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The increasing appearance of multidrug-resistant pathogens has created an urgent need for
suitable alternatives to current antibiotics. Antimicrobial peptides (AMPs), which act as
defensive weapons against microbes, have received great attention because of
broad-spectrum activities, unique action mechanisms and rare antibiotic-resistant variants.
Despite desirable characteristics, they have shown limitations in pharmaceutical development
due to toxicity, stability and manufacturing costs. Because of these drawbacks, only a few
AMPs have been tested in Phase Il clinical trials and no AMPs have been approved by the US
FDA yet. However, these obstacles could be overcome by well-known methods such as
changing physicochemical characteristics and introducing nonnatural amino acids, acetylation
or amidation, as well as modern techniques like molecular targeted AMPs, liposomal
formulations and drug delivery systems. Thus, the current challenge in this field is to develop

therapeutic AMPs at a reasonable cost as well as to overcome the limitations.
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o strategies for new therapeutic drug

For over 80 years after the discovery of the first
antibiotic penicillin, antibiotics have been con-
sidered as a wonder drug against various infec-
tions, and the development of many different
kinds of antibiotics has improved people’s qual-
ity of life [1-3]. However, these drugs have been
used so widely and for so long that antibiotics
abuse has raised another concern, which is fre-
quent emergence of multidrug-resistant micro-
organisms. This situation includes overuse not
only in the hospital but also in industrial farm-
ing. Actually, essential human pathogens such
as Staphylococcus aureus, Mycobacterium tubercu-
losis and Pseudomonas aeruginosa have showed
increased resistance against existing antibiotics,
and some of them cannot be killed by any of
the antibiotics at all [45]. Despite continuing
efforts on combating multdrug resistance,
spreading of resistant pathogenic bacteria to
conventional antibiotics has become a major
global concern. In 2014, WHO’s report on
global surveillance of antimicrobial resistance
using data provided by 114 countries shows
that the very high rate of resistant bacteria such
as Escherichia coli, Klebsiella pneumoniae, S.
aureus and M. tuberculosis still is a threat to
global public health in all WHO regions, result-
ing in health and economical burden. As an
example, the death rate of patients with

methicillin-resistant S. zureus is estimated to be
about 64% more than that of people with
infection caused by a nonresistant form. To
overcome this issue, new alternatives of antibi-
otics, which have different mechanisms of
action compared to conventional antibiotics,
are definitely required [6]. In this regard, one of
the promising therapeutics is the natural anti-
microbial peptides (AMPs) [7-9]. AMPs are
defensive weapons in the animal and plant
kingdoms. They show strong antimicrobial
activity against a very broad spectrum of micro-
organisms, such as gram-negative and gram-
positive bacteria, fungi, parasites and viruses,
via various mechanisms of action [10]. In addi-
tion to direct effects on microorganisms, AMPs
seem to control the innate and adaptive
immune responses by raising the accumulation
of immune cells such as macrophages, lympho-
cytes and so on [11]. Moreover, they cancel out
the toxicity of lipopolysaccharide endotoxin
from gram-negative bacteria by stimulating
angiogenesis [12]. These findings may be related
to the altered immune responses by AMPs [13).
Furthermore, they are also capable of removing
microorganisms with great resistance to conven-
tional drugs because the microorganisms can be
killed by rapid and direct action of
AMPs [214-16]. Taken together, AMPs have
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Figure 1. Mechanisms of action of antimicrobial peptides. Because the composition of the eukaryotic cell membrane and the bacte-
rial membrane is different, cationic antimicrobial peptides strongly interact with the bacterial plasma membrane. (A) Toroidal pore model,
(B) aggregate model, (C) barrel-stave model and (D) carpet model. After penetrating the bacterial membrane using one of the four
mechanisms of action, antimicrobial peptides can inhibit the synthesis of DNA, mRNA and proteins and can inhibit cell wall synthesis,

recruitment and activation of immune cells and enzymatic activity.

several benefits in the treatment of infections, and development
of AMPs has been considered as a promising strategy for the
generation of novel antibiotics.

General characteristics of AMPs

Naturally occurring AMPs are short polypeptides of which
lengths in sequences are at most 60 amino acids and typically
the lengths are between 15 and 40 residues. Almost all of them
have a positively charged surface. The number of basic amino
acids such as Arg, Lys and His is usually in excess of +2 to
+9 (most commonly +4 to +6) [17. While AMPs are generally
unstructured in aqueous solution, a membrane mimetic envi-
ronment causes AMPs to form a structure and induces signifi-
cant amphipathicity, which means that hydrophilic residues lie
on one side of the peptide and hydrophobic residues lie on the
other side [1418-21]. The selective interaction with the mem-
brane of microorganisms generally depends on the cationic
nature of AMPs, and the perturbation of membrane structures
by AMPs generally depends on the amphipathic nature of
AMPs. The mode of action of AMPs are related to the interac-
tion with bacterial cell membranes [2223). In the first stage of
their action, cationic AMPs are diffused to the negatively

charged surfaces of the microbial membranes within which
acidic polymers such as lipopolysaccharide and teichoic acids
are found [22024] In contrast, positively charged AMPs have dif-
ficulty binding to the mammalian cell membrane since the
composition of the mammalian cell membrane is quite differ-
ent from that of the bacterial membrane. Compared to the
bacterial membrane, neutral phospholipids such as phosphati-
dylcholine, phosphatidylethanolamine and/or sphingomyelin
are abundant in the mammalian cell membrane [25] as shown
in Feure 1. Upon binding to membranes of pathogens, linear
AMPs usually adopt a helical structure with significant confor-
mational changes. Subsequently, these are attached to the inter-
face between the hydrophilic head groups and the fatty acyl
chains of the membrane phospholipids and then form mem-
brane pores by oligomerization. The formation of membrane
pores, through which the cellular components can be leaked,
affects the viability of pathogenic bacteria [26].

Currently, several complex and controversial mechanisms of
action exist as to how AMPs disrupt the bacterial cell mem-
brane. The four popular models are the toroidal pore model,
the aggregate model, the barrel-stave model and the carpet
model [2327-29]. The toroidal model explains the disruption of
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the bacterial membrane as follows: when ®
the peptides meet the lipid bilayer, they

are perpendicularly incorporated into the

cell membrane, in which hydrophobic

residues of peptides interact with the
hydrophobic region of the membrane &)
forming a pore. As the peptides keep
curving inward into the membrane, the
pores continuously become larger and
larger, resulting in irreversible membrane
disruption. In the aggregate channel
model, the peptides bind to the head
groups of phospholipids in the lipid bilayer and are inserted
into the membrane by randomly aggregating with lipids.
Aggregation of peptides and lipids resembles micelles and
occurs without a particular orientation. These aggregates span a
wide range of membrane surfaces and provide channels for ion
leakage through the membrane. The barrel-stave model empha-
sizes the surface electrostatic characteristic upon binding to the
outer membrane in bacteria. After binding, oi-helical or B-sheet
amphipathic peptides assemble on the surface of the membrane
forming a stave in a so-called ‘barrel-shaped cluster.” These
AMPs are perpendicularly incorporated into the membrane like
in the toroidal model. The continued recruitment of peptide
monomers makes the size of a channel or a pore larger, finally
resulting in the release of cell contents from bacteria. In the
carpet model, the peptides interact electrostatically with the cell
membrane and orient parallel to the membrane surface cover-
ing it like a carpet. Peptide micelles complexed with membrane
components act like a detergent that disrupts the structure of
lipid bilayers. As a result, the formation of worm holes over
the membrane causes abrupt lysis of bacteria. Whatever the
mechanism of action is, AMPs directly kill the bacteria by pene-
trating the bacterial membrane or by affecting intracellular tar-
gets independently or synergistically with membrane disruption.
After entering into the cell, AMPs show various actions such as
inhibition of synthesis of DNA, mRNA and proteins and inhi-
bition of cell wall synthesis, recruitment and activation of
immune cells and enzymatic activity [3031].

AMPs can be classified into four groups based on their second-
ary structures and physiochemical characteristics: linear, mostly
o-helical peptides; B-sheet peptides with two or more disulfide
bridges; extended linear peptides, which are rich in Trp, Pro
and/or His residues; and loop (cyclic) peptides formed by a disul-
fide bridge [1419-21]. The o-helical peptides, including magainin,
cecropin, pexiganan and temporin, adopt random structures
without rigidity in water solution, but undergo conformational
changes in a hydrophobic membrane environment adopting
amphipathic helices. B-sheet peptides, including defensins and
protegrins, show more ordered structures for which rigidity is
normally dependent on the presence of intramolecular disulfide
bonds. In contrast, the extended peptides such as indolicidin and
loop peptides such as microcin are relatively unstructured (32).
The structure of the representative peptides in each group is
shown in Fieure 2. Of these four groups, oi-helical peptides are the

Figure 2. Four representative structural classes of antimicrobial peptides.
(A) o-helical (magainin-2, PDB ID: 2MAG), (B) B-sheet (defensins, PDB ID: 2LXZ),
(C) extended (indolicidin, PDB ID: 1QXQ) and (D) loop (microcin, PDB ID: 1S7P) peptides.

most studied group because the largest population of AMPs dis-
covered from the nature adopts 0-helical conformation.

AMPs in drug development

Several AMPs have been successfully developed for pharmaceu-
tical and commercial applications [33]. By now, structure and
sequence information on nearly over 2000 AMPs from various
sources can be found in the worldwide databases [3435]. Repre-
sentative AMPs in clinical trials are summarized in Tase 1.

P-113 (Histatins)

The Periodonitix Company is developing P-113 which is a
derivative of histatin. Histatin is naturally found in the human
saliva and consists of 12 amino acids with a few histidine resi-
dues. It can be orally applied to prevent gingivitis and peri-
odontal disease [3637]. P-113 showed potent in vitro bactericidal
and also fungicidal activity against Candida albicans and com-
mon gram-positive and gram-negative pathogens. Phase I and
IT clinical trials of P-113 for oral candidiasis in HIV patients
are completed. Phase I and II clinical studies have indicated
that P-113 is safe for daily oral use as a mouthwash or a gel
formulation [438). The use of this peptide was shown to prevent
gingivitis and gum bleeding without any side effects. In addi-
tion, the possibility of using these peptides in mucoviscidosis
patients for the treatment of lung infections caused by P. aeru-
ginosa is under consideration as a topical antibiotic [27]. The
license for P-113 was transferred from Periodonitix to Deme-
gen company. Demegen had finished a Phase IIb dose-ranging
clinical trial demonstrating positive results. Demegen is devel-
oping P-113 in a rinse formulation for the treatment and pre-
vention of oral candidiasis [39].

MSI-78 (Pexiganan)

The original peptide of MSI-78 is the cationic peptide magai-
nin. Magainin was first discovered from the skin of the African
clawed frog Xenopus laevis in 1987. The mechanism of action
is related to the ‘pore-formation’ model and it showed broad-
spectrum antibacterial activity [414]. MSI-78 is an analog of
magainin 2 with 22 amino acids. It showed excellent in vitro
broad-spectrum bactericidal activity against clinically isolated
3109 bacteria [4]. Its application has been proposed for the
treatment of diabetic foot ulcers caused by infections [4o].
A Phase II clinical trial involving 835 patients with infected

informahealthcare.com

1479

RIGHTS LI N Kdx


http://informahealthcare.com

Expert Review of Anti-infective Therapy Downloaded from informahealthcare.com by Korea University on 12/25/14
For personal use only.

“
(]
=
=}
©
=
=
©
=
w0
()]
=
=}
o
(]
o
s
Q
o
-
=
£
=
c
<
-
i
Q
©
|

[4,38,39]

On developing in a rinse

formulation

Nonlinear a-helical Mouthwash Phase | and Il clinical trials
peptide

Histatins (human)

Demegen,

Histatins
(P-113)

Kang, Park,

Mishig-Ochir & Lee

(mouthwash in HIV-infected

Pittsburgh, PA Dow
Pharmaceutical

patients with candidiasis) and a
Phase llb dose-ranging clinical

Sciences, Patuloma,

CA

trial were finished successfully

[4,41]

Another Phase Il clinical

Phase Ill clinical trials did not

a-Helix Cream

Magainin

Genera Plymouth

Pexiganan

w
)
o~
&,
= %)
—
o = — 5 &
] © ]
£ o L2 S5
o -4 coy
S - T € e
v E D v 5 E
> c R
%gm (]JCU-O
Q
c o< 2 o2
= = JEs
=88 £
c ot T = O
©c O 5 c O +
m“‘g S = O
@ O£ s s
5 8L <E S

P > “6

[©]

H_-S_Q C‘g
ARG TS A
DS o = _E’%
2o o2 S33
5252 Sg¢

= =
ZE2w ©w 55
mm.gs S o+

T o 5c @
> c @
c € O _ = = 5=
Vv E S T =¥ £
] £ =
S>ES S5 3
m%mu< =5 =
I =1 T n
o) S0 oYo
EL*—’_QU_ wn = 5
g l2aown 280
83T D & e)

= o QO
E
©
(9]
©
|
©
VU
@
T
3
o
©
0 w
£ T
— =
S o
o o
=Z a
H_/‘\
o 2
(@) o .=
e} o =
&= T 3
%) C =
2 =
=
o = O
S Lo
PN S =
N n £
- -
> = 9]
G = >
3 ® 3
R e | S Ee
e =5 853
.o .S ==
o o Y kel c
c SOl oLt
= 20 & ogu
23S = 2 =
v © USU
< = Q9

>X 3o S aom
c ~
= c ©
2 55
= o _L
N =
=3 o2

by catheterization) were

unsuccessful

[49-51]

Temporarily stopped

Phase Ill clinical trial (mouthwash

for stomatitis, used as an aerosol
in pneumonia) was unsuccessful

Mouthwash

Peptide containing

Protegrin (pig
leukocytes)

Intrabiotics

Iseganan
(IB-367)

two disulfide bonds

Pharmaceuticals,

Inc. Mountainview,

CA

[97.98]

On developing as Neuprex

T cream

Phase Il clinical trial (treatment

Injections

Cationic 450 amino
acid residues

BPI (bacterial

Xoma, Berkeley,

CA

Neuprex
(rBPI21)

of meningococcemia in children)

was successful

permeability-

increasing protein
histatin (human))

AMPs: Antimicrobial peptides.

diabetic foot ulcers showed that the
infection was cured or improved in 90%
of the patients [4]. Furthermore, Phase 1I
clinical studies of MSI-78 proved that it
has sufficient efficacy in wound healing
without significant toxicity ~problems.
However, this promising new drug could
not be approved by the FDA since it
showed similar efficacy as existing antibi-
otics for infected diabetic foot ulcers [4].
Currently, Dipexium Pharmaceuticals has
developed MSI-78 as a topical cream for-
mulation named Locilex (pexiganan
cream 0.8%). In 2014, Dipexium com-
pany has initiated Phase III clinical trials
for establishing the clinical superiority and
safety of Locilex [41).

MBI-226 (Omiganan)

MBI-226, Omiganan, is a synthetic ana-
log of indolicidin and is a 12 amino acid
residue, cationic AMP. Among many
derivatives of indolicidin, Omiganan was
selected for clinical development because
it showed rapid microbial activity. The
mode of action is to disrupt the cyto-
plasmic membrane of gram-positive and
gram-negative bacteria like similar AMPs.
It has several benefits such as it can be
applied topically up to 5% concentration
without toxicity and resistance [442-44].
Unfortunately, Phase III clinical trials for
the prevention of infectious complications
after blood vessel catheterization failed.
This is because the study involving more
than 1400 patients did not show statisti-
cally significant evidence of higher efficacy
compared to conventional antibiotics such
as povidone iodine [27]. Omiganan 1%
gel, named Omigard, is now under
another Phase III clinical trial for the pre-
vention of catheter-related infections as
topical treatment by Carrus Capital Cor-
poration (formerly BioWest Therapeu-
tics) [45]. In addition, Cutanea Life
Sciences Inc. has developed a Phase II
clinical trial for the treatment of
rosacea [46].

IB-367 (Iseganan)

IB-367, Iseganan, is an analog of prote-
grin 1 which is found in pig leukocytes.
IB-367 consists of 18 amino acids form-
ing a P-hairpin structure stabilized by
two disulfide bonds [4748]. This cationic
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AMP has both broad-spectrum antibacterial and antifungal activ-
ity [4]. A Phase I clinical study demonstrated its safety and pro-
vided the first evidence of efficacy by the reduction of
microorganisms by mouth treatment over 10 days. Phase II clini-
cal trials involving 134 patients indicated that IB-367 decreased
the population of bacteria in infected lungs and helped in recov-
ering pulmonary function in cystic fibrosis patients. IB-367 was
intended to be developed as a local mouthwash to inhibit ulcera-
tive oral mucositis for patients who are susceptible to infection
with high risk. The company, IntraBiotics Pharmaceuticals, tried
a Phase III clinical study with 502 patients receiving stomatotoxic
chemotherapy. Unfortunately, this trial was not successful
because of a dispensing error of a portion or the clinical supplies
during the trial, resulting in consequent reduction of statistical
power. In addition, another Phase III trial with 545 patients
receiving radiotherapy for head-and-neck malignancies did not
show any clinical improvement in ulcerative oral mucositis [49,50).
As a result, the development of IB-367 was stopped for this par-
ticular indication [51].

rBPI21 (Neuprex)

rBPI21, Neuprex, is a recombinant short peptide that originates
from the N-terminal region of human bactericidal/permeability-
increasing protein (BPI) [3852]. rBPI21 is potently bactericidal
against Neisseria meningitidis and has enhanced antibiotic activ-
ity. In addition, it binds and neutralizes endotoxins and inhibits
angiogenesis [53]. It is being developed by Xoma Ltd. as an
injectable formulation named Opebacan. The Xoma company
launched Phase I and II clinical trials of rBPI21 for patients suf-
fering from allogeneic hematopoietic stem cell transplant and the
results showed the reduction of lipopolysaccharide-induced
inflammatory sequelae [54]. Other Phase I and II clinical trials of
rBPI21 were conducted by the same company, resulting in the
reduction of inflammatory complications in pediatric patients
who had undergone open heart surgery [54). In 2006, a Phase 111
clinical trial involving 393 children with severe meningococce-
mia, the most prevalent bacterial infection in babies and children,
was carried out in the UK and the USA, demonstrating a reduc-
tion in mortality. Neuprex was designated to Orphan Drug status
for meningococcemia by the FDA and the EMA [ss]. Neuprex is
currently developing Neuprex T cream, a fast-acting, liposome-
based, topical product.

The above-mentioned five AMPs are representative AMPs
which have been most actively developed for clinical use.
Although they are the most studied among around 2000 AMPs
which are discovered to date, they could not get FDA approvals
as authentic medicines yet. They easily passed Phase I clinical tri-
als but could not step over the hurdles of Phase II and/or
Phase III clinical studies. In addition, their administrations are
limited to mainly injectable formulations or topical such as
mouth rinse. It may be because they could not show better activ-
ity than conventional antibiotics and they have physicochemical
problems such as toxicity and stability. Furthermore, their sizes,
from 12 to 22 amino acid residues, are still too long to be devel-
oped for antibiotics with an effective administration and a

reasonable production cost. These clinical application problems
will be discussed in the following section.

Limitations into the market

Despite the great potential of AMPs including their wide-
spectrum  bactericidal activity, rapid onset of action and low
resistance mechanism due to the physical action of AMPs, they
still have several problems with application to clinical cases.

The first disadvantage is their possibility for toxicity. While
the natural bacterial cell membrane which can be a direct target
of AMPs contains negatively charged lipids (20-25%), the
human cell membrane possesses zwitterionic lipids and indis-
pensable cholesterol [23). Usually, cationic AMPs use this differ-
ence for their selective antimicrobial activity by interacting with
the negatively charged bacterial membrane. However, a number
of studies have shown that mammalian cells could also be the tar-
gets of these molecules, that is, AMPs could directly bind to host
cells, resulting in undesirable effects [5657). In addition, adminis-
tration of broad-spectrum AMPs can eliminate the entire indige-
nous microflora found in humans which can cause other severe
infections due to the absence of protective function of microflora.
AMPs could also bind to various host components, such as extra-
cellular surfaces, the extracellular matrix and the host cellular
membrane (58]. Thus, all clinical trials up to date are limited to
topical application for surface infections rather than parenteral
and oral administration [s9). However, it should be possible to
develop synthetic AMPs which can overcome the above obstacles
by modifying the physicochemical features.

The second disadvantage of natural AMPs is related to their
physical stability under physiological conditions. Potentially,
they have lability to proteases, serum, salt, pH, etc. Because
AMPs mainly use electrostatic interactions with bacterial mem-
branes to adopt ordered structures, the structural stability can
be affected by ionic strength in the drug solution. The salt can
neutralize the cationic properties and, therefore, prevent the ini-
tial electrostatic interaction of AMPs with the bacterial surface.

The instability of AMPs is often a problem when they are clin-
ically applied (60]. The short half-lives of AMPs that may or may
not be caused by proteolysis make chronic administration of
AMPs quite problematic with high cost. In regard to proteolysis,
the linear structure of AMPs can be easily attacked by host pro-
teases and peptidases [61-63]. Moreover, proteolytic activity of
serum is strong, which can provide unfavorable circumstances to
the administered AMPs into blood [64]. That is why AMPs are
usually used for the treatment of skin infections associated with
burns, diabetic wounds, the eyes and gum infections in practice.
Thus, to overcome the limitation of application, the escaping
strategy for protease degradation of AMP:s is required.

There are still other limitations impeding the clinical use of
AMPs as therapeutics. The principle issue hindering the devel-
opment of AMPs is that the production cost is extremely high.
Compared to small chemical drugs, the production costs of
AMPs is considerable. It is known that the production of 1 g
of peptide costs $100-600 by general chemical synthesis. Dur-
ing manufacturing, numerous technical difficulties in the
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Table 2. Strategies for new therapeutic drug
development.

Stability Cyclization

D- or nonnatural amino acids
Acetylation, amidation

Modification of amphipathic balance

Reducing cationic residue content

Toxicity Control of hydrophobicity
Molecular targeted AMPs
Polymeric nanoencapsulation
Liposomal formulations
PEGylation

Drug delivery systems

Size reduction

De novo synthesis

New expression system
Cost—effective purification

Cost

AMPs: Antimicrobial peptides.

synthesis and purification process additionally exist [19]. In this
regard, pharmaceutical companies have tried to shift their strat-
egies for developing AMPs from more expensive, larger natural
peptides to much cheaper, smaller synthetic analogs [16]. The
most successful example of cost reduction in manufacturing
AMPs is plectasin. Mygind ez al. (2005) have demonstrated
that use of the fungal expression system for plectasin can effi-
ciently reduce the high cost with high yields of plectasin [16].

Strategies for new therapeutic drug development

To develop new antibiotics from AMPs, the fundamental issues
of stability, toxicity and cost are now being targeted by a num-
ber of distinct strategies (Tasis 2).

Stability enhancement
First of all, the cyclization of peptides by linking the C- and N-
terminus is a well-known method to improve both microbicidal
activity and serum stability, in comparison to the linear peptide
form [2532]. This is because the increased bulkiness by cyclization
can decrease opportunity to contact with proteases due to steric
hindrance [65.66]. A comparison study of linear and cyclic forms
of an indolicidin analog CP-11 has demonstrated that head-to-
tail cyclization improved stability and resistance against proteoly-
sis [67]. By adding two cysteine residues at both N- and C-termi-
nals, the linear CP-11 peptide was cyclized resulting in a more
constrained structural framework. The compact structure of
cyclo-CP-11 could sterically protect its basic residues which are
selective targets against trypsin-like proteases in the human body.
Otherwise, substitution of vulnerable residues to proteases, use
of unusual amino acids and/or change of their physiochemical
properties can be other ways to protect from degradation [253268-71].
Several methods for escaping degradation have been introduced.
The introduction of D- or nonnatural amino acids: since host pro-
teases can recognize and hydrolyze natural abundant L-amino
acids, replacement to D- or nonnatural amino acids can protect the

peptides from proteolytic enzyme degradation. A study of the
EFK17 peptide, the internal segment of LL-37, demonstrated
effectiveness of D-isomerization in AMPs [66]. End modification of
the N-terminus and C-terminus of peptides through acetylation
and/or amidation: the N-terminal acetylation of peptides enhanced
stability against proteases (7273]. The C-terminal amidation usually
improves peptide activity and decreases hemolytic activity by
reducing a negative charge in the peptide and stabilizing amphi-
pathic helix formation [74]. N-terminal acetylation and/or C-
terminal amidation of hexameric AMPs from lactoferricin showed
enhanced proteolytic resistance against exopeptidases [74]. Modifica-
tion of amphipathic balance in peptides: several model peptide
studies using Lys and Leu, which have the propensity to form a
helix, suggested that alteration of the amphipathic ratio in AMPs
affects at-helicity, resulting in improvement of their stability [75].
Another study which adjusted acidic and basic residues in masto-
paran peptides showed improved stability and biological activity of
peptides [76].

Fast degradation of cationic AMPs usually results from cat-
ionic residue content such as Arg and Lys in the sequence.
Kim ez al. placed the Pro residue at the carboxyl side of the
Arg and Glu residue between two Lys residues to protect cleav-
age by trypsin when they designed stable peptides. In addition,
they substituted Arg with Lys because trypsin has a higher
affinity to Arg than to Lys [77). To avoid this degradation, Agp
(0-amino-3-guanidino-propionic acid), which is a derivative of
arginine, was also introduced through 9-fluorenylmethoxycar-
bonyl (Fmoc)-1-Agp(Boc),-OH. This study had proven that
the use of Agp instead of Arg could dramatically reduce the
cleavage of arginine-rich short model peptides [73].

Toxicity reduction

As for the toxicity of AMPs, high hydrophobicity is related to
increased hemolytic activity [79.80). Control of hydrophobicity
and charge can reduce the toxicity of AMPs and closely link
the improved selectivity to bacteria. Several analogs from brevi-
nin-1EMa, a frog AMP, were designed by amino-acid substitu-
tion to monitor the effect of hydrophobicity. An analog
peptide in which Leu was substituted with Ala in the hydro-
phobic side of the amphipathic helix showed decreased hydro-
phobicity, showing lower hemolytic activity against human
blood cells and a higher therapeutic index than the parent mol-
(81). Another study controlling hydrophobicity of
mastoparan-X analogues was also tried in order to search for
improved membrane selectivity. They designed several analogs

ecule

of the mastoparan-X peptide by substitution with Ala and/or
Leu at positions 1, 8 and 14 and compared their hemolytic
activities. This study showed that reduction in hydrophobicity
near the N-terminal was much more effective in reducing the
toxicity problem than reduction near the C-terminal (82).
Likewise, the improvement of selectivity by design of molecular
targeted AMPs, such as bacterium-selective AMPs, specifically tar-
geted AMPs and environment-sensing AMPs, can be a solution for
reducing toxicity [1568]. A synthesized glycine-rich peptide, Adepan-
tin 1, which is highly bacterium selective, is an example of this
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approach. Adepantin 1 was developed through statistically screen-
ing the database of natural helical AMPs against gram-negative bac-
teria. Considering the amino-acid preference to gram-negative
bacteria in AMPs, MIC, therapeutic index and so on, Adepantin
1 was derived as the best candidate. Resultantly, it showed good
bactericidal activity with improved selectivity [83]. Another example
of specifically targeted AMPs is a fusion peptide, M8G2. Generally,
a fusion peptide has two domains: one is a domain for selectively
targeting bacteria and the other is a domain for bactericidal action.
The two domains are connected with a short linker. The targeting
domain consists of species-specific monoclonal antibodies or target
bacterial-specific pheromones and delivers the AMP domain by
binding to the bacterial surface [156884]. The M8G2 peptide is con-
jugated to the targeting domain, which can specifically recognize
Streptococcus mutans because it was made from a pheromone pro-
duced by S. mutans. Therefore, this peptide selectively eliminates
the plaque bacterium S. mutans from the normal microflora in
humans [84). Environment-sensing AMPs use the changes in the
surrounding induced by pathogenic organisms. For example, the
AAP2 peptide was designed to be activated at acidic pH but not at
physiological pH 7.5. Under low pH conditions triggered by highly
populated bacterium such as S. mutans, this AMP can show maxi-
mum activity and successfully remove infected microorganisms [8s].

Recently, other techniques such as polymeric nanoencapsula-
tion of peptides [86] and liposomal formulations [87] have been
applied to solve stability and toxicity problems. Encapsulation
of AMPs using nanoparticles such as nanospheres and nanove-
sicles could improve therapeutic activity and stability at the
same time, which was demonstrated in the study of the
P34 peptide encapsulated in phosphatidylcholine nanove-
sicles [88]. In addition, as shown in several examples such as
indolicidin and polymyxin E, their liposomal formulations
reduced peptide toxicity and increased plasma half-life main-
taining their original activity (89). Moreover, PEGylating pepti-
des and usage of drug delivery systems have been newly
introduced in this field [90). The PEGylated M33 peptide
showed its increased resistance to peptidase and decreased toxic-
ity, resulting in improving peptide activity [91]. As a drug deliv-
ery system, human serum albumin is a good carrier of peptides
to reduce toxicity [92].

Production cost

In terms of industry, the final goal of development is headed
toward production of smaller AMPs with sufficient stability.
This issue is mainly related to the production cost of AMPs.
Size reduction and/or de novo synthesis of natural AMPs have
been tried to reduce the production cost. For example,
Won et al. tried to synthesize the shortest AMP analogs from
Gaegurin 5, which showed good antimicrobial activity in their
former studies. They found that 11 residues are the marginal
length showing activity, and the location of Trp4 and Trp8 is
important in the activity. Furthermore, to develop simple and
short AMPs, they engineered a LK model of AMP based on
their results (93]. Faccone ez al. de novo designed a group of cat-
ionic peptides with different sizes and physicochemical

properties. In this study, they tried to find the smallest peptide
retaining biological activity, and finally proved that the
P5 peptide with 18 amino acid residues showed the best anti-
microbial activity and low hemolytic activity [94].

However, if the chemical synthesis of active AMPs is not
possible, new production strategies can be considered to cut
production costs. Development of a suitable expression system
is the most common, as seen in the example of plectasin, of
which the fungal expression system was helpful to obtain a
high yield of peptides [16). In addition, the improved solubility
of AMPs using a fusion expression system that contains a
solubility-enhancing moiety could increase efficiency in produc-
ing AMPs, leading to a reduction in cost [25]. Recent studies
have shown that thioredoxin and small ubiquitin-related modi-
fiers can be used for improving the solubility of peptides and
finally producing high yields of peptides [95-971. Moreover, a
cost—effective purification method using the intein system can
be introduced to reduce the production cost [93].

Expert commentary & five-year view

Recently, an increase in pathogen resistance to antibiotics has
been observed worldwide. Antibiotic resistance has a great
social and economical impact and is regarded as a threat to
national security by developed countries. During the past
5 years, the pharmaceutical industry has spent more than 30 bil-
lion dollars in the development of new antbiotics [27. AMPs
are considered as an important class of antibiotics due to their
novel mode of action, but very few peptides are extensively
used in clinical practice. Academic research suggests that AMPs
are a viable therapeutic alternative, and many of the original
problems intrinsic to AMPs have been overcome. Moreover,
recent researches and clinical trials have shown some possible
solutions. In 2012, the FDA and the EMA announced to sup-
port the development of new antimicrobial agents with new
guidelines and budgets. As seen in many successful trials,
AMPs have proved excellent possibilities in clinical application
to develop a novel class of antibiotics. We believe that these
concerns and efforts regarding cationic peptide antibiotics will
produce innovative technologies and create new antibiotics.

In conclusion, it is expected that much more AMPs will sub-
stitute resistance-acquired antibiotics as therapeutics in the near
future, although a limited number of AMPs are currently being
used clinically. Currently, numerous peptides are under preclin-
ical or clinical trials, which are antcipated to offer more
options to infected patients.
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Key issues

e Abuse of antibiotics leads to the emergence of multidrug-resistant microorganisms, resulting in an urgent necessity for a new class of

antibiotics with different mechanisms of action from traditional antibiotics.

Antimicrobial peptides (AMPs) have been considered as potential therapeutics because of their antibacterial, antifungal, antiviral and

even anticancer activities and different mechanisms of action from traditional antibiotics.

AMPs have some disadvantages such as toxicity, stability and cost issues for their clinical and commercial development.

Obstacles of AMPs can be overcome through structural modifications or through prodrug formation.

AMPs are still attractive sources of novel antibiotics to pharmaceutical companies.
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