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This review provides an integrated scenario of the most relevant aspects in the development
of useful drugs provided by natural sources and recent advances in the biosynthesis and
structural design of antimicrobial peptides.
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Anti-infective drugs have had a key role in the contemporary world,
contributing to dramatically decrease mortality rates caused by infectious
diseases worldwide. Antimicrobial peptides (AMPs) are multifunctional
effectors of the innate immune system of mucosal surfaces and present
antimicrobial activity against a range of pathogenic viruses, bacteria, and
fungi. However, the discovery and development of new antibacterial drugs
is a crucial step to overcome the great challenge posed by the emergence of
antibiotic resistance. In this review, we outline recent advances in the
development of novel AMPs with improved antimicrobial activities that
were achieved through characteristic structural design. In addition, we
describe recent progress made to overcome some of the major limitations
that have hindered peptide biosynthesis.

Introduction
Most drugs currently used therapeutically were obtained as naturally occurring molecules
purified from microorganisms, plants, and animals [1]. It is estimated that, from 1981 to
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2006, anti-infective agents based on natural product scaffolds
accounted for up to 75% of all approved antibacterial new chemi-
cal entities (NCEs), thus attesting for the importance of natural
products as the main source of therapeutics against pathogenic
bacteria [2]. In this context, microorganisms, notably members of
the Gram-positive phylum Actinomycetes, have been the work-
house source of clinically approved antibacterial agents. The high
diversity of candidate molecules extracted from microorganisms
frequently leads to the discovery of new compounds with distinct
mechanisms of action compared with drugs currently used for
clinical purposes. However, in recent years, the traditional screen-
ing of drug candidates belonging to completely new antibacterial
classes from microbial sources has suffered a considerable decline,
mostly because of the presence of numerous, already well-charac-
terized, molecules [3].

This scenario is particularly worrisome because of the increasing
emergence of bacterial resistance to antibiotics, notably in devel-
oping countries, where there is a widespread and indiscriminate
use of antibiotics for clinical and veterinary purposes. The search
for new therapeutic molecules for commercial applications is an
ongoing in the pharmaceutical industry, which now is focusing on
not only drug prospection, but also the modification of existing
antibiotics in a timely fashion that meets the customer’s needs [3].

Among the diverse naturally occurring anti-infective agents
that have been discovered to date, AMPs are particularly important
[4]. These molecules are versatile, highly specific antimicrobial
compounds that constitute promising candidates for commercial
and clinical uses. AMPs are essential components of the innate
immune system of vertebrates and the nonspecific host defense
system of plants, fungi, and invertebrates that evolved over 2.6
billion years ago as potent anti-infective agents against different
viruses, bacteria, fungi, and parasites. These small peptides usually
comprise 10-50 amino acid residues and are 2-9 kDa in size [1].
Commonly, they show a cationic structure rich in positively
charged arginine and lysine residues, which favors the interaction
between these peptides and microbial cytoplasmic membranes.
However, although less common, there are also anionic AMPs,
notably in plants. AMPs usually kill pathogens by interacting with
membrane phospholipids, resulting in membrane permeabiliza-
tion and subsequent disruption. These peptides also show differ-
ent secondary structures, such as B-sheets stabilized by two or
three disulfide bridges and often display a helical amphipathic
structure [1-3].

AMPs can target a variety of essential metabolic processes in the
plasma membrane or at extra- and intracellular sites, and frequent-
ly exhibit immunomodulatory properties that stimulate cytokine
production while repressing inflammation, can kill cancer cells,
and promote wound healing [5]. In eukaryotes, most natural AMPs
are encoded by specific genes, which are constitutively expressed
at basal levels and rapidly transcribed after induction by contact or
exposition to invading pathogens. Thereby, a variety of different
AMPs can be found simultaneously in organisms, such as plants, in
response to pathogen stimuli at different organs, such as roots,
seeds, flowers, stems, and leaves [6].

Recent advances in in silico drug design and high-throughput
screening of compound libraries based on protein-protein inter-
actions have triggered a growing interest in the discovery of new
antibacterial drugs from microbial, plant, and animal origins. Such

efforts have contributed to uncover a variety of molecules with
novel structures and improvement of the currently available clas-
ses of antibiotic, such as B-lactams, ketolides, macrolides, glyco-
peptides, aminoglycosides, oxazolidinones, and other anti-
infective agents [7].

The use of viral vectors based on the tobacco mosaic virus (TMV)
and potato virus X (PVX) for cloning and massively expressing
AMP genes in Nicotiana benthamiana appears to be an interesting
new approach to considerably enhance recombinant peptide pro-
duction before structural and functional characterization. The
rapid, high-throughput staggered biosynthesis of peptides using
agroinfiltrated leaves of N. benthamiana constitutes the most
promising strategy for delivering new antigenic peptides and
vaccine candidates, addressing the interest of many private and
state health institutes [8].

Finally, gene editing using the clustered regularly interspaced
short palindromic repeats (CRISPR)-CRISPR-associated protein
(Cas) system is another molecular tool that could revolutionize
the recombinant biosynthesis of AMPs [9]. This approach specifi-
cally targets DNA sequences by adding, removing, or replacing
DNA segments mediated by cellular DNA repair mechanisms of
site-specific double-stranded breaks. It allows the edition of spe-
cific genes within the host genome to integrate the fragments
containing the coding sequence of a particular AMP in a hotspot
site to enable increased AMP biosynthesis. Working on a case-to-
case scenario, this expression strategy could overcome major draw-
backs in the production of AMPs, notably the low biosynthesis
levels presented by plant and animal AMPs [9].

Mechanisms of action of AMPs

The antimicrobial activity of a given AMP is specifically related to
its amino acid composition and physical chemical properties, such
as positive net charge, flexibility, size, hydrophobicity, and amphi-
pathicity [5,10]. Marginal changes in peptide residue sequence are
normally followed by major changes in antimicrobial activity [10].

AMPs present different mechanisms of action, many of them
well described in the literature. The molecular interactions of some
AMPs and microorganisms rely on the variety of targets presented
by microorganisms, particularly Gram-positive and Gram-nega-
tive bacteria. [11].

Generally, the mechanisms of action of AMPs can be classified
into two basic groups: (i) the disruptive mechanisms, which are
associated with membrane lysis; and (ii) the membrane undisrup-
tive mechanisms, which focus on neutralizing intracellular targets
[10]. Independently of the proposed group, the first step of any
mechanism is the molecular interaction between the AMP and the
cytoplasmic membrane. The driving force of such interaction is
the electrostatic force presented by the AMP, which is normally
cationic, and the polyanionic surface of bacteria [5,11]. Differences
in the cell wall composition among bacterial groups affect directly
the mode of action of AMPs. Gram-negative bacteria present three
major layers in the cell envelope: (i) the outer membrane (OM),
comprising a lipid bilayer, mostly of lipopolysaccharide (LPS)
interlaced by teichoic acid, which has a major role in protection
against the environment; (ii) the peptidoglycan cell wall, compris-
ing repeated units of a disaccharide (N-acetyl glucosamine-N-
acetylmuramic acid) linked by pentapeptide side chains; and
(iii) the cytoplasmic membrane—phospholipid bilayer. By contrast,
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in Gram-positive bacteria, there is no OM, but the peptidoglycan
layer is thicker than in Gram-negative bacteria [5].

The disruptive mechanisms are presented in four classical mod-
els: (i) the Toroidal model; (ii) the Carpet model; (iii) the Aggregate
model; and (iv) the Barrel model. Recently, new disruptive models
or models indirectly associated with membrane disruption were
described: (i) the Disordered toroidal model; (ii) the Membrane
thinning/thickening model; (iii) the Charged lipid clustering
model; (iv) the Non-bilayer intermediate model; (v) the Oxidized
lipid targeting model; (vi) the Anion carrier model; (vii) the Non-
lytic membrane depolarization mode; and (viii) the Electropora-
tion model. All the models are non-mutually exclusive, allowing
that a single AMP might present a multiple-hit strategy based on
two or more simultaneous mechanisms. In the Toroidal model, the
AMP binds the membrane and forms a ‘flip-flop’ translocation
channel that opens the membrane vertically, with the AMP
remaining closely associated to the lipid head-groups throughout
the process [5,12].

The Carpet model provides the disruption of the membrane
without the internalization of the AMP. By contrast, the AMP
remains associated with the membrane until a crucial concentra-
tion of the peptide contributes to weaken the hydrophobic inter-
actions of structural phospholipids and AMPs form a carpet
structure that increase membrane disruption [12].

In the Aggregate model, the AMPs have a detergent-like role by
interweaving the phospholipids and disaggregating them, similar
to a true detergent. Depending on the AMP and the membrane
composition, this mode of action does not provide the membrane
rupture. Instead, it just forms a thin channel for the crossing of
AMP and other molecules into the cell [10].

The Barrel model provides the formation of a regularly orga-
nized aggregate of AMPs that interacts and associate with the
membrane. The AMP oligomer leads to the formation of pores
in the lipid bilayer by intimately interacting its hydrophobic side
chains with hydrophobic parts of the membrane. The transmem-
brane pores allow the internalization of the hydrophilic part of the
AMP that faces the internal region of the membrane [5].

Lastly, there is the model that shares the most similarities with
the four classic models: the Disordered toroidal model. This mode
of action provides a stochastic pore formation after inward lipid
distortion that allows the aggregation of a maximum of two
peptides in the center of the pore. However, in the external
peripheral region of the pore, many peptides are set up before
translocation [5,12].

The undisruptive mechanisms are based on the AMP crossing the
membrane because of the combined features of AMP sequence and
membrane composition, and the inhibition of some reactions of
cellular metabolism, causing cell death. There are two different ways
that an AMP enters the cell. The first is an obscure spontaneous
translocation across the membrane; the other is mainly the result of
the presence of a secondary structure in the AMP that causes
membrane permeabilization. In this method, named the Shai-
Matsuzaki-Huang method, a a-helical AMP binds parallel to the
membrane. Hydrophobic residues facing the membrane permit the
internalization of part of the AMPs and the change of their organi-
zation to a transversal mode by forming toroidal pores [5,10,11].

The other model suggests that the B-sheet AMPs are organized
into a flat-aggregate form that allows the insertion of some

aromatic residues in the membrane and the opening of thin
translocational spaces in which the AMPs can cross the mem-
brane [9].

Once across the membrane, the AMPs can target a variety of
intracellular sites, such as gene promoters and coding sequences,
mRNA-binding sites, enzyme regulatory sites, and protein prefold-
ing sites. Such inhibitory interactions involve blocking both DNA
transcription and/or RNA translation, or incorrect protein folding,
triggering the failure of metabolic pathways and cell death [12].

Recently, a new undisruptive mechanism was discovered in
AMP-sensitive bacteria. Species such as Escherichia coli and Salmo-
nella spp. have evolved the ability to detect and prevent AMP
antibacterial activities by triggering pathways involved in sensing
and amplifying resistance to cationic AMPS. Resistance is provided
by the PhoQ/PhoP system of E. coli, which comprises the activa-
tion of the AMP detector kinase PhoQ by Mg®* and Ca?*, which
phosphorylates and activates the transcription factor PhoP [13].
The active PhoP activates pagP, which encodes a resistance enzyme
against AMPs; mgtA, encoding a transporter of Mg?*; and hdeA,
encoding a chaperone responsive to acidic conditions. Phosphor-
ylated PhoP activates the transcription of the QueE gene, encoding
an enzyme that controls the biosynthesis of hypermodified gua-
nosine found in rare tRNAs and, once overexpressed, inhibits cell
division by downregulating the bacterial divisome [12,13].

Sublethal concentrations of the C18G AMP, a highly cationic,
amphiphilic peptide derived from the C-terminal sequence of
human protein platelet factor 4, can trigger the PhoQ-dependent
filamentation of wildtype E. coli by the overexpression of QueE.
The bacterial filamentation (tens to hundreds of microns in
length) prevented fully bacterial growth and was detectable in
genetically engineered strains with a PhoP-regulated promoter
driving the transcription of a yellow fluorescent protein [13].

Another good example is Buforin II, a potent AMP from Chinese
toad Bufo gargarizans, with antimicrobial activity against a range of
microorganisms. Once inside the cell, Buforin II inhibits gene
expression by associating with DNA and mRNA during transcrip-
tion and translation. The same occurs with melittin, a bee venom
peptide active against both Gram-positive and Gram-negative
bacteria, as well as some pathogenic fungi, which is a typical
example of nondisruptive AMP, discovered during the late
1980s, that supported the Carpet model of microorganism inhibi-
tion detailed in 2011 [5,12,13].

Antimicrobial resistance to AMPs
The development of antibiotics has had a major impact on modern
medicine. However, the increasing emergence of antibiotic resis-
tance and the limited development of novel classes of antibiotic
over the past four decades has led to a scenario in which some
infections are no longer treatable with available antibiotics [14].
Antimicrobial resistance (AMR) is defined as the resistance of
microorganisms to an antimicrobial against which they were once
sensitive [3,13]. AMR is an inevitable evolutionary outcome once
all organisms develop genetic mutations that can improve fitness
and lead to selection as a response to the selective pressure of the
environment. In fact, more than 70% of pathogenic bacteria are
resistant to at least one type of antibiotic [1]. Undesired selection
of microbial cells with resistance-conferring mutations or other
resistant elements represents the main drawback in long-term
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treatment efficiency of patients, leading to intensive medical
research to discover new targets to overcome multidrug resistance
(MDR) [4,6,12].

The current classes of antibiotic face a constant threat repre-
sented by the diverse bacterial resistance mechanisms. The ESKAPE
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species) represent the most dangerous pathogens to
immunocompromised patients because they are commonly iso-
lated as drug-resistant (DR) or MDR microorganisms [7].

There are two major ways in which common bacteria evolve to
become resistant: by intrinsic or acquired resistance against
AMPs. Intrinsic resistance occurs as a natural consequence of
the presence of AMPs in the natural environment of bacteria,
which develop mechanisms to resist antibiotic action [13]. This
can happen via passive or inducible mechanisms. Passive resis-
tance is always associated with less tight interactions between
bacteria and AMPs because of the inherent accumulation of more
positive charges in lipid A, and is more common in genera such as
Proteus, Providencia, Burkholderia, Morganella, and Serratia [13].
Inducible resistance is a consequence of perennial, reversible
modifications at the molecular level in both Gram-positive and
Gram-negative bacteria [14].

Acquired resistance is a product of high-fitness mutants that
often contain more than one mutation that is unrelated to the
AMP selection. Bacterial mutated genes provide altered genetic
systems that allow bacterial growth in the presence of AMPs and
can be identified by experimental procedures with and without
AMP in the culture media [15].

Membrane modifications related to AMP resistance

The bacterial OM and inner membrane architectures can be altered
and sites for the ligation of AMPS can be protected in response to
reduced levels of Ca®*, Mg?*, and specific proteins, and changes in
lipid composition. This considerably reduces membrane fluidity
and permeability to polymyxins, defensins, and cathelicidins
[3,16].

The bacterial membrane phospholipid content, such as
phosphatidylethanolamine (PE), phosphatidylglycerol (PG),
and cardiolipin (CL), reflects a global state of protection against
pore formation [17]. The biosynthesis, turnover, and transloca-
tion of phospholipids to target sites in the membrane can be
modulated by the expression of proteins closely related to
resistance against AMPs [15,16]. Profiles of cationic AMP resis-
tance can be shown by the 10% increase in the total content of
CL in liposome model membranes [17]. Strains of S. aureus
resistant to methicillin, for example, can increase lipid biosyn-
thesis and translocation to the membrane by simply activating
genes that encode multiple peptide resistance factor (mprF),
cardiolipin synthase (cls), and phosphatidylglycerol synthase
(pgsA) [18,19].

The affinity between the cell membrane and AMPs can be
considerably reduced by minimizing the negative charge of the
phospholipid bilayer (i.e. the lipid composition). In addition, two-
component signal regulatory systems (TCS), such as the PhoQ/
PhoP system in P. aeruginosa and the ApsR/ApsS in Staphylococcus
epidermidis, can act together with lipid modifications to enhance
resistance against cationic AMPs [13].

Resistant bacteria with modifications in the cell wall

The cell wall is the outer barrier that acts as a secondary physical
protection structure against pore formation in bacteria. It gives
strength to the bacterial cell and influences the final cell format.
AMPs often establish ionic and/or hydrophobic interactions with
the cell wall. Modifications of the polysaccharide bilayer of pepti-
doglycan and teichoic acids in the cell wall are particularly inter-
esting in Gram-positive bacteria. The AMP-cell wall interactions
can be avoided in S. aureus and Staphylococcus xylosus, which
present multiple copies of the dIt operon, a regulatory sequence
that, when active, promotes p-alanylation of teichoic acids in the
cell wall, reducing their anionic charges [20].

In some Gram-negative bacteria, the affinity of lipopolysacchar-
ides (LPS) in the OM by cationic AMPs can be reduced by the
increase of positively charged lipid A with substituents such as
palmitate, phosphoethanolamine, and 4-amino-4-deoxy-L-arabi-
nose at 1- or 4-phosphate groups [21]. These modifications in lipid
A are also induced by the PhoQ/PhoP system and appear to be
closely related to cationic AMP resistance, mainly against poly-
myxin B, in Gram-negative bacteria. Glycosylation of lipid A was
recently reported as another lipid modification that results in
polymyxin resistance in EI Tor Vibrio cholerae [22]. The addition
of glycine to lipid A is regulated by the almEFG operon, which
controls the expression of several proteins (AImE, AlmF, and
AlmG) related to glycine activation and transfer to lipid A. Glycine
is activated by adenylation by AImE, which transfers active glycine
to the 4’-phosphopantetheine group of AlmF. Once active, AlmF
donates the glycine to the hydroxylauryl chain of lipid A, a transfer
reaction performed by AlmG [22].

In bacteria, is commonly stated that the thicker the cell wall, the
less efficient an antibiotic is, and, by extension, an AMP will be.
Improving the cell wall thickness is a strategy adopted by S. aureus
against erythromycin, vancomycin, acriflavine, and many AMPs.
The cell wall peptidoglycan layer can increase in thickness by the
upregulation of glutamine synthase in E. coli strains that are
resistant to magainin II, a characteristic absent in susceptible
strains [22].

Resistance associated with changes in metabolism

Some bacteria have an arsenal of molecules that prevent cellular
metabolism from suffering stress caused by AMPs. Several path-
ways can be up- or downregulated to increase the biosynthesis of
proteases, modification of membrane sites recognizable by AMPs,
overproduction of biofilms, and suppression of superficial ele-
ments related to pore formation [13].

An inherent mechanism of AMP resistance by bacteria is the
partial or total proteolytic cleavage of AMPs. Strains of S. aureus
overproducing the metalloprotease aureolysin are resistant to
cathelicidin. Proteus mirabilis producing high amounts of the
metalloproteases ZapA and LL-37 can avoid the antimicrobial
activity of B-defensin 1 (hBD1) simply by breaking down the
protein into six or nine innocuous peptides [23].

Other systems for the upregulation of the biosynthesis of bac-
teria proteases have been discussed elsewhere. The nisin resistance
gene (nrs) of resistant strains of Lactococcus lactis is a central
element of nisin-controlled gene expression systems (NICE). A
protease encoded by the nrs gene cleaves the C terminus of nisin,
conferring in vitro resistance for non-nisin-producing L. lactis [24].

www.drugdiscoverytoday.com 237

H
=
>
]
o
=
=}
=
(=)
=
=
o
s
&
2
2
S
[
o2




o
)
=,
)
=
w
n
]
(=
=
3
=
[]
4
o
m
=
m
=

REVIEWS

Drug Discovery Today * Volume 22, Number 2 ¢ February 2017

By analogy, the SpeB cysteine protease of Streptococcus pyogenes
catalyzes the proteolysis of LL-37 in vitro and in patients infected
with resistant bacteria. Under stress caused by AMPs, S. pyogenes
synthesizes a G-related a2-macroglobulin-binding (GRAB) protein
that acts as a potent inhibitor of the protease inhibitor a2-macro-
globulin, forming a cluster named the ‘GRAB-a2-macroglobulin
complex’ that retains an active SpeB on the bacterial surface for
posterior LL-37 cleavage, causing bacterial resistance [25].

Molecular traps that capture AMPs and biofilm production are
also important resistance mechanisms evolved by different species
of bacteria. For example, L. lactis expressing PilB, a pilus backbone
protein in Gram-positive bacteria, can trap cathelicidin along with
the cell wall, avoiding contact with the cytoplasmic membrane.
Biofilm-producing bacteria can resist many different antibiotics.
Biofilm-mediated resistance results mainly from extracellular
polymeric substance (EPS), a liquid comprising mainly amyloid
and adhesive fimbriae, extracellular DNA, and exopolysaccharides
that embeds multiple cells throughout the biofilm matrix [26]. The
EPS extracellular DNA of P. aeruginosa can induce resistance
against polymyxin B and colistin in response to the chelating of
environmental cations. The decrease in the concentration of
biofilm cations modulates the upregulation of LPS modification
genes associated with resistance, a typical mechanism in resistant
strains of P. aeruginosa [26].

Therapeutic peptides: new drug candidates for the
treatment of diseases

In addition to their natural antimicrobial activities, AMPs also
have other potential applications in the therapy and treatment of
disease. For example, some AMPs have antitumoral and immuno-
modulatory activities and these peptides are important drug can-
didates known as anticancer peptides (ACP) and host defense
peptides (HDP), respectively. Several ACPs show improved absorp-
tion and higher specific cytotoxicity to tumor cells and fewer
adverse effects compared with chemical agents. The high number
of interactions between ACPs and tumor receptors could result
from the presence of abundant anionic sites dispersed on the
tumoral cell, resulting in rapid and selective binding and cell
death [27].

By contrast, HDPs frequently show weak antimicrobial activi-
ty in mammals, but are potent triggers of the immune response
through a variety of mechanisms that affect the innate immu-
nity of hosts. These peptides have diverse structures and
sequences because of constant interactions with different mi-
crobial cells presenting multiple infective strategies [2,27]. The
innate immune systems of mammals show characteristics of
nonspecific, quick antimicrobial therapies mediated by the ac-
tivation of elements of resistance against pathogens [28]. HDPs
act as triggers of immune responsive elements by several mech-
anisms, such as the upregulation of the expression of hundreds
of genes in monocytes and epithelial cells, the induction of
differentiation responses and chemokine synthesis, and promo-
tion of angiogenesis, and inflammatory and wound-healing
responses [29].

Some therapeutic peptides have already reached market status,
with more than 60 peptides currently available on the market in
the USA. It is estimated that, in 2015, approximately 500 thera-
peutic peptides reached preclinical trials and 140 were included

clinical trials in the USA [27]. Despite the development of many
potential pharmaceutical peptides, the road to market is restrictive
because drug candidates must meet several requirements, such as
similar or higher efficacy and tolerability compared with already
existing analogous drugs, improved pharmacodynamics and phar-
macokinetics, low toxicity, and safe use [2,27]. Economic issues
must also be satisfied, mainly relating to market competition,
scalable production, and intellectual property. For these reasons,
more than 90% of novel therapeutic candidates fail to achieve
marketable status [29].

Regulations surrounding the use of such molecules are also
determined based on the physicochemical properties and
manufacturing of each peptide. The US Food and Drug Adminis-
tration (FDA) usually ranks peptides as conventional drugs mostly
because their chemical structures exceed 100 residues, although
exceptions are made mostly in the case of vaccines, which are
ranked as biological products [2]. In Europe, the European Med-
icines Agency (EMA) evaluates the source of the peptide [2]. If the
molecule was screened from a natural biological source, it is
treated as a biological entity. By contrast, chemical entities are
those that were chemically synthesized in vitro. In addition,
manufacturing must guarantee the identity, purity, potency,
and individual lot consistency [28,30].

Examples of drug candidate failure are perhaps more common
than might expected. The most famous case was the peptide
magainin (pexiganan), a potent AMP isolated from the African
clawed frog Xenopus laevis. After completion of Phase 3 clinical
trials in 1999, the FDA did not approve its commercialization
because the drug was not proved to be more effective compared
with the antibiotics utilized during the trials [31].

Notable expansion in the peptide-based drug discovery field
over the past 10 years, encouraged the screening and testing of
new drug candidates. The approval rate since 2012 for peptides is
around 20%. This reflects an increasing number of peptides enter-
ing annual clinical trials, one in 1970 compared with 20 in 2013.
Most candidates that enter Phase 1 clinical trials are painkillers
(>30%), or anticancer and anticardiovascular disease agents. ACPs
dominate Phase 2 (15%) and 3 (40%) clinical trials, followed by
painkillers, anti-infectious disease and antiallergen agents [32].

Tailored peptides: the design of engineered AMPs
against MDR bacteria

Historically, the search for new efficient AMPs was based on the
high-throughput screening (HTS) of biologically active molecules.
This concept relies on the discovery of naturally occurring pep-
tides using classic purification and in vitro and in vivo techniques
for checking antimicrobial activity. Many AMPs have been identi-
fied and tested against clinical and natural strains of pathogens
using this approach [15].

Bioactive peptides obtained from natural sources have been
under evolutionary pressure for millennia, and consistently show
high stability and target affinity and/or specificity. However,
naturally occurring AMPs are normally synthesized at low rates
by their biological sources, many are susceptible to protease deg-
radation, and have low bioavailability (i.e. the presence of bioac-
tive molecules at usual low levels). Despite the recent advances in
HTS techniques, this approach is laborious and it is difficult to
produce high yields of peptides in a scalable fashion [15,33].
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New AMPs with potent antimicrobial activities and lower pro-
pensity to select for drug resistance have been intensely investi-
gated. In silico methodologies for the rational design of peptides
aim to improve the biological activities and increase production
efficiency, speeding up biosynthesis and decreasing production
costs. These rational tailored peptides represent a new generation
of designer drugs to simultaneously overcome pathogen resistance
and enhance microbial killing [33-35].

AMP design is based primarily on structure—function relations of
host-derived synthetic AMPs and computational analysis of sur-
face interactions between the peptide and pathogen structures.
There are three main ways to enhance peptide activities through
computational design: (i) epitope and net charge engineering by de
novo sequence optimization of AMP motifs; (ii) changes in post-
translational patterns of glycosylated peptides by amino acid
substitution in glycosylation sites; and (iii) engineering different
peptides as chimeric molecules and/or biomaterial surfaces with
AMP properties [7,33,36].

Sequence optimization of motifs is mainly applied for the
design of cationic a-helical AMPs with improved and specific
antimicrobial activities and low toxicity to mammalian cells.
Diverse engineered cationic antimicrobial peptides (eCAPs) have
been synthetically produced in laboratories worldwide, and show
a range of in vitro and in vivo antimicrobial activities. Examination
of structure-function relations is primarily performed for the
prediction of protein interfaces to infer protein—protein and pro-
tein-lipid interaction networks [7,37]. Interface prediction is based
on the physicochemical properties of residues in interfaces of
protein complexes and by overlapping interface and non-interface
segments of protein motifs. The most prominent characteristics of
AMP:s for peptide design are the sequence conservation of interface
residues, proportion of the 20 types of amino acid residue, relative
presence of secondary structures, solvent accessibility, and side-
chain conformational entropy [38].

Some AMPs are synthesized as glycoconjugates, peptides carry-
ing a variety of N- or O-linked glycans that are crucial for peptide
recognition, binding, and protein-protein interactions. Most sur-
face glycans are post-translationally added in the Golgi after the
peptide has passed through the secretory pathway [39]. Plant-
derived AMPs are the main primary targets for glycosylation
engineering that aims to improve biological activity against phy-
topathogens and to humanize glycosylation for clinical use in
humans. Plant N-glycans differ considerably from those in mam-
mals. Typically, mammalian «1,6 fucose (N-acetylglucosamine of
the core), B1,4N-acetylglucosamine (3-mannose of the core), and
B1,4 galactose combined with sialic acid and linked to the terminal
N-acetylglucosamine are substituted in plants, by an a1,3 fucose, a
bisecting B1,2 xylose, and a 31,3 galactose and fucose a1,4-linked
to the terminal N-acetylglucosamine, respectively [40,41]. Anoth-
er important issue concerning the humanization of AMP glycosyl-
ation is avoiding the addition of allergenic glycoepitopes to the
peptide surface, because humans are frequently allergic to plant
al,3 fucose and B2 xylose. Currently, the main efforts to minimize
undesirable plant glycosylation of AMPs rely on avoiding the
complete transit throughout the secretory pathway by confining
peptides inside the endoplasmic reticulum, using N- or C-terminal
retention signals, such as KDEL. Advances in the humanization
of the glycosylation of proteins (i.e. the full substitution of

non-mammalian host N-linked glycans for typical human glycans
by knocking down plant xylosyl and fucosyltransferases and yeast
mannosidases and expression of human glycosidases) is already a
reality in the production of plant and yeast antibodies and inter-
ferons, but has not yet been fully applied to AMPs [41,42].

Chimeric eCAPs are another major group of engineered AMPs.
They are synthesized chemically or recombinantly as fusion pep-
tides or as antimicrobial surface-coating agents, based on the
potential synergistic effect of multiple active epitopes that consid-
erably enhances their antimicrobial activities [43]. These features
reveal an interesting aspect of chimeric eCAPs, namely the poten-
tial to prevent bacterial colonization and biofilm formation, a
promising approach to eliminate implant infections. After synthe-
sis, the individual domains of chimeric eCAPs must present solid-
binding kinetics to nanoformulated surfaces or substrates without
the loss of antimicrobial properties. These peptides remain one of
the most promising engineered anti-infective agents to be popu-
larized against opportunistic pathogens in postoperative care set-
tings [44].

Naturally occurring AMPs are typically subject to proteolysis,
because they comprise L-amino acids recognizable by proteases. To
minimize peptide degradation, the rational design of sequences
comprising analogous p-amino acids substituted for L.-amino acids
can consistently increase the peptide post-translational stability
without altering biological function. Given that the interactions
between AMPs and the bacterial membrane are not strictly depen-
dent on interactions mediated by specific receptors, the D-enan-
tiomers of a peptide often retain the antimicrobial activity [45].

Another interesting modification of eCAPs is the addition of
polyalanine tails in the N or C terminus of the peptide. The amino
acid alanine is moderately hydrophobic and, when polymerized as
a repetitive peptide tail, can exceed the hydrophobic limit for
insertion mechanisms in the cytoplasmic membrane. Polyalanine
peptides can not only be inserted into the membrane of microbes
without causing significant phospholipid displacement, maintain-
ing the bilayer integrity, but also be internalized within the cell for
further modifications in metabolic pathways. Therefore, polyala-
nine tails can induce undesirable peptide configurations that lead
to the formation of peptide clusters that are unable to anchor lipid
bilayers [46,47].

One of the most promising modifications of the eCAP structure
is PEGlyation: that is, the covalent addition of polyethylene glycol
(PEG) chains to peptides. PEGlyation provides improved structural
stability and higher bioavailability of modified peptides and pro-
teins. PEGylated synthetic eCAPs can retain their antimicrobial
activity with higher target specificity, although superfluous cova-
lently attached PEG moieties can reduce the interactions between
eCAP and the target sites of the cytoplasmic membrane of bacteria
[48,49].

When the peptide shows therapeutic functions, it must be
injected into the bloodstream either in its pure form or nanoen-
capsulated. In such cases, the stability of the peptide must be
preserved to maintain a high level of bioactivity. Peptide cycliza-
tion is a major strategy to improve the serum stability of synthetic
peptides. The joining of the N and C terminus backbone or the
formation of internal cross disulfide bridges cyclizes the peptide,
hiding proteolytic cleavage sites from specific cellular aminopep-
tidases [50,51].
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FIGURE 1

Schematic diagram of the development of designed peptide. After prospection, natural occurring AMPs are tested against pathogen microorganisms and putative
candidates are selected based upon their biological activities. Peptide sequencing and structural characterization are key points to understand the structure-
functional relationships of the AMP and to determine the surface interactions between the peptide and pathogen structures. Structural changed AMPs are
chemically synthesized or recombinantly produced and their antimicrobial activities are evaluated based in optimized molecular interactions with the target

pathogen.

The amidated C terminus of peptides appears to generally
improve antimicrobial activity and stability. In general, amidated
peptides exhibit higher antimicrobial activity. Amidation of the C
terminus affects the hydrophobic moment of synthetic peptides,
corroborating to enhance interactions with the membrane. Al-
though this has been an important strategy to improve microbial
death, it also appears to improve hemolytic activity, requiring
case-by-case studies to evaluate the pros and cons of such mod-
ifications [52,53].

Following the accurate prediction of structural changes, the
engineered peptides can be chemically synthesized or routinely
produced by many genetic engineering strategies (Fig. 1). In this
context, in silico interaction databases are the most valuable tools
to predict the sites where peptides physically interact with the
microbial cell and the optimization of motif architecture and net
charge by amino acid replacements.

Many examples of rationally designed AMPs have already been
described in the literature, most of which show true potential for
future use in clinical settings. Often, these eCAPs present not only
enhanced biological activities against MDR microorganisms, but
also lower propensity to select for resistant bacteria in vitro com-
pared with native analogs. Table 1 lists promising eCAPs for
therapeutic use against MDR microbes [7,33].

Magnifection: a technology for the rapid and massive
production of peptides in tobacco

After prospection or improvements in silico, a selected AMP must
be produced on a large scale at a consistently high quality and
under good manufacturing practice rules (GMP). The size and

chemical properties of a given peptide will directly influence
the choice of production strategy [54]. There are at least four
major strategies to achieve satisfactory yields of high-quality
products: (i) solid-state chemical synthesis; (ii) recombinant mi-
crobe platforms; (iii) transgenic plants and animals; and (iv) cell-
free expression systems. Regardless of the method used, down-
stream processing is the crucial step before the commercialization
of any peptide. This is the most expensive, time-consuming and
testing phase of the production pipeline [55,56].

Specially designed strains of bacteria or fungal accumulating
induced mutations are typically utilized as reactors of naturally
occurring AMPs. These strains can enhance protein synthesis and
secretions, as well as upgrade peptide folding. Under these circum-
stances, peptide yields can increase by three orders of magnitude,
but in many cases, the production levels will still be below the
standard production levels required [54].

As an alternative to natural sources, the production technology
can result in the chemical synthesis of partial or full peptide
chains. There are three types of chemical synthesis: (i) the solution
phase; (ii) the solid phase; and (iii) hybrid approaches [57]. Most of
the commercially approved peptides, which are frequently small
to medium in size, are synthesized by solution phase approaches
[54,58]. This methodology provides standard protocols for the
isolation, characterization, and purification of peptides. Solid-
phase synthesis provides platforms for the production of large
and structurally complex peptides on a large scale. The hybrid
method combines characteristics of the two previous methodolo-
gies. Although efficient for the production of active peptides, the
three approaches are expensive because they enable prolonged
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TABLE 1
Promising characterized eCAPs against MDR microbes
Name Structural modification Enhanced trait Target Refs
Arabidopsis thaliana cyclin-dependent Recombinant scFv antigen Biologically active Immunomodulation against [74]
kinase produced in Nicotinia tabacum plant pathogens
with no plant glycosylation
Chimeric JEV E protein Recombinant Escherichia coli Chimeric protein Vaccine against Japanese [75]
expressed fusion of 27-amino elicited stronger encephalitis virus
acid JEV peptide with immune response in
Mycobacterium tuberculosis mice than the single JEV
hsp70 antigen antigen
Clavanin MO Amino acid substitution Improved antibacterial Pseudomonas aeruginosa [76]
activity (immunomodulatory)
Cm-p5 Peptide fragmentation, de novo Improved antibacterial Candida albicans, [77]
sequence determination, amino activity Cryptococcus neoformans,
acid substitution Trichophyton rubrum
D5 and D6 decamers Systematic Arg and Trp Improved antibacterial Gram-positive and Gram- [78]
substitution activity negative bacteria
Escherichia coli heat-labile toxin Recombinant antigen produced Biologically active Vaccine against pathogenic E. [79]
in Zea mays with no plant coli
glycosylation. Retention in
endoplasmic reticulum
Hepatitis B surface antigen Recombinant antigen produced Biologically active Vaccine against Hepatitis B [80]
in N. tabacum with no plant virus
glycosylation. Retention in
endoplasmic reticulum
Human carcinoembryonic antigen Recombinant antigen produced Biologically active Activity against colon and [81]
transiently in N. tabacum breast cancer
Japanese cedar pollen allergens Recombinant antigen produced Biologically active Vaccine against pollen allergy [82]
in Oryza sativa with no plant
glycosylation. Retention in
endoplasmic reticulum
Lytic base unit (LBU) eCAPs with 12-48 residues. Maximum antibacterial P. aeruginosa and [83]
Optimized amphipathic helices selectivity at 24 Staphylococcus aureus
with only Arg and Trp residues residues; increased
activity at 12 residues in
length
P3075q.sc C-terminal amino acid High in vitro activity Acinetobacter baumannii [36]
substitution against Gram-negative
bacteria biofilms.
Synergistic activity with
polymyxin B. Did not
lyse human red blood
cells or B cells
Peptide derived from human lysosomal Substitution of residues 117-136 Enhancement of activity S. aureus, P. aeruginosa [84]
cathepsin G (cat G) against Gram-positive
and Gram-negative
bacteria
Synthetic cxc cfcfc peptides Dengue fever virus and Japanese Enhanced cellular Vaccine against Dengue virus [58]
encephalitis virus synthetic immune response in the for populations in developing
peptides with motifs to fit human lymph nodes countries
leukocyte antigen (HLA)
TiBP1 Chimeric peptides with solid- Enhanced activity Activity against bacteria [85]
binding kinetics to titanium commonly found in oral and
substrate orthopedic implants, such as
Streptococcus mutans,
Staphylococcus epidermidis,
and E. coli
WLBU2 and WR12 Idealized amphipathic helices WLBU2 eradicated 142 isolates of ESKAPE [86]

with three and two amino acid
substitution, respectively

lethal P. aeruginosa
septicemia in mice

pathogens

www.drugdiscoverytoday.com

241

=
w
S
w
[~
=
=}
g
a
=
2
[e]
'S
)
2
2
>
[}
o



o
)
=,
)
=
w
n
]
(=
=
3
=
[]
4
o
m
=
m
=

REVIEWS

Drug Discovery Today * Volume 22, Number 2 ¢ February 2017

TABLE 2

Recombinant AMPs that reached advanced preclinical stages or are undergoing trials

Name Developer Natural source Target (prevented disease) Status Refs

Arenicin Adenium Biotech Lugworm Arenicola Multiresistant Gram-positive Preclinical [31]
(Copenhagen, Denmark) marina bacteria

Avidocin and purocin AvidBiotics (San Francisco, Pseudomonas Gram-negative bacteria Preclinical [31]
CA, USA) aeruginosa

IMX924 Iminex (Coquitlam, BC, Mammalian Gram-negative and Preclinical [31]
Canada) Gram-positive bacteria

Iseganan (IB-367) Intrabiotics Pig leucocytes Bacteria and fungi/chronic Abandoned after [87]
Pharmaceuticals, Inc. respiratory infections Phase 2 clinical trials
(Mountainview, CA, USA)

MBI 594AN Microbiologix Biotech Chemically modified Propionibacterium acnes Phase 2b clinical trial [88]
(Vancouver, BC, Canada) mammalian peptide (acne)

Neuprex (rBPI21) Xoma (US) LLC (Berkeley, Vaccine against Neisseria meningitidis Phase 3 clinical trial [31]
CA, USA) Hepatitis B virus (severe meningococcemia)

Omiganen (MBI-226) Microbiologix Biotech Bovine neutrophils Bacteria and fungi/ Phase 3 clinical trial [89]

bloodstream infections

P113 Demegen (Pittsburgh, PA, Mammalian Candida albicans Phase 1/2 clinical trial [90]
USA) (oral candidiasis)

Pexiganan (MSI-78) Magainin Pharmaceutical African clawed frog Broad-spectrum activity Discontinued by [91]

(magainin) Inc., since renamed Xenopus laevis against 3109 bacterial showing same
Genaera (Plymouth clinical isolates efficiency as other
Meeting, PA, USA) (diabetic foot ulcers) antibiotics

Plectasin Novozymes (Bagsvaerd, Fungal (Pseudoplectania Streptococcus pneumoniae Preclinical [92]
Denmark) nigrella) (pneumonia)

XMP.629 Xoma (US) LLC Mammalian P. acnes (acne) Phase 2 clinical trial [61]

times for amino acid polymerization, a drawback that is particu-
larly important during early clinical studies because it can invali-
date economically the manufacturing of the peptides [2,54-56].

To maximize peptide biosynthesis, genetically engineered bac-
teria and yeast cells are frequently explored as vehicles for the
recombinant production of bioactive AMPs [59]. Many different
AMPs have been synthesized in E. coli and Pichia pastoris [60].
Despite the high therapeutic potential of recombinant AMPs,
limited investment of companies and drawbacks in terms of poor
yield, low quality, and unsatisfactory in vivo activity have restricted
commercial development to only a few promising AMPs. Regard-
less of these production limitations, some of these therapeutic
peptides have reached advanced clinical trials before commercial-
ization, as detailed in Table 2.

Among the most important factors that limit the recombinant
production of AMPs in microbial systems is the inner toxicity of
the peptide toward host cells; however, this is not typically a
limitation because many AMPs Kkill bacteria at very low, nontoxic
concentrations. Another concern is the low quality of the peptide
product following post-translational modifications. Under such
circumstances, plants appear to be an interesting and promising
alternative host system for the production of recombinant AMPs
[61-63].

Although plants perform a range of post-translational modifica-
tions, low levels of recombinant biosynthesis of peptides are
common, resulting in low quantities of purified products. Howev-
er, a new transformative technology, called Magnifection, has
emerged as a platform for the fast production of large numbers
of plant-derived recombinant proteins and peptides [8,63,64].

Developed by Gleba and collaborators at the German biotech
company Icon Genetics, Magnifection is a transient expression
platform that utilizes Nicotinia tabacum or Nicotinia benthamiana
plants as efficient reactors for the production of massive yields of
recombinant proteins, in a rapid, scalable fashion [63,65]. The
process is based on the infiltration of whole plants with a suspen-
sion of transgenic Agrobacterium tumefaciens cells carrying plasmids
that encode viral RNAs replicons (Fig. 2). These Gram-negative soil
bacteria have key roles in infection and movement throughout
plant tissues because they systemically spread through the plant to
eventually reach most leaves and stems [8,63]. Infiltrated plants
contain viral vectors based on tobacco mosaic virus (TMV) or
potato virus X (PVX) carrying AMP-coding sequences, delivered
by bacteria to be transiently expressed and amplified [64]. These
potent machines of transcript production use the viral machinery
to enhance the production of viral proteins along with the selected
AMP, without stable transgene integration, resulting in massive
yields of AMPs [65].

Speed is one of the main advantages of Magnifection, because it
provides expression kinetics that frequently reach the peak of
peptide production 3-4 days after infiltration. Such conditions
allow the scale-up of plant infiltration by vacuum and peptide
biosynthesis, combining elements of three biological systems (i.e.
viral potent transcription, bacterial systemic spread, and plant
accurate post-translational modifications) in a single expression
strategy [8,64].

Therefore, Magnifection significantly reduces AMP production
costs because of a rapid and straightforward approach that results
in the production of the first milligrams of AMPs in just 4 weeks
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FIGURE 2
Transient biosynthesis of AMPs using the Magnifection platform. (a) Assembled viral vector cassettes harboring the coding sequence of an AMP is introduced in
cells of A. tumefaciens. After growth and selection of transgenic bacteria (b), leaves of N. benthamiana are agroinfiltrated using a syringe or vacuum (c) and the
kinetics of transgene transient expression reaches its peak between 4 and 7 days after transfection (d). After harvesting the plant biomass (e) and peptide
extraction using appropriate buffers (f), the AMPs are purified and evaluated in bio-assays (g).

TABLE 3

Examples of antigens transiently expressed using the Magnifection system

Antigen Disease/target Status Refs
Derp 1 Allergy In vitro [93]
F1-v Plague Animal preclinical trial [94]
Hepatitis B/C HBsAg (Hep B) Animal preclinical trial [95]
HIV p24 capsid protein HIV AIDS In vitro [96]
HSP-A Helicobacter pylori Phase 1/2 clinical trial [97]
L1 major capsid protein Cervical cancer Animal preclinical trial [98]
Protective antigen Der p 2 Anthrax Animal preclinical trial [99]
SARS-CoV-S1 SARS Animal preclinical trial [100]
Tet-C Tetanus Animal preclinical trial [101]
Type 1 diabetes mellitus GAD65 Animal preclinical trial [102]
VCA antigen Epstein-Barr virus In vitro [103]
VP1 Foot and mouth disease Animal preclinical trial [104]
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BOX 1
Genome editing tools

Strategic question

How do CRISPRs revolutionize the currently available molecular

tools for genome editing and AMP biosynthesis? Here, we describe

previous molecular tools based on the repair of artificially

generated DNA DSBs.

Zinc finger nucleases

Zinc finger nucleases (ZNFs) are genetically engineered DNA-

binding proteins utilized for the easy editing of the genome. They

create DSBs at user-specified locations. ZFNs present two

functional domains. The first is a DNA-binding domain with two-

finger modules for DNA hexamer (6-bp) recognition. These two-

fingered modules stitch together to produce the zinc finger

proteins, which are capable of recognizing and specifically binding

to a >24-bp DNA extension. The second domain is a nuclease Fokl

DNA-cleavage domain that, once fused to the DNA-binding

domain, forms a molecular scissor that catalyzes phosphodiester

disruption. When used together, two ZFNs can produce DSBs that

are targets for precise genomic edits by natural DNA repair

processes, such as homologous recombination and non-

homologous end joining (NHEJ).

Pros of ZFNs for genome editing

e Provide rapid DNA disruption of, and/or integration into, any
genomic loci.

e Functional in a range of mammalian somatic cell types.

e Edit genomes through a single transfection round of DNA repair.

e Screening dispenses antibiotics.

Cons of ZFNs for genomic editing

e Screening and assembly is technically challenging.

e Typically binds to short 9-18-bp sequences.

e Replacement of fragments longer than 1 kb is difficult.
o Off-target effects.

e Target events in animals require screening.

Transcription activator-like effector nucleases

Transcription activator-like effectors (TALEs) are a class of proteins
recent found exclusively in the plant pathogenic bacterium
Xanthomonas. TALEs comprises a DNA-binding domain of 33-35
conserved amino acid repeat motifs organized in tandem arrays
that individually recognizes a specific nucleotide of target DNA.
TALE repeats provide two adjacent amino acids, named repeat-
variable-di-residue (RVD), that specifically bind to a nucleotide, and
can be arranged in different combinations according to the
sequence that must be recognized in the target DNA. A new type
of engineered TALE repeats presents a C-terminal Fokl
endonuclease domain, constituting a TALE nuclease (TALEN).
TALEN are similar to ZFNs, providing DSBs when grouped in pairs
after binding to DNA with high affinity.

Pros of TALENs for genome editing

e Easier to design compared with ZFNs.

e Bind 18-bp or longer sequences.

e Fewer constraints on site location.

Cons of TALENs for genome editing

e Larger than ZFNs (coded usually by 3-kb DNA).

e Evidence that larger TALENs can lead to less specificity.
o Off-target effects.

CRISPRs

CRISPRs are recently discovered bacterial adaptive immune
systems that use a combination of short RNAs and associated
proteins to target specific sequences of DNA for the generation of

DSBs. CRISPRs revolutionized genome editing standards by

presenting several technical advantages compared with previous

systems, although they still have some disadvantages.

Pros of CRISPRs for genome editing

e Easily adapted system to target and modify any genomic sequence.

e The Cas9 protein, the main protein for DNA recognition and
cleavage, remains unchanged for any CRISPRs.

e Easy to use to target numerous sites or across genomic libraries.

e Use of multiplex-based guide RNAs to simultaneously edit multiple
sites.

Cons of CRISPRs for genome editing
e Size of Cas9 (cDNA approximately 4.2 kb).

and up to 100 kg in 1 year, using a much-diluted A. tumefaciens
suspension to infiltrate completely an entire green house. The
high biomass of tobacco (>100.00 kg ha™!) also contributes to the
scaling up of peptide production, while reducing overall costs
[64,65].

Using Magnifection, protein and peptide amounts frequently
are 10-100-fold higher than those observed for stable genetically
transformed plants, yielding up to 80% of the total soluble protein
(TSP). Using this technology, amounts of up to 5 g of peptides per
kilogram of fresh agroinfiltrated leaves have been obtained rou-
tinely [8,63,64].

The Magnifection platform has experienced considerable suc-
cess in the production of a variety of proteins and peptides,
notably vaccines [65]. The small size of antigen peptides and
relatively simple chemical structures of some AMPs appear to
fulfill the requirements of the platform. Since 2010, the Magnifec-
tion system has been explored by the Canadian biotech company
Medicago (http://www.medicago.com/) for the industrial produc-
tion of a vaccine against HIN1 flu in the USA. A US$21 million
budget financial deal was signed between Medicago and the US
Department of Defense Agency Defense Advanced Research Pro-
jects Agency (DARPA) to develop 10 million doses per month to
avoid the risk of epidemic flu outbreaks [8,63-65]. The vaccine is
currently in Phase 2 clinical trials, as is another vaccine against the
variant virus HS5N1, synthesized using the same platform [64].
Table 3 details other vaccines already synthesized in tobacco using
the Magnifection system.

Although efficient for the transient biosynthesis of peptides, the
addition of plant-specific post-translational modifications, nota-
bly the addition of N-glycans to peptides, is a potential limitation
of the system and could lead to nonfunctional products or highly
immunogenic vaccines. The threshold of economically accepted
expression levels using Magnifection is a restrictive factor similar
to other previously explored recombinant platforms. Although a
good producer of full antibodies, the size of multimeric proteins
constitutes another important challenge for the Magnifection
system, requiring the manipulation of two viral vectors to express
two or more assembled polypeptides [63,64].

Genome editing by CRISPRs and AMP biosynthesis:
advances, implications, and challenges

The development of new technologies to improve recombinant
peptide biosynthesis has contributed to considerably increase
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expression levels and improve product quality. However, frequent
gene silencing at the transcriptional level and instability of genes
cloned in vectors for stable or transient expression remain major
challenges limiting the efficient production of AMPs. Another
persistent issue is the poor quality of the peptides endogenously
synthesized in bacteria, yeast, and plants, particularly resulting
from undesirable post-translational modifications [2,33].

Improved targeted genome engineering represents a sophis-
ticated approach that could help minimize such limitations.
Over the past decade, alternative genome-editing tools, such as
artificial engineered enzymes, zinc-finger nucleases (ZFNs), and
transcription-activator-like effector nucleases (TALENs), have
been successfully utilized to modify the genome of microbes,
plants, and animals by adding, removing, or replacing segments
of DNA [66].

A more efficient and less time-consuming technology for ge-
nome engineering was developed more recently, and appears to
considerably expand the possible modifications of target sites in
almost any sequenced genome: the clustered regularly interspaced
short palindromic repeats system (CRISPRs) [66] (Box 1).

Conventional genome-editing systems use synthetic nucleases
to induce genomic double-stranded breaks (DSBs) at target sites.
DSBs are targets of the imprecise cellular repair machineries either
mediated by non-homologous end-joining (NHEJ) or homology

directed repair (HDR), which require a donor DNA template [98].
CRISPRs constitute an incredibly versatile genome-editing plat-
form derived from the S. pyogenes CRISPR-associated protein 9
(Cas9) [67,68]. There are three types of CRISPRs. Type II is the
simplest, presented only by bacteria and comprises four proteins
(i.e. Casl, Cas2, Cas9, and Cas4); it is the most widely used system
for gene engineering. The most popular CRISPR-Cas system is
constituted by Cas9 endonuclease proteins and CRISPR RNAs [68].
The nuclease Cas9 can catalyze the precise cleavage of target sites
assisted by two short helper RNAs: cRNA and tracRNA. The fusion
of both RNAs forms a hybrid single guide RNA (sgRNA) that binds
to Cas9 to form a supramolecular complex named RNA-guided
endonuclease, a sequence-specific recognizer complex that cleaves
at specific sites in the genome, resulting in DSBs that are then
repaired preferentially by HDR (in the case of bacterial genomes),
thus altering the genome in a precise manner by site-specific
modifications [69].

The CRISPR-Cas9 system has been used to introduce point
mutations, modify gene function, generate gene knockouts, inte-
grate foreign genes, repress and/or activate specific genes, deliver
epigenetic modifications, and aid genomic loci accession by pro-
teins. Although limited studies report the utilization of the type II
CRISPRS-Cas system to edit plant genomes, it has been exploited
for editing other organisms [66-68].

=
=
=
w
[
2
=}
g
a
2
S
o
'S
)
2
2
>
[}
o

@ @ | I I I I

Double stranded DNA
—

Protospacer

Short palindromic repeat

-

(b)

pre-crRNA
tracrBNA

RNAse IlI . \ /

Cas9 '
pre-
crRNA:tracrRNA:Cas
9:RNAse Ill complex £
(c) :

+
e

<

(d) crRNA:tracrRNA:Cas
9:complex

(e) Genomic locus

FIGURE 3

tracrRNA (guide RNA)

Protospacer adjacent motif (PAM sequence)

|

Matching DNA sequence
(target sequence = protospacer) ¢

®

Target-specific crRNA

Donor DNA (cDNA of an
Double break antimicrobial peptide)
(@ T oI ™
T LI TTITTTTI T T T
Repairl
Boosted transcription
() Ty wun g unaa T 0 TTTTITINN and peptide
TELLLLEL D T LTI Tty
Target genome editing J
0 0%
Drug Discovery Today

CRISPR/Cas system Il technology description for AMP biosynthesis mediated by genome edition. Spacer acquisition: (@) Formation of CRISPRs array by recognition
and integration of foreign DNA as spacer within the CRISPR locus, or fully synthesized by genetic engineering. The protospacers are non-coding region inserted in
the bacterial DNA with 24-48 bp. Adjacent to each protospacer are found 3-5 bp short DNA sequences termed protospacer adjacent motifs (PAM) crRNA

processing: (b) The CRISPR array is transcribed as a long RNA (pre-crRNA) that is cleaved into crRNAs with the help of Cas proteins. An extra small RNA (tracrRNA)
complementary to the repeat sequence is also synthesized. (c) The tracrRNA pairs with the repeated region of crRNA and helps in the processing of pre-crRNA into
crRNA with the help of RNAse Ill for cleavage. Interference stage: crRNAS binds to Ca proteins (d) to form a complex that recognizes foreign DNA (e). A single
multifunctional protein, Cas9, recruits crRNA and tracrRNA to cleave the recognized foreign DNA using internal endonuclease domains (f). All the process is based
in the recognition and pairing of the PAM and the foreign DNA. Double strand breaks (DSBs) are generated (g). A donor DNA containing the coding sequence of an
AMP of interest is integrated in the site of the DSBs by homologous recombination (i), and after gene expression, the AMP is extracted and purified (h).
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In addition genome editing, the CRISPR-Cas system can be
utilized for other purposes within the cell. For instance, gene
silencing by CRISPR interference (CRISPRi) has proved to be a
powerful tool to complement (and, in many cases, improve)
previously described RNAi, by the double formation of Cas9 bound
to sgRNA and attached to the nontemplate strand of DNA, block-
ing transcription [69]. This approach can also be utilized to simul-
taneously silence multiple target genes (a process called
multiplexing), thus overcoming one of the limitations of RNAi
in terms of its gene silencing potential. Another interesting appli-
cation of CRISPR-Cas is to block transcription initiation in a
specific and reversible manner [70].

There is immense potential for the utilization of CRISPRs to
improve the recombinant biosynthesis of AMPs in almost any
organism. Tailored genomes modified by CRISPRs can harbor
AMP coding sequences within the donor DNA fragment inserted
in a genomic expression hot spot, potentially boosting heterolo-
gous production of the peptide to unprecedented levels [69,71]
(Fig. 3).

To reduce undesirable post-translational modifications of
AMPs, it might be possible to knockout host glycosylase genes
or substitute them with coding sequences of human glycosylases
to humanize glycopeptides. This could contribute to enhance
antimicrobial activity and therapeutic peptide quality (purity, lack
of undesirable post-translational modifications, high levels,
among others). In addition glycosylation, other post-translational
modifications and peptide-processing pathways could be manip-
ulated with CRISPR-Cas. CRISPR-Cas represents a promising tech-
nology to improve peptide engineering and biosynthesis, pushing
the boundaries of the development of clinical drugs to new levels
of sophistication [68,70,71].

The major concern for the utilization of CRISPRs as a genome-
editing tool is its potential secondary mutations or off-targets
effects. This is a common scenario in human edited cells
(however, on-target efficiency has been recently improved),
but still rare in plants. To avoid off-target effects, it is imperative
to properly design sgRNAs that direct Cas9 to an exact target in
the genome, and efforts along these lines have been published
recently. In addition, high levels of the nuclease Cas9 relative to
sgRNA helps reduce the incidence of off-target effects [72].
The Cas9 nuclease can be further engineered into a nickase,
which only cleaves a single strand of DNA and the same
strategy on the other strand enhances the specificity of site
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recognition and consistently minimizes
[67,70-73].

off-target effects

Concluding remarks and future perspectives

The prospect of novel, efficient AMPs is a crucial starting point to
combat antibiotic-resistant microbial pathogens. The emergence
of MDR bacteria is a tremendous global health problem that has
been predicted to lead to the death of 10 million humans per year
by 2050 [73]. Microbes, plants, and animals are natural sources of
therapeutic drugs and could also be a source of novel, biologically
inspired, previously unknown antibiotics for human applications.
In addition to their obvious importance, novel AMPs with high
anti-infective properties are difficult to prospect and are naturally
synthesized only at low levels in their respective host organisms.
Therefore, there is an urgent need to increase the efficiency and
final yield of peptides during their production to allow their
economic exploitation.

New insights into the rational design of peptides are required to
maximize AMP variability and increase specificity and antimicro-
bial activity. Currently, examples of synthetic and recombinant
AMPs with tailored domains are now facing advanced clinical
trials, with promising results. These rationally designed molecules
present modified epitopes with improved net charge and en-
hanced antimicrobial activity, and represent a new generation
of anti-infective agents with the potential to overcome MDR.

The transient expression of AMP genes in tobacco is a new
technology with immense potential to considerably boost the
heterologous production of new antibiotics and vaccines, in a
fast, cheap, and efficient way. The use of potent viral vectors
associated with the bacterial delivery of transcriptional units
provides a scalable platform for the massive production of diversi-
fied AMPs, with potential desirable improvements in terms of
processing and production costs.

Some drawbacks presented by plant expression systems are
solved by the CRISPR system, a revolutionary genome-editing
technology that presents myriad possibilities for genetic manipu-
lation at the genomic level and provides unprecedented tools
(CRISPRi and CRISPRa) to precisely control gene expression and
the structural modification of AMPs. Despite its current minor
limitations (e.g. off-target effects), CRISPR could have a key role in
the future development of clinical drugs as biotechnological anti-
infective agents, including the rational biosynthesis of next-gen-
eration antimicrobials.
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