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    Chapter 15   

 The Antimicrobial and Antiviral Applications 
of Cell- Penetrating Peptides 

           Kalle     Pärn     ,     Elo     Eriste    , and     Ülo     Langel   

    Abstract 

   Over the past two decades, cell-penetrating peptides (CPPs) have become increasingly popular both in 
research and in application. There have been numerous studies on the physiochemical characteristics and 
behavior of CPPs in various environments; likewise, the mechanisms of entry and delivery capabilities of 
these peptides have also been extensively researched. Besides the fundamental issues, there is an enormous 
interest in the delivery capabilities of the peptides as the family of CPPs is a promising and mostly non- 
toxic delivery vector candidate for numerous medical applications such as gene silencing, transgene deliv-
ery, and splice correction. Lately, however, there has been an emerging fi eld of study besides the high-profi le 
gene therapy applications—the use of peptides and CPPs to combat various infections caused by harmful 
bacteria, fungi, and viruses. 

 In this chapter, we aim to provide a short overview of the history and properties of CPPs which is 
followed by more thorough descriptions of antimicrobial and antiviral peptides. To achieve this, we analyze 
the origin of such peptides, give an overview of the mechanisms of action and discuss the various practical 
applications which are ongoing or have been suggested based on research.  
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1      Introduction 

 CPPs are a class of diverse peptides, typically 5–30 amino acids in 
length, and unlike most peptides, they can cross the cellular plasma 
membrane. CPPs are a family of peptides that are structurally 
diverse but share the ability to translocate a wide range of different 
bioactive molecules into living cells [ 1 ]. The list of available CPPs 
has grown rapidly and CPPs have been employed for a variety of 
applications. CPPs serving as vectors can successfully facilitate the 
intracellular transport of cargoes, such as small-molecule therapeu-
tic agents [ 2 ], proteins, quantum dots [ 3 ], and MRI contrast 
agents [ 4 ], both in vitro and in vivo [ 5 ]. In addition, this effi cient 
transport system has lower cytotoxicity in a variety of cell lines 
compared with other delivery methods [ 6 ]. 
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 The mechanism of the internalization of CPPs and their cargo 
is not well understood and has recently been the subject of contro-
versy. CPPs can interact with multiple cell surface molecules, 
including membrane lipids and membrane-associated proteogly-
cans [ 7 ]. CPPs can be taken up by cells via multiple pathways, such 
as direct translocation through the membrane bilayer or 
endocytosis- mediated uptake. Although molecules entering cells 
prefer the direct membrane translocation pathway, endocytosis, 
composed of two steps, endocytotic entry and endosomal escape, 
is the major cellular uptake pathway for most CPPs as most reports 
have pointed out [ 8 ]. Endocytosis occurs by various formats, which 
can be classifi ed into caveolae and/or lipid raft-mediated endocy-
tosis [ 9 ], micropinocytosis [ 10 ], through clathrin-mediated endo-
cytosis [ 11 ] or via a cholesterol-dependent clathrin-mediated 
endocytosis [ 12 ]. The endocytosis pathway is proposed based on 
the fact that CPP uptake in cells was found to adopt an energy- 
dependent mechanism [ 13 ]. However, cellular uptake is not com-
pletely prohibited at low temperatures or in the presence of 
endocytosis inhibitors [ 13 ], suggesting a non-energy consuming 
route. Recently, the fi nding of strong peptide–lipid interactions 
supports direct translocation of the peptides across the membrane 
[ 14 ]. In addition, many studies also propose cellular uptake can 
follow multiple routes depending on experimental conditions, spe-
cifi c CPP sequence, and the cargo structure [ 15 ]. 

 Besides CPPs, another important category of cationic mem-
brane peptides are antimicrobial peptides (AMPs). Antimicrobial 
peptides, a major class of antibacterial agents, share amphiphilicity 
and cationic structural properties with cell-penetrating peptides. 
All AMPs known by the late-1990s are cationic. However, the con-
cept that AMPs need to be cationic was changed later with the 
discovery of negatively charged AMPs in 1997 [ 16 ]. For example, 
maximin-H5 [ 17 ] discovered from frog skin and dermicidin [ 18 ] 
secreted from human sweat gland tissues are both anionic peptides. 
They also have a positive net charge, normally in the range of +4 to 
+6, which is due to the frequent presence of lysines and arginines 
in the amino acid sequence [ 19 ]. Additionally, nearly 50 % of their 
structure often consists of hydrophobic residues. They kill a broad 
spectrum of microbes including bacteria and fungi by destroying 
their cell membranes and are important components of the innate 
immune system of many animals and plants [ 20 ].  

2    CPPs and AMPs: How Different Are They? 

 CPPs and AMPs share common characteristics. CPPs and AMPs 
are similar in the structural motif of amino acid composition, but 
differ in biological activities within the lipid membrane. Common 
to both groups are interactions of cell membrane components with 
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the charged amino acid residues of the peptides. This is probably 
the fi rst step in cell association that leads to cellular uptake. Anionic 
phospholipids or phosphate groups of lipopolysaccharides (for 
gram-negative bacteria) or acidic polysaccharides, teichoic acids, 
and lipoteichoic acids (for gram-positive bacteria) are the mem-
brane components at the cell surface responsible for generating an 
overall negative net charge, making the binding of positively 
charged or amphipathic peptides possible [ 21 ]. Furthermore, the 
lipid bilayer of bacterial membrane contains mainly lipids with neg-
atively charged phospholipid headgroups, while fungi, in contrast, 
exhibit a zwitterionic lipid bilayer composition, upon which the 
uptake is driven by hydrophobic N- or C-terminus or particular 
amino acids of the peptide sequence, resulting in the accumulation 
of the peptide, which fi nally induces strong hydrophobic interac-
tion to the membrane. 

 Charge interactions between cationic residues and lipids are 
essential to the biological function of many membrane peptides 
and proteins, for example, cellular translocation of CPPs, and 
membrane disruption of AMPs. The ratio between the cationic 
lysine (Lys) and arginine (Arg) residues infl uences membrane 
selectivity since the guanidino functionalities of arginines promote 
a more effi cient interaction with eukaryotic membranes as com-
pared to lysine. This is, however, most often at the expense of 
increased cytotoxicity. A high Lys content has been correlated with 
selectivity toward bacterial cells over eukaryotic cells [ 22 ]. 
Furthermore, the ability of CPPs to permeate cell membranes 
appears to be directly linked to their propensity to fold into a well- 
defi ned secondary structure (α-helix or β-sheet) while interacting 
with biological membranes [ 23 ]. Likewise, the antimicrobial activ-
ity of α-helical AMPs depends on their propensity to form an 
α-helix [ 24 ]. The highly basic Arg guanidinium and Lys ammo-
nium groups remain protonated under physiological pH condi-
tions and thus can function as hydrogen bond (H-bond) donors in 
various protein–protein and protein–lipid interactions. In lipid 
membranes, the guanidinium group in protein side chain can form 
a branched moiety by interacting with water and lipid molecules. 
In the past few years, many CPPs and AMPs have been extensively 
investigated to elucidate the structural basis of how these cationic 
macromolecules interact with membrane lipids and water [ 25 ]. 

 Two examples of AMPs in the recent studies include proteg-
rin- 1 (PG-1) [ 26 ] and human neutrophil peptide-1 (HNP-1) [ 27 ]. 
PG-1 is representative of many β-sheet AMPs in its disulfi de-linked 
structure and has an Arg-rich sequence. HNP-1 belongs to the 
α-defensin family of antimicrobial peptides and is the mediator of 
the host innate immune response. Most AMPs adopt rigid 
amphipathic secondary structures, either α-helical or β-sheet [ 28 ]. 
The two CPPs, TAT and penetratin, are the fi rst two discovered 
and also most frequently applied CPPs [ 25 ]. They display a 
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turn- rich conformation and random coil structure in lipid bilayers, 
respectively, suggesting that the absence of intra- or intermolecular 
H-bonded conformation and high molecular mobility may be the 
hallmarks of CPPs which differentiates them from AMPs. Due to 
the similar Arg-rich structural motif, CPPs and AMPs have strong 
Arg-lipid and Arg-water interactions, which stabilize these hydro-
phobic peptides by membrane neutralization and water solvation 
and thus facilitate the insertion. However, CPPs interact with the 
cellular membrane in a non-invasive manner, while AMPs function 
by disrupting the lipid membrane. In addition, CPPs also experi-
ence charge–charge interaction from the distal phosphate layer and 
the guanidinium–phosphate interactions stabilize the CPP pep-
tides in lipids and facilitate the insertion, while the plastic confor-
mation and high mobility further promote the translocation. 

 For AMPs that preferentially attack internal cellular targets, 
similar translocation mechanisms have been reported: for buforin 
2, which translocates effi ciently, but with little membrane activity 
[ 29 ], the structure and orientation in the bilayer have been observed 
to be very similar to those of magainin 2 [ 30 ]. From these results a 
model was proposed whereby buforin 2 molecules would form a 
toroidal pore, just as magainin 2 does, but less stable; this would 
result in shorter pore lifetimes—with a concomitant decrease in 
permeabilization—at the same time that the translocation rate 
would increase because pore disintegration, which is the actual 
translocation step, would become more frequent [ 29 ,  30 ]. This 
model is supported by results that show that the presence of bilayer 
components that prevent the formation of toroidal pores (such as 
dioleyl phosphatidylethanolamine [ 31 ]) inhibit buforin 2 translo-
cation, whereas anionic phospholipids, which decrease the charge 
repulsions between the cationic peptide molecules, stabilize the 
pore to a point that signifi cant leakage and fl ip-fl op is observed 
[ 30 ]. Buforin 2 translocation has also been shown to withstand 
cargo addition, as demonstrated by the attachment of green fl uo-
rescent protein [ 32 ], which makes this peptide a promising candi-
date for its development into a CPP. A “membrane-thinning” effect 
was proposed for the AMP magainin 2 [ 33 ], in which the peptide 
aggregates on the surface of the membrane and the decreased local 
surface tension allows the peptide to intercalate the membrane.  

3    Antimicrobial Peptides 

 Antimicrobial peptides are gene-encoded, ribosomally synthesized 
polypeptides. They usually have common characteristics: small 
peptide with a varying number (from fi ve to over a hundred) of 
amino acids, strongly cationic (pI 8.9–10.7), heat-stable (100 °C, 
15 min), no drug fastness and no effect on eukaryotic cells [ 34 ]. 
In total, more than 5000 AMPs have been discovered, predicted or 
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synthesized up to date [ 35 ]. The natural AMPs have been isolated 
and characterized and produced from practically all living organ-
isms, ranging from prokaryotes (e.g. bacteria) to eukaryotes (e.g. 
protozoan, fungi, plants, insects, and animals) [ 36 ,  37 ]. In ani-
mals, AMPs are mostly found in the tissues and organs that are 
exposed to airborne pathogens and are believed to be the fi rst line 
of the innate immune defense [ 38 ] against viruses, bacteria, and 
fungi [ 37 ]. Several types of eukaryotic cells are involved in AMP 
production such as lymphs, epithelial cells in gastrointestinal and 
genitourinary systems [ 39 ], phagocytes [ 40 ], and lymphocytes of 
the immune system [ 37 ]. In addition to direct involvement in 
innate immunity, AMPs have also been found to infl uence infl am-
matory responses during an infection [ 41 ]. 

 In short, AMPs have the ability to kill pathogenic microorgan-
isms, including gram-positive and gram-negative bacteria, viruses, 
protozoa, and fungi. In contrast to conventional antibiotics, AMPs 
appear to be bactericidal (kills bacteria) instead of bacteriostatic 
(inhibits growth). They can destroy bacteria within minutes with 
the rate being faster than the bacteria growth rate [ 42 ]. 

     AMPs can be commonly classifi ed into four groups according to 
their origins. They can originate from insects, other animals, synthe-
sis, and genetically engineered microorganisms. It is possible to 
make fully synthetic peptides by chemical synthesis [ 43 ] or by using 
recombinant expression systems [ 44 ]. These artifi cial sources of 
AMPs are useful for the modifi cation of existing AMPs and for 
designing new synthetic AMPs. Such modifi cations have potential 
to change the targets of AMPs and improve the stability of AMPs 
against proteases [ 45 ]. Despite these advantageous features of 
AMPs, there are still some challenges to their applications, such as 
potential toxicity to humans [ 46 ], sensitivity to harsh environmental 
conditions (susceptibility to proteases and extreme pH) [ 47 ], lack of 
selectivity against specifi c strains [ 48 ], high production costs [ 49 ], 
folding issues of some large AMPs [ 50 ], reduced activity when used 
for surface coating, and bacterial resistance to some AMPs [ 51 ]. 

 Historically, AMPs have also been referred to as cationic host 
defense peptides [ 52 ], anionic antimicrobial peptides/proteins 
[ 53 ], cationic amphipathic peptides [ 54 ], cationic AMPs [ 55 ], 
host defense peptides [ 56 ], and α-helical antimicrobial peptides 
[ 57 ]. The discovery of AMPs dates back to 1939, when Dubos 
extracted an antimicrobial agent from a soil Bacillus strain. This 
extract was demonstrated to protect mice from pneumococci infec-
tion. In the following year, Hotchkiss and Dubos fractionated this 
extract and identifi ed an AMP which was named gramicidin [ 58 ]. 
In 1941, another AMP, tyrocidine, was discovered and found to be 
effective against both gram-negative and gram-positive bacteria. 
However, tyrocidine exhibited toxicity to human blood cells. 
In the same year, another AMP was isolated from a plant 

3.1  Origins 
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3.1.1  Origin of AMPs
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Triticumaestivum, which was later named purothionin and found 
effective against fungi and some pathogenic bacteria [ 58 ]. The fi rst 
reported animal-originated AMP is defensin, which was isolated 
from rabbit leukocytes in 1956. In the following years, bombinin 
from epithelia and lactoferrin from cow milk were both described. 
During the same time, it was also proven that human leukocytes 
contain AMPs in their lysosomes [ 58 ].  

   There is no common molecular entry route for AMPs—it depends 
on the nature of the peptide, the membrane lipid composition and 
the peptide/lipid ratio. The mechanism comprises several stages 
which are not yet fully understood, despite extensive studies. The 
necessary step is peptide’s association with membrane lipids which 
results in long-range defects. The different molecular mechanisms 
postulated (such as barrel-stave or toroidal/wormhole pore for-
mation, aggregate channel formation or surfactant-like interac-
tions [ 59 ]) assume that aggregation/oligomerization of AMP in 
the cytoplasmic membrane is the necessary step leading to the 
membrane lysis.  

   Most AMPs reported to date can be classifi ed based on one of the 
following four types based on their secondary structural features: 
such as cathelicidins (with a linear α-helical structure), defensins 
(with a β-strand structure), and bactenecins (with a loop structure) 
[ 60 ], and extended helices with a predominance of one or more 
amino acids. Among these structural groups, α-helix and β-sheet 
structures are more common [ 61 ] and α-helical peptides are the 
most studied AMPs to date. The best known examples of such 
AMPs are protegrin, magainin, cyclic indolicin, and coiled indoli-
cin [ 57 ] and α-helical peptides without the presence of cysteines in 
the sequence, such as melittin [ 62 ]. β-Sheet peptides are composed 
of at least two β-strands with disulfi de bonds between these strands 
[ 63 ], such as the protegrins [ 64 ]. And the AMPs with intermo-
lecular disulfi de bonds exhibiting loop/hairpin-like structures, 
such as bactenecin [ 65 ], belong to the third group. The fi nal 
groups are peptides with predominance of one or more distinct 
amino acids, such as the proline/arginine-rich peptide Bac7 [ 66 ].  

   The design of novel AMPs requires consideration of several factors, 
including secondary structure, amphipathicity, and the presence of 
positively charged residues. It is believed that an amphipathic sec-
ondary structure is required in order for AMPs to function, 
although the exact mechanism of action is still unclear. As pointed 
out by Tossi et al. [ 67 ], the design of AMPs is generally based on: 
(a) amino acid residue analogues of natural peptides (e.g. conge-
ners) that differ at one or more residue positions, are shortened or 
contain deletions, as well as hybrid AMPs composed of fragments 
of two different natural peptides; (b) amino acid residues that 

3.1.2  How Do AMPs Get 
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maximize the amphipathic nature of AMPs; (c) amino acid sequences 
from combinatorial libraries; and (d) amino acid sequences that are 
patterned from known, naturally occurring, α-helical peptide 
domains. 

 Important factors to consider when designing AMPs are the 
length of the peptide [ 68 ], net charge [ 69 ,  57 ], amphipathicity 
[ 70 ], and possible modifi cations such as phosphorylation [ 71 ], 
addition of  D -amino acids [ 72 ], methylation [ 19 ], amidation [ 73 ], 
glycosylation [ 74 ], formation of disulfi de linkage [ 75 ], and pro-
teolytic cleavage [ 76 ].   

   It is generally accepted that positively charged peptides interact 
directly with the negatively charged cellular membranes of bacte-
rial cells, resulting in the increase of membrane permeability, which 
leads to a rapid cell death [ 77 ]. The groups of AMPs can be divided 
as: (a) antibacterials; (b) antivirals; (c) antifungals; (d) antiparasit-
ics; and (e) anticancer peptides. AMPs kill bacteria by inhibiting 
some important pathways inside the cell such as DNA replication 
and protein synthesis [ 78 ]. Antiviral AMPs neutralize viruses by 
integrating in either the viral envelope or the host cell membrane. 
AMPs can integrate into viral envelopes and cause membrane insta-
bility, rendering the viruses unable to infect host cells [ 79 ]. AMPs 
can also reduce the binding of viruses to host cells [ 80 ]. Some of 
antifungal peptides are capable of binding to chitin. Such binding 
ability helps AMPs to target fungal cells effi ciently. Cell wall- 
targeting antifungal AMPs kill the target cells by disrupting the 
integrity of fungal membranes by increasing permeabilization of 
the plasma membrane [ 81 ], or by forming pores directly [ 82 ]. An 
example of antiparasitic peptide is cathelicidin, which is able to kill 
 Caernohabditis elegans  by forming pores in the cell membrane 
[ 83 ]. Even though some parasitic microorganisms are multicellu-
lar, the mode of action of antiparasitic peptides is the same as other 
AMPs. They kill cells by directly interacting with cell membrane 
[ 83 ]. Anticancer peptides are also known as host defense peptides. 
They unction by targeting the cell membrane, as to date, more 
than 100 host defense peptides are known.  

   Antimicrobial peptides represent a novel class of therapeutic agents 
that may be useful in the treatment of a range of infectious dis-
eases. However, in order to develop antimicrobial peptides for 
therapeutic use, there are a number of technological hurdles to 
address, including optimizing peptide stability and antimicrobial 
activity. Most pharmaceutical efforts has been devoted to the 
development of topically applied agents, such as magainin analog 
pexiganan, largely because of the relatively safety of topical therapy 
and the uncertainty surrounding the long-term toxicology of any 
new class of  systemically  administrated drug. Diverse applications 
have been demonstrated for antimicrobial peptides as anti-infective 

3.2  Mechanisms 
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agents. The broad antimicrobial spectrum of antimicrobial peptides 
positions them for consideration as “chemical condoms” to limit 
the spread of sexually transmitted diseases, including  Neisseria , 
 Chlamydia , human immunodefi ciency virus (HIV), and Herpes 
simplex virus (HSV). 

   In addition to the previously mentioned applications of AMPs, there 
are much broader uses for the peptides. This is a subject that has 
been previously thoroughly reviewed by several authors [ 84 – 86 ], 
therefore only the select few approaches that the authors regarded 
to be of interest will be discussed in the section at hand. 

 One noteworthy example entails the CPP-PMO conjugate 
developed in cooperation with AVI Biopharma. The AVI-6002 
and AVI-6003 molecules developed by them show promising 
results against the mRNA translation process of Ebola virus and 
Marburg virus, which becomes increasingly important in the light 
of the recent Ebola outbreak. Various in vivo studies have been 
conducted with these drug candidates, including mice, guinea pigs 
and primates [ 87 ,  88 ]. Recently, they have been conducting pre-
liminary clinical trials as well and have obtained positive results 
from phase 1 trials [ 88 ]. 

 Another molecule of interest is a cationic peptide-based drug 
targeting fungal infections on toenails, is showing promise and has 
recently entered clinical studies. Novabiotics has created a cyclic 
hepta-arginine antimicrobial peptide that shows potency in inhibit-
ing fungal growth by disrupting cellular membranes, leading to the 
loss of viability in affected fungal cells. The cyclic form that was 
introduced to the molecule is claimed to enhance the antifungal 
capabilities of the peptide and to increase its stability [ 89 ].  

   In recent years it has been discovered that the Tat peptide shows 
potent antibacterial activity (MIC 2–8 μM) against a broad spec-
trum of pathogens including gram-positive and gram-negative 
bacteria such as  S. aureus  and also fungi such as  Saccharomyces cere-
visiae  and  Candida albicans  [ 90 ,  91 ]. The peptide internalizes 
without any damage to the cell membrane, thus being cytotoxic 
inside the cells, leading for example to a fast accumulation in the 
nucleus in fungi, where it causes cell cycle arrest in G1 phase. The 
uptake of the Tat peptide seems to be sequence-dependent and not 
induced by its secondary structure [ 92 ]. Nearly 20 years after its 
discovery, it was observed that the CPP penetratin is a potent anti-
microbic against gram-negative and gram-positive bacteria such as 
 Bacillus megaterium . An MIC of 0.5–4 μM was measured, and the 
peptide showed no cytotoxicity against mammalian cells. 

 In the 18-amino-acid peptide pVEC, uptake takes place by a 
non-endocytotic mechanism of translocation without alteration of 
plasma membrane permeability or cell morphology. After the inter-
nalization process, it is mainly localized in nuclear structures and 

3.3.1  AMP-Based Drug 
Development
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was used as a carrier for peptide nucleic acids (PNAs) and proteins 
[ 93 ]. It can enter mammalian and microbial cells and preferentially 
permeates and kills microbes; for example, it was described to 
kill   Mycobacterium smegmatis  at low micromolar doses at which 
normal human cells were not damaged [ 94 ]. 

 Pep-1 has a hydrophobic tryptophan-rich domain, a spacer 
domain, and a hydrophilic lysine-rich domain and is characterized 
by an amphipathic α-helical structure [ 95 ]. Pep-1 has a broad anti-
microbial spectrum against gram-negative and gram-positive bac-
terial strains but weak antibacterial activity [ 96 ]. A bacteria-selective 
variant could be designed by replacing several glutamic acids with 
lysines. The modifi ed peptide showed high activity (MIC 1–2 μM) 
against strains of gram-positive and gram-negative bacteria as well 
as against clinical isolates of multidrug-resistant  Pseudomonas aeru-
ginosa  (MDRPA) and methicillin-resistant  S. aureus  (MIC 1–8 μM) 
[ 96 ]. Certain chimeric peptides, such as Pep-1, may even be con-
sidered a “blend” between AMPs and CPPs. Although reported as 
a CPP, Pep-1 is a strongly amphipathic cationic peptide, rich in 
basic amino acids and tryptophan, having a proline residue in its 
sequence. These are the classical characteristics attributed to AMPs. 
The ability to cysteine-bridge monomers, which greatly improves 
translocation effi ciency, further increases the similarities to AMPs. 
Not surprisingly, Pep-1 uses mainly physical routes to translocate 
membranes. However, this route is not always operative [ 95 ] and 
endocytic pathways are alternatives. 

 Transportan (TP) is a 27 amino acid chimeric peptide com-
posed of the neuropeptide galanin and mastoparan-X linked by a 
lysine. It exhibits rapid and non-endocytotic uptake and was used 
for delivery of peptides, PNA oligomers or even intact proteins 
[ 97 ]. TP 10 is a 21-amino-acid deletion analog of the chimeric CPP 
transportan that contains the mastoparan sequence but lacks the 
toxicity of its parent compound. It can enter mammalian and micro-
bial cells and preferably permeate and kill microbes such as  S. aureus  
at low micromolar doses but does not damage human cells [ 98 ]. 

 The cationic and amphipathic model peptide (MAP) is another 
CPP with antimicrobial properties. The uptake of the peptide again 
seems to be a combination of energy-dependent and energy- 
independent mechanisms, whereas the amphipathicity of the pep-
tide is crucial for uptake [ 99 ]. It exhibits an antimicrobial effect 
against gram-positive bacteria such as  B. megaterium  and gram- 
negative bacteria such as  E. coli  in a low micromolar range. However, 
no antifungal activity against yeast  S. cerevisiae  has been observed 
[ 94 ]. A pore-formation mechanism was proposed for MPG 
(a 27-residue amphipathic peptide) and Pep-1 [ 100 ], which is also 
a common mechanism used by antimicrobial peptides (Table  1 ).

   Increasing evidence indicates that membrane-interacting pep-
tides, in fact, may exhibit cross-functionality, e.g. some AMPs pos-
sess the ability to cross mammalian cell membranes by non-damaging 
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processes, while several CPPs display signifi cant antimicrobial 
activity. For example, Tat48–60 from the HIV-1 transactivating 
protein has been shown to inhibit growth of both gram-positive 
and gram-negative bacteria as well as of fungi [ 90 ,  91 ,  101 ]. 
Similarly, Pep-1 derived from simian virus has been modifi ed 
(Glu → Lys) into an antimicrobial analog, Pep-1-K that possesses 
activity toward gram-positive and gram-negative bacteria [ 102 ]. 
Also, pVEC derived from cadherin exhibits activity toward both 
gram-negative and gram-positive bacteria [ 94 ,  98 ], while TP10, a 
deletion analog of the chimeric CPP transportan, possesses potency 
against gram-positive bacteria and fungi [ 98 ]. Furthermore, the 
designed model amphipathic peptide (MAP) shows antibacterial 
activity, whereas it does not exhibit antifungal activity [ 94 ].    

4    Antiviral Peptides 

 Antiviral peptides form a distinct subcategory of antimicrobial pep-
tides. While they share many common features with other antimi-
crobial peptides targeted against bacteria, fungi, and other 
microorganisms, these peptides, which are capable of inhibiting 
viruses, should be discussed separately. Unlike other  microorganisms, 
that can be classifi ed as living, viruses fall somewhere between liv-
ing and non-living categories. Although they possess the capability 
to replicate, viruses do not have a metabolism and they lack the 
means to produce energy like living things do with the help of 
mitochondria. Instead, they recognize host cells, after which the 
execution of gene expression, genome replication, and virion for-
mation will take place [ 103 ]. This is the main reason why antiviral 
substances can be considered a class of their own—as viruses are so 
varied, the drug which might show great promise against one type 
of virus is, with great probability, completely ineffi cient against 
some other virus, in some cases this lack of effect can even be 
observed against a different subtype of the same virus (a common 
example is HIV-1 with its various strains) [ 104 ,  105 ]. Furthermore, 
when the main focus of antibacterial, antifungal or even antitumor 
peptides is to neutralize the organism/cell that they have come to 
interact with, antiviral peptides must be capable of disabling the 
viral infection in such a way that the host cell would remain intact 
and operational, otherwise the host might be weakened by a great 
extent and, in worst cases, even suffer terminal organ failures. 

   While the main antiviral approach has been the use of a CPP-drug 
conjugate, some CPPs have demonstrated to possess antiviral prop-
erties by themselves. One of the viruses against which the antiviral 
effect of CPPs is evident is HIV-1. It has been described by Keogan 
et al. that a HIV-1-derived CPP, the Tat-peptide, interacts with 
CXCR4 and subsequently inhibits the replication effi ciency of the 

4.1  CPPs with AVP 
Properties
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virus strains that use CXCR4 as their co-receptor [ 105 ]. Another 
successful approach is to modify the antiviral molecule to achieve 
cell-penetrating capabilities, like a direction taken by Zhang et al., 
in the case of which they used hydrocarbon stapling to create a 
more stable secondary structure and enhance the a-helicity of the 
peptide [ 106 ]. Following the success of the fi rst hydrocarbon-
stapled peptide, the research group has produced a wide range of 
such antiviral CPPs known as NYAD peptides [ 107 ,  108 ]. 

 Antiviral CPPs can also be created by a synthetic approach, 
which is best illustrated by the creation of synthetic LK peptides 
[ 109 ]. The reason for such naming is that they are composed either 
only or mainly of leucine (L) and lysine (K) residues. The key ele-
ments in achieving the enhanced antiviral effi ciency were once again 
the increased a-helicity and the amphipathic characteristics of the 
molecules, which further stresses the importance of these traits when 
developing antiviral CPPs. Some synthetic antiviral CPPs can also be 
a result of a lucky accident. While trying to improve the effi ciency of 
their CPP-PNA conjugate [ 110 ] by adding a fatty acid domain, they 
created a CPP, which was an effi cient antiviral agent even without 
the conjugated PNA. The infected cells treated with the peptide also 
demonstrated the tendency to release naked viral nucleocapsids that 
are extremely immunogenic, which could be used for vaccine-like 
immune system stimulation in the infected organism [ 111 ]. 

 Screening of phage display libraries is also a possibility when 
looking for antiviral agents with penetrating properties. The use of 
this approach by Tiwari et al. has yielded peptide groups G1 (pos-
sesses alternating charges) and G2 (possesses repetitive charges) 
that bind heparin sulfate and inhibit viral entry by attaching them-
selves to cell surface and blocking the virus–cell interactions and 
membrane fusions [ 112 ]. While the main approach of the study 
was the prophylactic treatment against HSV-1 on the surface of the 
cell, it was noted that the particle is possibly internalized, in which 
case it can be classifi ed as a CPP. This is further confi rmed by addi-
tional study, where G2 has been conjugated to acyclovir in order to 
increase its antiviral effi ciency [ 113 ]. And while the cell penetra-
tion might not prove to be especially relevant in the antiviral con-
tent of this study, it shows that the screening methodology contains 
in itself the capability to identify other peptides that possess cell- 
penetrating features.   

5     Therapeutic and Scientifi c Applications of CPPs in the Field 
of Microbes and Viruses 

   As previously mentioned, AMPs have been described to show CPP 
properties as well, therefore they can be used as delivery vectors 
for several therapeutic and diagnostic molecules in the treatment 

5.1  Application 
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of cancer, genetic, cardiovascular, infl ammatory, and infectious 
 diseases. For example, pyrrhocoricin consists of 20 amino acids and 
is an antimicrobial peptide isolated from insects, being effective 
against gram-negative bacteria but almost inactive against gram- 
positive strains [ 114 ]. Furthermore, pyrrhocoricin itself has been 
used as a drug delivery system. Otvos et al. investigated a modifi ed 
pyrrhocoricin dimer that could successfully deliver peptide anti-
gens into dendritic cells and human fi broblasts [ 115 ]. Another 
example is the antimicrobial protein lactoferrin (hLF), the human 
milk protein, which is a very important protein in immune defense 
due to its antifungal, antimicrobial, and antiviral activities [ 116 ]. 
The truncated version of this peptide consists of 49 amino acids 
and exhibits antimicrobial, antiviral, antitumor, and immunologi-
cal activity [ 117 ] and was described to enter different cells effi -
ciently (e.g. Hela or rat IEC-6). The uptake mechanism of the hLF 
peptide seems to be concentration-dependent and for concentra-
tion higher than 10 μM, rapid delivery into the cytoplasm and 
nucleus is observed. Furthermore, the uptake pathway was deter-
mined to be sensitive to rottlerin, a protein kinase inhibitor with 
specifi city for protein kinase C (PKC). This was also observed for 
the uptake of arginine-rich CPPs such as Tat and R9 [ 118 ]. The 
uptake effi ciency is supposed to be conformation-dependent, 
because the cyclic structure is required for binding to heparin sul-
fate and correlates with lipid-induced conformational changes. 
Several examples of effi cient cargo delivery have been described for 
the hLF peptide; especially proteins and high-molecular-weight 
complexes have been successfully transported [ 119 ]. 

 Another peptide which combines cell-permeation and antimi-
crobial properties is Bactenecin 7 (Bac7) [ 120 ]. This is a linear 
59-residue protein that was isolated from large granules of bovine 
neutrophils. Bac7 belongs to the bactenecin family and consists of 
four 14-residue repeats. It also belongs to the Pro/Arg-rich family 
and was described to be antimicrobially active against gram- 
negative bacteria in a micromolar range but not against gram- 
positive strains [ 121 ]. The antimicrobial effect is caused by 
inhibition of the intracellular protein synthesis machinery in a two- 
step mechanism, where the fi rst is entry of the peptide into the 
cytoplasm and the second is intracellular inhibition of its target 
[ 120 ]. Generally, the longer segments of Bac-7, containing anti-
bacterial and intracellular delivery regions, have antibacterial and 
cell-permeating activity. Also, SynB vectors from the antimicrobial 
peptide protegrin-1 (PG-1) can be used for cargo delivery pur-
poses. It shows potent activity against fungi, bacteria, and several 
enveloped viruses. Like other AMPs, it interacts with the lipid 
matrix of bacterial membranes and forms pores [ 75 ]. 

 The replacement of four cysteines and two valines of PG-1 led 
to linear peptides (SynB1) still able to penetrate cells effi ciently but 
without being cytolytic to them. With the help of this, peptide 
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transport of covalently coupled doxorubicin to the brain has been 
reported. The blood–brain barrier was crossed with high effi ciency 
and without any compromise to its integrity [ 122 ]. Another exam-
ple is buforin II, a 21-amino-acid antimicrobial peptide that was 
discovered in stomach tissue of Asian toad. It penetrates through 
the cell membrane without destroying it and kills bacteria by bind-
ing to nucleic acids. BF2d, which is a modifi ed analog of buforin 
II, exhibits cell-penetrating properties and is able to deliver the 
GFP protein to HeLa cells [ 32 ]. Recently, a cathelicidin-derived 
carrier peptide, sC18, has been developed. This peptide originates 
from the 18-kDa cationic antimicrobial protein (CAP18) that was 
fi rst isolated from rabbit leukocytes. Like the hLF protein, CAP18 
is a lipopolysaccharide binding protein with an α-helical structure 
[ 123 ]. CAP18 itself and also shortened variants exhibit antimicro-
bial properties in the lower micromolar range [ 124 ].  

   The delivery of antiviral drugs into eukaryotic cells has become 
increasingly popular over the years. While the specifi c therapeutic 
strategies to inhibit viruses might vary, it can be claimed that nearly 
all CPP-drug combinations, with a select few exceptions, make use 
of covalent bonding, effectively creating a single molecule which is 
effi cient both in cellular penetration and in its antiviral activity with 
the advantage of being non-cytotoxic in a wide selection of cell 
lines and in vivo environments (w6). Here, we present a short 
overview of the studies that have successfully applied such fusion 
peptides in their research. 

 A common approach for antiviral treatment is the use of PNA- 
CPP conjugates. This strategy has been described to target such 
high-profi le viruses such as HIV-1 and HCV with effi ciency up to 
99 % [ 125 ,  126 ]. The CPPs commonly used as a backbone for 
such molecules are Tat, Transportan, and Penetratin [ 127 ,  126 , 
 128 ]. While the main target of the research has been virus inhibi-
tion in the cell culture environment, Ganguly et al. have demon-
strated effi cient uptake and slow clearance levels in Balb/C mice, 
suggesting a potential therapeutic application for their conjugate 
[ 127 ]. Another interesting result was produced by Chaubey et al., 
who described that a Transportan-PNA molecule, which had pre-
viously been shown to display signifi cant antiviral effi ciency (14a), 
is also a potent virucidal agent, rendering HIV-1 virions pre-treated 
with the conjugate noninfectious, suggesting a probable prophy-
lactic medical application for their molecule [ 129 ]. PNA-CPPs 
such as the Tat-FS can also be used to block the frameshift process 
required for the replication of such viruses as SARS-Coronavirus, 
making them a viable tool against any viruses that require frame-
shifting to take place during their replication [ 130 ]. A successful 
Tat-based application of PNAs has been shown to lead to Japanese 
encephalitis virus inhibition by competing with RdRp through 
interactions with its binding sites at 3′ regions of the RNA [ 131 ]. 

5.2  CPPs as Antiviral 
Drug Delivery Vectors
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 An interesting anti-HIV-1 development has been published by 
Zhuang et al. Their approach was to combine an antibody  fragment 
with the Tat-peptide, suppressing the reverse transcriptase activity 
of CCR5-topic HIV-1 isolates in primary blood mononuclear cells. 
What makes this development especially interesting is the fact that 
the anti-Rev antibody fragment did not have any antiviral activity 
on its own and only obtained the capability for strong inhibition 
after being conjugated to the Tat-peptide [ 104 ]. Penetratin has 
also been used to deliver antibody-derived antiviral agents known 
as humanized-VH/VHH, which displayed strong helicase binding 
affi nity in order to inhibit HCV replication [ 132 ]. Furthermore, 
single-chain variable fragment antibodies have been attached to 
cytoplasmic transduction peptide in order to target the HBV core 
protein and to inhibit the nucleocapsid assembly and replication 
processes of the virus [ 133 ]. 

 Mino et al. have reported the creation of cell-permeable artifi -
cial zinc-fi nger proteins in order to reduce HPV replication levels. 
Their approach entailed fusing their protein to the polyarginine 
CPP R9, allowing to block Rep binding to its replication origin 
sequence [ 134 ]. Proteins such as Mx-1 have been used to inhibit 
VSV virus in combination with Tat peptide through the suppres-
sion of replication and capability to cure ongoing infections [ 135 ]. 
Hexa-arginine with a synthetic peptide mimicking a β-sheet/loop 
motif commonly found in the C-terminal domain of the Chandipura 
virus P protein binds the positive-sense leader RNA to inhibit virus 
replication [ 136 ]. Heat shock protein gp96 has been fused to Tat- 
peptide in an attempt to enhance T-cell-based immune responses. 
This led to increased antiviral and antitumor potency and to the 
inhibition of HBV in mice [ 137 ]. Protease-inhibiting peptides 
have been developed against HCV infection. These molecules were 
conjugated to a selection of CPPs and the fusion with Antennapedia 
was regarded as the approach with the highest effi ciency [ 138 ]. 
Peptide-targeting HIV-1 capsid formation has been successfully 
applied using a commercial CPP-based transfection reagent, 
Chariot. What makes this development especially interesting is that 
this is one of the rare occasions upon which the molecule of inter-
est is not conjugated to the transfection peptide covalently but 
employs non-covalent bonding strategy instead [ 139 ]. The 
approach to target the capsid of the virus has also been used in 
HCV inhibition—the capsid has been targeted by R7 in fusion 
with nucleocapsid binding subunits. In addition to its inhibition of 
envelopment, the peptide conjugate also blocks the subsequent 
viral particle release [ 140 ]. 

 A less common approach is to conjugate a siRNA molecule to 
a CPP, as it was done by Meng et al. using Tat-1 as a peptide back-
bone. Their siRNA designed against the 5′ UTR of HCV managed 
to effi ciently enter the cells and inhibit the replication of viral RNA 
[ 141 ]. PMOs have been utilized in an approach against murine 
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hepatitis virus, which is a member of coronavirus family which 
holds such other, better known members, such as SARS. Various 
arginine-rich PPMO combinations were compared and it resulted 
in the selection of (R-Ahx-R) 4 AhxB–PPMO over R9F2C–PPMO 
and Tat-PPMO based on their delivery effi ciency in a splice- 
correcting model system [ 142 ] and antiviral effi ciencies targeted 
against 5′-terminal nucleotides of the viral genome [ 143 ]. The 
P007 CPP-conjugated PMO targeting the 3′ region of the internal 
ribosomal entry site was shown to hold great potency against the 
coxsackievirus B3, a known cause for viral myocarditis, both in cell 
culture and in mice, showing a perspective for further therapeutic 
research [ 144 ]. PMOs in combination with arginine-rich CPPs, 
such as AVI-6002 and AVI-6003 have also been reported to be 
capable of inhibiting Ebola and Marburg viruses respectively. The 
main mechanism of action for these molecules is the inhibition of 
viral mRNA translation, which leads to the inhibition of the whole 
replication process [ 88 ].  

   While there are a large number of possibilities present to use CPPs 
to combat viral infections, some applications for such peptides can, 
instead, help the researchers to understand the virus more thor-
oughly. While it may not be apparent at fi rst, there are possible 
applications present for almost any type of CPP when it comes to 
fundamental research. If to consider, for example, a CPP delivery 
vector that has been proven to have no effect whatsoever in regards 
to viral infection-replication cycle and also shows no considerable 
cytotoxic effects against the host cell, such as the CPP PepFect6 
when combined with Semliki Forest Virus [ 145 ], a member of 
alphavirus family, it opens up numerous possibilities to gain insight 
into the properties of the virus and about its behavior when some 
molecule of interest has been introduced into the environment. 
This lack of interference becomes especially important when taking 
into account the fact that other widely used transfection methods, 
such as electroporation [ 146 ] or lipofection [ 147 ] either damage 
the cells to a great extent or inhibit the infection and replication 
capabilities of viruses [ 145 ], resulting in data about the virus that 
can be considered as unreliable. 

 But the research applications of CPPs are not limited to the 
experimental set-ups where the virus is left undisturbed. As men-
tioned before, there are numerous occasions where CPP-based vec-
tor has been used to deliver an antiviral substance into the cells. This 
approach, combined with the fact that some CPPs do not affect 
viruses, allows the conduction of research related to viral replication. 
If to introduce a CPP-drug conjugate into the cellular environment 
that completely inhibits late-stage virion formation, it could create a 
setting in which it is easier to observe viral replication without the 
need to create replicon models of the original virus, the downside of 
which is that while they do carry out the replication in a similar way 
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to the virus of interest, they are still, in essence, a shortened version 
of the original genome, resulting in a possible change of replication 
speeds and cellular immune response [ 148 ]. In the case of highly 
mutagenic viruses, such as HIV-1, it would also open up the possi-
bility to effi ciently research the abilities of the viruses to overcome 
some obstacle in their life cycle—for example which benefi cial muta-
tions is the virus capable of obtaining if a certain replication stage or 
pathway is blocked. Similar capability has been observed by Zhang 
et al., where they observed mutations in viral proteins to overcome 
the antiviral effect of their CPP molecules [ 107 ]. 

 Another interesting research topic is the intracellular detection 
of viruses. CPP vectors have successfully been used to transport 
small molecular beacons into eukaryotic cells with the goal to 
observe the behavior of viruses in real-time. A good example is the 
experiment by Yeh et al. in which they describe using the widely 
used Tat-peptide to transport nuclease-resistant molecular beacons 
to detect coxsackievirus B6 replication [ 149 ]. They used this 
approach to verify the presence of viral RNA in cells and were able 
to observe the spreading of replication from one cell to another 
with great accuracy. Small molecule transport can be used to iden-
tify the various interactions that certain virus regions might have 
with the host cell. Caignard et al. used a Tat-conjugated peptide 
version of the measles virus V protein to characterize in which way 
do the intracellular interactions between the virus and IFN-α/β 
signaling pathway take place [ 150 ].   

6    Conclusion 

 Antimicrobial peptides prove themselves to be highly effi cient and 
versatile therapeutic systems that allow the inhibition of various 
pathogens. With the advent of CPPs, the two fi elds are evolving 
closely, resulting in various combinations, adoptions of antimicrobial 
strategies and novel approaches. As demonstrated, the line between 
AMPs and CPPs can be very thin at times, with several molecules 
displaying characteristics common to both groups. In addition, 
CPPs can be made to serve antimicrobial or fundamental research 
purposes either by themselves or in conjugation with various inhibi-
tory molecules, further increasing the spectrum of this fi eld.     
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