CFU; K. pneumonia, 8 � 108 CFU; CRPA, 8 � 107 CFU; MRSA, 3 � 108 CFU;
CRAB, 5 � 108 CFU; CRKP, 8 � 108 CFU). The treatment group of AMPR-11 (10 mg/kg) was intravenously
treated after 1 h. The imipenem treatment group was intraperitoneally injected four times after 24 h. The
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volume of each intravenous or intraperitoneal injection was no more than 150 �l. Deaths were assessed
every day for 15 days. For CFU determination, blood samples were collected from the mouse tail vein,
diluted, and placed on an LB agar plate after treatment with AMPR-11 or another antibiotic (imipenem,
daptomycin, magainin 2, or LL-37) for 1 h. Assessment of antimicrobial activity of AMPR-11 was
conducted with 75% PBS and 25% mouse plasma, which were separated using EDTA separation, or with
human serum (H4522; Sigma-Aldrich) as previously described with minor modifications (54). For CFU
determination in organs, the isolated organs (liver, spleen, and kidney) were homogenized with a
glass-tissue grinder in ice-cold PBS. The diluted samples were plated on an LB agar plate. The animal
experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Korea
University College of Medicine (KOREA-2016-0256, KOREA-2018-0022, and KOREA-2018-0151).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.1 MB.
TABLE S1, DOCX file, 0.01 MB.

ACKNOWLEDGMENTS
This study was supported by the National Research Foundation of Korea (NRF)

grant funded by the Korean government (NRF-2017M2A2A7A01070813, NRF-
2020R1A2C1012207, and NRF-2017R1D1A1B03032322).

H.-R.L., G.Y.L., and Y.D.Y. conceived the project and designed experiments. H.-R.L.
and G.Y.L. performed experiments, and H.-R.L., G.Y.L., and Y.D.Y. interpreted data. M.J.K.
and J.W.S. clinically isolated carbapenem-resistant bacteria. D.G.Y., H.K.K., and J.K.P.
contributed to the observation and interpretation of the mouse survival rate. H.-R.L. and
G.Y.L. wrote the manuscript. Y.D.Y. edited the manuscript and supervised all aspects of
the research.

The authors declare no competing interests.

REFERENCES
1. Walsh C. 2003. Antibiotics: actions, origins, resistance. American Society

for Microbiology, Washington, DC.
2. Alanis AJ. 2005. Resistance to antibiotics: are we in the post-antibiotic

era? Arch Med Res 36:697–705. https://doi.org/10.1016/j.arcmed.2005.06
.009.

3. O’Neill J. 2014. Antimicrobial resistance: tackling a crisis for the health
and wealth of nations. Rev Antimicrob Resist 20:1–16.

4. Pendleton JN, Gorman SP, Gilmore BF. 2013. Clinical relevance of the
ESKAPE pathogens. Expert Rev Anti Infect Ther 11:297–308. https://doi
.org/10.1586/eri.13.12.

5. Tacconelli E, Magrini N, Kahlmeter G, Singh N. 2017. Global priority list of
antibiotic-resistant bacteria to guide research, discovery, and develop-
ment of new antibiotics. World Health Organization, Geneva, Switzer-
land.

6. Bartlett JG, Gilbert DN, Spellberg B. 2013. Seven ways to preserve the
miracle of antibiotics. Clin Infect Dis 56:1445–1450. https://doi.org/10
.1093/cid/cit070.

7. Mishra B, Reiling S, Zarena D, Wang G. 2017. Host defense antimicrobial
peptides as antibiotics: design and application strategies. Curr Opin
Chem Biol 38:87–96. https://doi.org/10.1016/j.cbpa.2017.03.014.

8. Stevens DL, Bisno AL, Chambers HF, Dellinger EP, Goldstein EJ, Gorbach
SL, Hirschmann JV, Kaplan SL, Montoya JG, Wade JC. 2014. Practice
guidelines for the diagnosis and management of skin and soft tissue
infections: 2014 update by the Infectious Diseases Society of America.
Clin Infect Dis 59:e10 – e52. https://doi.org/10.1093/cid/ciu296.

9. Stevens DL, Infectious Diseases Society of America, Bisno AL, Chambers
HF, Everett ED, Dellinger P, Goldstein EJC, Gorbach SL, Hirschmann JV,
Kaplan EL, Montoya JG, Wade JC. 2005. Practice guidelines for the
diagnosis and management of skin and soft-tissue infections. Clin Infect
Dis 41:1373–1406. https://doi.org/10.1086/497143.

10. Moore A. 2003. The big and small of drug discovery. EMBO Rep
4:114 –117. https://doi.org/10.1038/sj.embor.embor748.

11. Sierra JM, Fuste E, Rabanal F, Vinuesa T, Vinas M. 2017. An overview of
antimicrobial peptides and the latest advances in their development.
Expert Opin Biol Ther 17:663– 676. https://doi.org/10.1080/14712598
.2017.1315402.

12. Acton QA, ed. 2013. Antimicrobial cationic peptides—advances in re-
search and application, 2013 edition. ScholarlyEditions, Atlanta, Georgia.

13. Tandon P, Garcia-Tsao G. 2008. Bacterial infections, sepsis, and multior-
gan failure in cirrhosis. Semin Liver Dis 28:026 – 042. https://doi.org/10
.1055/s-2008-1040319.

14. Stone R. 1994. Search for sepsis drugs goes on despite failures. Science
264:365–368. https://doi.org/10.1126/science.8153620.

15. Warren HS, Suffredini AF, Eichacker PQ, Munford RS. 2002. Risks and
benefits of activated protein C treatment for severe sepsis. N Engl J Med
347:1027–1030. https://doi.org/10.1056/NEJMsb020574.

16. Bernard GR, Recombinant Human Protein C Worldwide Evaluation in
Severe Sepsis (PROWESS) Study Group, Vincent JL, Laterre PF, LaRosa SP,
Dhainaut JF, Lopez-Rodriguez A, Steingrub JS, Garber GE, Helterbrand
JD, Ely EW, Fisher CJ. 2001. Efficacy and safety of recombinant human
activated protein C for severe sepsis. N Engl J Med 344:699 –709. https://
doi.org/10.1056/NEJM200103083441001.

17. Ely EW, PROWESS Investigators, Laterre P-F, Angus DC, Helterbrand JD,
Levy H, Dhainaut J-F, Vincent J-L, Macias WL, Bernard GR. 2003. Drotre-
cogin alfa (activated) administration across clinically important sub-
groups of patients with severe sepsis. Crit Care Med 31:12–19. https://
doi.org/10.1097/00003246-200301000-00002.

18. Levy MM, Evans LE, Rhodes A. 2018. The surviving sepsis campaign
bundle: 2018 update. Intensive Care Med 44:925–928. https://doi.org/
10.1007/s00134-018-5085-0.

19. Dellinger RP, Levy MM, Carlet JM, Bion J, Parker MM, Jaeschke R, Reinhart
K, Angus DC, Brun-Buisson C, Beale R, Calandra T, Dhainaut J-F, Gerlach
H, Harvey M, Marini JJ, Marshall J, Ranieri M, Ramsay G, Sevransky J,
Thompson BT, Townsend S, Vender JS, Zimmerman JL, Vincent J-L. 2008.
Surviving Sepsis Campaign: international guidelines for management of
severe sepsis and septic shock: 2008. Intensive Care Med 34:17– 60.
https://doi.org/10.1007/s00134-007-0934-2.

20. Kumar A, Safdar N, Kethireddy S, Chateau D. 2010. A survival benefit of
combination antibiotic therapy for serious infections associated with
sepsis and septic shock is contingent only on the risk of death: a
meta-analytic/meta-regression study. Crit Care Med 38:1651–1664.
https://doi.org/10.1097/CCM.0b013e3181e96b91.

21. Seo M-D, Won H-S, Kim J-H, Mishig-Ochir T, Lee B-J. 2012. Antimicrobial

Lee et al. ®

March/April 2020 Volume 11 Issue 2 e03258-19 mbio.asm.org 12

https://doi.org/10.1016/j.arcmed.2005.06.009
https://doi.org/10.1016/j.arcmed.2005.06.009
https://doi.org/10.1586/eri.13.12
https://doi.org/10.1586/eri.13.12
https://doi.org/10.1093/cid/cit070
https://doi.org/10.1093/cid/cit070
https://doi.org/10.1016/j.cbpa.2017.03.014
https://doi.org/10.1093/cid/ciu296
https://doi.org/10.1086/497143
https://doi.org/10.1038/sj.embor.embor748
https://doi.org/10.1080/14712598.2017.1315402
https://doi.org/10.1080/14712598.2017.1315402
https://doi.org/10.1055/s-2008-1040319
https://doi.org/10.1055/s-2008-1040319
https://doi.org/10.1126/science.8153620
https://doi.org/10.1056/NEJMsb020574
https://doi.org/10.1056/NEJM200103083441001
https://doi.org/10.1056/NEJM200103083441001
https://doi.org/10.1097/00003246-200301000-00002
https://doi.org/10.1097/00003246-200301000-00002
https://doi.org/10.1007/s00134-018-5085-0
https://doi.org/10.1007/s00134-018-5085-0
https://doi.org/10.1007/s00134-007-0934-2
https://doi.org/10.1097/CCM.0b013e3181e96b91
https://mbio.asm.org


peptides for therapeutic applications: a review. Molecules 17:
12276 –12286. https://doi.org/10.3390/molecules171012276.

22. Kim J, Lee S, Park J, Yoo Y. 2010. TNF-�-induced ROS production
triggering apoptosis is directly linked to Romo1 and Bcl-X L. Cell Death
Differ 17:1420 –1434. https://doi.org/10.1038/cdd.2010.19.

23. Chung YM, Kim JS, Do Yoo Y. 2006. A novel protein, Romo1, induces ROS
production in the mitochondria. Biochem Biophys Res Commun 347:
649 – 655. https://doi.org/10.1016/j.bbrc.2006.06.140.

24. Na AR, Chung YM, Lee SB, Park SH, Lee M-S, Do Yoo Y. 2008. A critical
role for Romo1-derived ROS in cell proliferation. Biochem Biophys Res
Commun 369:672– 678. https://doi.org/10.1016/j.bbrc.2008.02.098.

25. Lee GY, You D-G, Lee H-R, Hwang SW, Lee CJ, Do Yoo Y. 2018. Romo1
is a mitochondrial nonselective cation channel with viroporin-like
characteristics. J Cell Biol 217:2059 –2071. https://doi.org/10.1083/jcb
.201709001.

26. Yang D, Oyaizu Y, Oyaizu H, Olsen GJ, Woese CR. 1985. Mitochondrial
origins. Proc Natl Acad Sci U S A 82:4443– 4447. https://doi.org/10.1073/
pnas.82.13.4443.

27. Helaine S, Thompson JA, Watson KG, Liu M, Boyle C, Holden DW.
2010. Dynamics of intracellular bacterial replication at the single cell
level. Proc Natl Acad Sci U S A 107:3746 –3751. https://doi.org/10
.1073/pnas.1000041107.

28. Shiraki K, Nishikawa K, Goto Y. 1995. Trifluoroethanol-induced stabiliza-
tion of the �-helical structure of �-lactoglobulin: implication for non-
hierarchical protein folding. J Mol Biol 245:180 –194. https://doi.org/10
.1006/jmbi.1994.0015.

29. Nguyen LT, de Boer L, Zaat SA, Vogel HJ. 2011. Investigating the cationic
side chains of the antimicrobial peptide tritrpticin: hydrogen bonding
properties govern its membrane-disruptive activities. Biochim Biophys
Acta 1808:2297–2303. https://doi.org/10.1016/j.bbamem.2011.05.015.

30. Andersen NH, Dyer RB, Fesinmeyer RM, Gai F, Liu Z, Neidigh JW, Tong H.
1999. Effect of hexafluoroisopropanol on the thermodynamics of pep-
tide secondary structure formation. J Am Chem Soc 121:9879 –9880.
https://doi.org/10.1021/ja991829k.

31. Lee HR, Cho Y, Lee G, You D, Yoo Y, Kim YJ. 2018. A direct role for
hepatitis B virus X protein in inducing mitochondrial membrane per-
meabilization. J Viral Hepat 25:412– 420. https://doi.org/10.1111/jvh
.12831.

32. Deslouches B, Gonzalez IA, DeAlmeida D, Islam K, Steele C, Montelaro
RC, Mietzner TA. 2007. De novo-derived cationic antimicrobial pep-
tide activity in a murine model of Pseudomonas aeruginosa bacter-
aemia. J Antimicrob Chemother 60:669 – 672. https://doi.org/10.1093/
jac/dkm253.

33. Steele AM, Starr ME, Saito H. 2017. Late therapeutic intervention with
antibiotics and fluid resuscitation allows for a prolonged disease course
with high survival in a severe murine model of sepsis. Shock 47:726 –734.
https://doi.org/10.1097/SHK.0000000000000799.

34. Fink MP. 2014. Animal models of sepsis. Virulence 5:143–153. https://
doi.org/10.4161/viru.26083.

35. Bosmann M, Ward PA. 2013. The inflammatory response in sepsis. Trends
Immunol 34:129 –136. https://doi.org/10.1016/j.it.2012.09.004.

36. Deslouches B, Islam K, Craigo JK, Paranjape SM, Montelaro RC, Mi-
etzner TA. 2005. Activity of the de novo engineered antimicrobial
peptide WLBU2 against Pseudomonas aeruginosa in human serum
and whole blood: implications for systemic applications. Antimicrob
Agents Chemother 49:3208 –3216. https://doi.org/10.1128/AAC.49.8
.3208-3216.2005.

37. Martin L, van Meegern A, Doemming S, Schuerholz T. 2015. Antimicro-
bial peptides in human sepsis. Front Immunol 6:404. https://doi.org/10
.3389/fimmu.2015.00404.

38. Santi DV, Schneider EL, Reid R, Robinson L, Ashley GW. 2012. Predictable
and tunable half-life extension of therapeutic agents by controlled
chemical release from macromolecular conjugates. Proc Natl Acad Sci
U S A 109:6211– 6216. https://doi.org/10.1073/pnas.1117147109.

39. Sørensen O, Bratt T, Johnsen AH, Madsen MT, Borregaard N. 1999. The
human antibacterial cathelicidin, hCAP-18, is bound to lipoproteins in
plasma. J Biol Chem 274:22445–22451. https://doi.org/10.1074/jbc.274
.32.22445.

40. Panyutich A, Ganz T. 1991. Activated oe-macroglobulin is a principal
defensin-binding protein. Am J Respir Cell Mol Biol 5:101–106. https://
doi.org/10.1165/ajrcmb/5.2.101.

41. Panyutich AV, Hiemstra PS, van Wetering S, Ganz T. 1995. Human
neutrophil defensin and serpins form complexes and inactivate each
other. Am J Respir Cell Mol Biol 12:351–357. https://doi.org/10.1165/
ajrcmb.12.3.7873202.

42. Sun Y, Shang D. 2015. Inhibitory effects of antimicrobial peptides on
lipopolysaccharide-induced inflammation. Mediat Inflamm 2015:167572.
https://doi.org/10.1155/2015/167572.

43. Chai H, Allen WE, Hicks RP. 2014. Synthetic antimicrobial peptides
exhibit two different binding mechanisms to the lipopolysaccharides
isolated from Pseudomonas aeruginosa and Klebsiella pneumoniae. Int J
Med Chem 2014:1–13. https://doi.org/10.1155/2014/809283.

44. Johnson RC, Kodner C, Russell M. 1987. In vitro and in vivo susceptibility
of the Lyme disease spirochete, Borrelia burgdorferi, to four antimicrobial
agents. Antimicrob Agents Chemother 31:164 –167. https://doi.org/10
.1128/aac.31.2.164.

45. Robinson DA, Feil EJ, Falush D. 2010. Bacterial population genetics in
infectious disease. John Wiley & Sons, New York, NY.

46. Lipsky BA, Holroyd KJ, Zasloff M. 2008. Topical versus systemic antimi-
crobial therapy for treating mildly infected diabetic foot ulcers: a ran-
domized, controlled, double-blinded, multicenter trial of pexiganan
cream. Clin Infect Dis 47:1537–1545. https://doi.org/10.1086/593185.

47. Bax RP. 1997. Antibiotic resistance: a view from the pharmaceutical
industry. Clin Infect Dis 24:S151–S153. https://doi.org/10.1093/clinids/24
.Supplement_1.S151.

48. Economou V, Gousia P. 2015. Agriculture and food animals as a source
of antimicrobial-resistant bacteria. Infect Drug Resist 8:49 – 61. https://
doi.org/10.2147/IDR.S55778.

49. Amaral L, Martins A, Spengler G, Molnar J. 2014. Efflux pumps of
Gram-negative bacteria: what they do, how they do it, with what and
how to deal with them. Front Pharmacol 4:168. https://doi.org/10.3389/
fphar.2013.00168.

50. Puttaswamy S, Lee BD, Sengupta S. 2011. Novel electrical method for
early detection of viable bacteria in blood cultures. J Clin Microbiol
49:2286 –2289. https://doi.org/10.1128/JCM.00369-11.

51. Bechinger B, Gorr S-U. 2017. Antimicrobial peptides: mechanisms of
action and resistance. J Dent Res 96:254 –260. https://doi.org/10.1177/
0022034516679973.

52. Vieira N, Bates SJ, Solberg OD, Ponce K, Howsmon R, Cevallos W, Trueba
G, Riley L, Eisenberg JN. 2007. High prevalence of enteroinvasive Esch-
erichia coli isolated in a remote region of northern coastal Ecuador. Am
J Trop Med Hyg 76:528 –533. https://doi.org/10.4269/ajtmh.2007.76.528.

53. Dowler S, Kular G, Alessi DR. 2002. Protein lipid overlay assay. Sci STKE
2002:pl6. https://doi.org/10.1126/stke.2002.129.pl6.

54. Lee J, Kim S, Sim J-Y, Lee D, Kim HH, Hwang JS, Lee DG, Park Z-Y, Kim
JI. 2019. A potent antibacterial activity of new short D-enantiomeric
lipopeptide against multi-drug-resistant bacteria. Biochim Biophys
Acta Biomembr 1861:34 – 42. https://doi.org/10.1016/j.bbamem.2018
.10.014.

AMPR-11, a New AMP against Sepsis by MDR Bacteria ®

March/April 2020 Volume 11 Issue 2 e03258-19 mbio.asm.org 13

https://doi.org/10.3390/molecules171012276
https://doi.org/10.1038/cdd.2010.19
https://doi.org/10.1016/j.bbrc.2006.06.140
https://doi.org/10.1016/j.bbrc.2008.02.098
https://doi.org/10.1083/jcb.201709001
https://doi.org/10.1083/jcb.201709001
https://doi.org/10.1073/pnas.82.13.4443
https://doi.org/10.1073/pnas.82.13.4443
https://doi.org/10.1073/pnas.1000041107
https://doi.org/10.1073/pnas.1000041107
https://doi.org/10.1006/jmbi.1994.0015
https://doi.org/10.1006/jmbi.1994.0015
https://doi.org/10.1016/j.bbamem.2011.05.015
https://doi.org/10.1021/ja991829k
https://doi.org/10.1111/jvh.12831
https://doi.org/10.1111/jvh.12831
https://doi.org/10.1093/jac/dkm253
https://doi.org/10.1093/jac/dkm253
https://doi.org/10.1097/SHK.0000000000000799
https://doi.org/10.4161/viru.26083
https://doi.org/10.4161/viru.26083
https://doi.org/10.1016/j.it.2012.09.004
https://doi.org/10.1128/AAC.49.8.3208-3216.2005
https://doi.org/10.1128/AAC.49.8.3208-3216.2005
https://doi.org/10.3389/fimmu.2015.00404
https://doi.org/10.3389/fimmu.2015.00404
https://doi.org/10.1073/pnas.1117147109
https://doi.org/10.1074/jbc.274.32.22445
https://doi.org/10.1074/jbc.274.32.22445
https://doi.org/10.1165/ajrcmb/5.2.101
https://doi.org/10.1165/ajrcmb/5.2.101
https://doi.org/10.1165/ajrcmb.12.3.7873202
https://doi.org/10.1165/ajrcmb.12.3.7873202
https://doi.org/10.1155/2015/167572
https://doi.org/10.1155/2014/809283
https://doi.org/10.1128/aac.31.2.164
https://doi.org/10.1128/aac.31.2.164
https://doi.org/10.1086/593185
https://doi.org/10.1093/clinids/24.Supplement_1.S151
https://doi.org/10.1093/clinids/24.Supplement_1.S151
https://doi.org/10.2147/IDR.S55778
https://doi.org/10.2147/IDR.S55778
https://doi.org/10.3389/fphar.2013.00168
https://doi.org/10.3389/fphar.2013.00168
https://doi.org/10.1128/JCM.00369-11
https://doi.org/10.1177/0022034516679973
https://doi.org/10.1177/0022034516679973
https://doi.org/10.4269/ajtmh.2007.76.528
https://doi.org/10.1126/stke.2002.129.pl6
https://doi.org/10.1016/j.bbamem.2018.10.014
https://doi.org/10.1016/j.bbamem.2018.10.014
https://mbio.asm.org

	RESULTS
	Antimicrobial activity of Romo1 against intracellular invading bacteria. 
	K58-R78 region of Romo1 has antimicrobial activity. 
	AMPR-11 induces membrane permeabilization by interacting with cardiolipin and/or lipid A. 
	Efficacy of AMPR-11 in a murine model of sepsis and toxicity. 
	Efficacy of AMPR-11 in a murine model of sepsis caused by MDR bacteria. 

	DISCUSSION
	MATERIALS AND METHODS
	Chemicals. 
	Bacterial strains. 
	Bacteria invasion of HeLa cells. 
	Bactericidal assay. 
	Flow cytometric assay. 
	Scanning electron microscopy. 
	Transmission electron microscopy. 
	Giant unilamellar vesicle preparation. 
	Large unilamellar vesicle preparation. 
	Protein lipid overlay assay. 
	Circular dichroism. 
	Cell viability assay. 
	In vitro hemolysis assay. 
	Murine model of sepsis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

