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Abstract

W) Check for updates

Introduction: Cell penetrating peptides (CPPs) known as protein translocation domains

(PTD), membrane translocating sequences (MTS) or Trojan peptides (TP) are able to

cross biological membranes without clear toxicity using different mechanisms, and

facilitate the intracellular delivery of a variety of bioactive cargos. CPPs could overcome
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some limitations of drug delivery and combat resistant strains against a broad range of
diseases. Despite delivery of different therapeutic molecules by CPPs, they lack cell
specificity and have a short duration of action. These limitations led to design of
combined cargo delivery systems and subsequently improvement of their clinical
applications.

Areas covered: This review covers all our studies and other researchers in different
aspects of CPPs such as classification, uptake mechanisms and biomedical
applications.

Expert opinion: Due to low cytotoxicity of CPPs as compared to other carriers and final
degradation to amino acids, they are suitable for preclinical and clinical studies.
Generally, the efficiency of CPPs was suitable to penetrate the cell membrane and
deliver different cargos to specific intracellular sites. However, no-CPP-based
therapeutic approach has approved by FDA, yet; because there are some
disadvantages for CPPs including short half-life in blood, and non-specific CPP-
mediated delivery to normal tissue. Thus, some methods were used to develop the
functions of CPPs in vitro and in vivo including the augmentation of cell specificity by
activatable CPPs, specific transportinto cell organelles by insertion of corresponding
localization sequences, incorporation of CPPs into multifunctional dendrimeric or

liposomal nanocarriers to improve selectivity and efficiency especially in tumor cells.

Keywords: Cell penetrating peptides; bioactive cargos; mechanism of action;

biomedical application

Article highlights
o CPPs facilitate the intracellular delivery of a variety of bioactive cargos
e CPPs lack cell specificity and have a short duration of action
e Combination of other delivery systems with CPPs improve their clinical
applications

e |tis important to predict which CPP is optimal for target of interest



Abbreviations

ACPP: activatable CPP; AHNP: anti-Her-2/neu peptide mimetic; ALL: acute
lymphoblastic leukemia; BBB: blood brain barrier; BH4: Bcl-2 homology domain 4; CAT:
catalase; CdSe: cadmium selenide; CdTe: cadmium telluride; CPPDs: CPP-drugs;
CXCR4: CXC chemokine receptor 4; DCPP: CPP-dendrimer; DDS: drug delivery
system; DMD: Duchenne muscular dystrophy; DOX: doxorubicin; ELP: elastin-like
polypeptide; GCV: ganciclovir; HDM-2: human double minute-binding protein; K-FGF:
Kaposi’'s sarcoma fibroblast growth factor 1; MDM-2: mouse double minute-binding
protein; MMP: matrix metalloproteinase; MSC: mesenchymal:stem cells; MT1-MMP:
membrane type-1 matrix metalloproteinase; MTSs: membrane-translocating sequences;
NBD: NF-kB essential modulator (NEMO)-binding domain; NPCs: nuclear pore
complexes; PMO: phosphorodiamidate morpholino oligomers; PNA: peptide nucleic
acid; POD: peptide for ocular delivery; PTD: protein transduction domains; siRNA: small

interfering RNA; SOD1: superoxide dismutase 1

1. Introduction

Development of novel strategies in the design of bioactive and therapeutic molecules
was broadly increased during the recent years. However, the cellular uptake of these
therapeutic agents through biological membranes (e.g., nuclear or plasma membranes)
was a major barrierfor their clinical application. Several delivery systems such as viral
and non-viral carriers were developed to overcome low permeability of membranes and
to improve delivery of therapeutic molecules. Among these carriers, cell penetrating
peptides (CPPs) known as protein transduction domains (PTDs) efficiently penetrate
into the cells as well as deliver biologically active cargos [1, 2]. These peptides are
small molecules (less than 30 amino acids) [3] which are classified in cationic,
amphipathic and hydrophobic groups based on their physicochemical properties [4].
Many CPPs were derived from natural proteins, but other CPPs were either chimeric or
completely synthetic. Mechanisms of CPP internalization into cells can occur through an
endocytic pathway and/or through direct penetration [2]. Although, CPPs are an



effective approach for delivery of therapeutic peptides and proteins, but however there
are some challenges to overcome in clinical trials containing toxicity of CPPs, stability of
CPPs (i.e., protection against plasma enzymes), immune responses to CPPs, and
tissue-specific targeting by CPPs (i.e., selectivity) [5, 6]. Up to now, numerous in silico
CPP prediction algorithms were established to facilitate screening of peptides. There
are 1699 unique CPP sequences that most of them are linear CPPs (94.5%) based on
the CPP database site. The major researches on CPPs focus on synthetic peptides (~
54.8%) [7]. Two methods including CellPPD and CPPpred were applied to predict CPPs
(Length: 5-30 amino acids) and design efficient CPPs including quantitative structure-
activity relationship models and support vector machines (SVM) [8]. Tang et al. showed
that the machine learning model of SVM was suitable for predicting membrane
penetrating capability (accuracy: ~95%). In fact, the use of amino acid position as a
variable can be considered as a promising method for predicting the ability of CPPs in
cell penetration [9]. For example, SVM-based models were developed to predict and
design highly effective CPPs. It was possible to recognize CPPs from non-CPPs based
on amino acid composition. However, certain amino acids such as Arg, Lys, Pro, Trp,
Leu, and Ala were preferred to locate at specific sites [10]. In this review, we attempt to
represent an overview of classifications, mechanisms, advantages and limitations, in
vitro/ in vivo applications, and finally preclinical and clinical uses of CPPs for

pharmaceutical development.

2. Discovery of cell.penetrating peptides

The first CPPs were identified in 1988 and 1991 which derived from the transactivator
protein (Tat) of human immunodeficiency virus type 1 (HIV-1) and the Drosophila
antennapedia‘homeobox protein (pAntp), respectively [2, Figure 1]. In 1997, a short
peptide carrier (MPG) containing hydrophilic and hydrophobic domains was synthesized
to form non-covalent complexes with cargos. In 1998, Langel et al designed the first
chimeric peptide carrier including the N-terminal fragment of the neuropeptide galanin
linked to mastoparan (a wasp venom peptide) entitled as the Transportan peptide [11,
12]. Up to now, more than 100 peptides were identified to deliver a variety of biologically
active molecules (i.e., nucleic acids, proteins, peptides, drugs, etc.) into eukaryotic and

prokaryotic cells [6, Table 1]. On the other hand, different preclinical and clinical trials of



CPP-based delivery are recently under investigation. In 2003, the first clinical trial
(phase Il) was performed by Cell Gate Inc. for topical delivery of cyclosporine linked to
polyarginine (Figure 1). KAl pharmaceutical Ins. evaluated a fusion of Tat CPP with
protein kinase C inhibitor peptide modulator for acute myocardial infarction and cerebral
ischemia which entered phase llb trials. A cell penetrating-based technology
(TransMTSTM) was also developed for topical delivery of botulinum toxin and other
macromolecules across skin by Revance Therapeutics Inc. which entered phase I
trials. Other companies (e.g., Traversa Inc.) evaluated Tat-based non-coyvalent siRNA

delivery at preclinical and clinical trials [12].

3. Classification

CPPs were classified based on a variety of their properties including physicochemical
properties (i.e., cationic, amphipathic or hydrophobic), linkage with therapeutic
molecules (i.e., covalent or non-covalent binding) and their origin (i.e., natural protein-
derived CPP, chimeric or synthetic) [4]. These subclasses were explained as following

and summarized in Tables 1 and 2.

3.1. Classification based on physicochemical properties
CPPs were divided into three subgroups using their physicochemical properties such as
cationic (~ 83%), amphipathic (~44%) and hydrophobic (~ 15%) peptides [13].

3.1.1. Cationic CPPs

These peptides are'short:amino acid sequences containing histidine, arginine and lysine
residues, e.g., Tat, poly arginine and poly lysine. The charge of lysine (K) and arginine
(R) is positive, but lysine is less effective for cell penetration, alone likely due to the lack
of guanidine group. At least eight positive charges are required for effective cellular
uptake of cationic CPPs [14]. Although, charged residues are important for cellular
penetration, other residues can also be critical. For example, mutation of W,, to F in
Penetratin (RQIKIWFQNRRMKWKK) reduced its cellular uptake [15]. A special group of
cationic CPPs are nuclear localization sequences (NLSs) harboring lysine-, arginine- or
proline-rich motifs which enter the nucleus via the nuclear pore complexes (NPCs).
NLSs are classified into monopartite (e.g., SV40: PKKKRKV) and bipartite (e.g.,



nucleoplasmin: KRPAATKKAGQAKKKL) signals. Other NLSs are TFIIE-$
(SKKKKTKYV), NF-kB (VQRKRQKLMP), HATF-3 (ERKKRRRE), Oct-6 (GRKRKKRT)
and SDC3 (FKKFRKF) [16]. However, NLSs are often covalently linked to a
hydrophobic peptide sequence to make an amphipathic CPP with an efficient cell

uptake.

3.1.2. Amphipathic CPPs

Amphipathic CPPs have lipophilic and hydrophilic regions for translocation‘across-the
cell membrane [14]. They are categorized into primary amphipathic CPPs (e.g., Pep-1,
pVEC, MPG, penetratin, CADY, ARF or BPrPr), secondary amphipathic a-helical CPPs
(e.g., hCT18-32), B-sheet amphipathic CPPs (e.g., VT5) and proline-rich amphipathic
CPPs (e.g., bactenecin-7, SAP) [13, 17].

Some primary amphipathic CPPs including MPG
(GLAFLGFLGAAGSTMGAWSQPKKKRKY) and Pep-1
(KETWWETWWTEWSQPKKRKYV) are chimeric peptides obtained by covalently linking
a hydrophobic domain to the SV40 NLS (PKKRKYV) [13]. Membrane translocation of
amphipathic CPPs depends on amphiphilicity not on positive charges. For example,
replacing lysines with other polar residues in an amphipathic peptide (MAP)
(KLALKLALKALKAALKLA) [i.e., the neutral MAP17 peptide: QLALQLALQALQAALQLA
and the anionic MAP12 peptide: LKTLTETLKELTKTLTEL] retained its cellular uptake.
Moreover, the studies‘'showed that uptake of amphipathic CPPs was severely
decreased by single point mutations and deletion (e.g., transportan and MAP mutants)
[13].

3.1.3. Hydrophobic CPPs

Hydrophobic peptides (i.e., stapled or prenylated peptides, and pepducins) contain only
apolar residues, e.g., the signal sequences from integrin 3 (VTVLALGALAGVGVG),
Kaposi fibroblast growth factor (AAVALLPAVLLALLAP) and MAP
(KLALKLALKALKAALKLA) [17]. Linear hydrophobic peptides include anionic and
cationic pentapeptides such as VPALR, VSALK, PMLKE, IPMLK, VPTLQ, IPALK and

VPTLK. The lack of sensitivity to sequence scrambling was determined for hydrophobic



peptides as compared to amphipathic and cationic CPPs [18]. The studies showed that
some hydrophobic CPPs can directly translocate via cell membranes and thus eliminate

the risk of endosomal entrapment [13].

3.2. Classification based on binding type with cargos

Two main subclasses of CPPs were categorized based on their linkage with therapeutic
molecules: a) Covalent bonded CPPs: CPPs conjugated to therapeutic molecules
through different linkers especially disulfide or thioesters linkages (e.g., Penetratin, R8,
Tat, HSV VP22, Transportan, SynB and Buforin | antimicrobial peptides, and polyproline
peptides) [19, 20], and b) Non-covalent bonded CPPs: CPPs complexed with
therapeutic molecules through non-covalent electrostatic and:hydrophobic interactions
(e.g., mainly primary or secondary amphipathic peptides). For instance, MPG and Pep-1
are primary amphipathic peptides which form stable complexes with oligonucleotides or

proteins/peptides, respectively [21, Figure 2 and Table 2].

3.3. Classification based on the source of.the peptide

CPPs were classified in three classes based on their origin including: a) natural CPPs
derived from DNA-RNA-binding proteins, anti-microbial proteins, viral particle envelope
proteins, transactivators of gene transcription, and plant circular skeletal proteins (e.g.,
Tat, penetratin, VP22); b) Chimeric CPPs generated by combination of natural peptides
or of signal peptides with NLS peptides (e.g., transportan, Pep-1, MPG, TP10), and c)
Synthetic or artificial CPPs designed based on the naturally-derived CPPs (e.g.,
polyarginine, MAP) [2]. It is important that the synthetic CPPs should be optimized to
enhance their stability in blood circulation, increase cellular internalization, and escape
endolysosomal degradation [22]. Indeed, the type of amino acid (mainly arginine and
histidine substitution) can affect internalization efficiency of CPPs. The studies showed
that the efficiency of cellular uptake was decreased by reducing the number of arginine
residues. For example, penetratin-Arg showed higher penetration than that of
penetratin-Lys [23, 24]. Moreover, arginine-replacing peptides (e.g., SR9, PR9 and
HR9) were able to transport fluorescent proteins into the cells. HR9 peptide is more

efficient than SR9 and PR9 peptides, because Histidine (H) motif has buffering ability



under physiological conditions (i.e., pH-responsive), and also endolysosome escape

activity (i.e., proton-sponge effect) [22, 25].

4. Antimicrobial peptides as a special class of CPPs

Antimicrobial peptides (AMPs), known as host defense peptides, are short and
commonly positive charge peptides which some of them have the ability to kill microbial
pathogens directly, whereas others act indirectly by modulation of the host defense
systems [26]. Several AMPs are able to translocate into cells without the permanent
membrane permeabilization. They were used as effective vectors forintracellular
translocation of various active molecules, e.g., Magainin 2 and Buforin 2 [27, 28]. Some
AMPs have attracted a special interest because they can enter host cells without
damaging their cytoplasmic membrane as well as kill pathogenic agents [28]. Although
there are some similar properties between CPPs and<AMPs, but their use in treatments
especially cancer therapy differ due to their amino acid composition, cell membrane
targeting ability, secondary structure manifestation, mode of cell membrane
permeabilization, cytoplasmic destination and functional capabilities. While CPPs were
involved with cell pore penetration and delivery of different cargos, AMPs were
characterized by disruption/destabilization of cell membranes, channel/ pore formation,
and enhancement of immune response. As observed, CPPs transports conjugated
and/or bound drugs, chemicals, and chemotherapeutic drugs; but AMPs lacks cargo
delivery ability, binds metals and dimerizes with peptides and proteins. Moreover, CPPs
have no effects on'immunity of the host; while AMPs enhance the innate immune
response of host and.promote chemokine immunomodulation [29]. Thus, it is interesting
for combination.of CPP and AMP properties, e.g., the design of antimicrobial cell
penetrating peptides with bacterial cell specificity. For instance, Iztli peptide 1 (IP-1) was
used because of both properties of cell penetrating peptides (CPP) and cationic
antibacterial peptides (CAP). IP-1 could make pores in the presence of high electrical
potential at the membrane of fungi’/human cells as found in bacteria and mitochondria
[30].

5. Structure-activity relationship of CPPs



The structure-activity relationship of CPPs interacting with lipid membrane was studied
using fluorescence microscopy and spectroscopy techniques. These studies showed
the role of secondary structure of peptides, the effect of lipid composition, and the
membrane potential in peptide-lipid interactions [31]. A study showed that peptides with
a-helical regions can more effectively enter cells. Thus, the efficiency of cargo delivery
was improved by modification of the peptide structure to overcome some problems such
as poor solubility, aggregation, toxicity and low synthesis amount [19]. CPPs.adopt
different conformations (i.e., structural polymorphisms) following the interaction with
lipids under various experimental conditions including temperature, peptide/lipid ratios
and buffer conditions (e.g., ionic strength, pH). For example, penetratin peptide adopted
a-helical, B-strand or B-turn structures in model membranes. This peptide mainly
showed B-strand and random coil structures in the cytoplasm, and also 3-sheet in the
nucleus [32, 33]. On the other hand, the role of tryptophan residue is critical for the
cellular uptake in arginine-rich CPPs (e.g., RW9: RRWWRRWRR). Indeed, the number
of Trp residues, their position in the helix, and the size of the hydrophobic surface in
peptides were critical for their cell uptake. The: highest internalization occurred for the
peptides with three Trp residues that adopted a-helix structure in interaction with lipids
[34]. Moreover, incorporation of Trp residues in basic peptide sequences could control
the efficiency of CPP internalization through increasing the peptide interaction with
negatively charged glycosaminoglycans (GAGs), and subsequently the internalized
amounts by endocytosis [35].

Chemical/ structural modifications on CPPs led to the development of their stability,
biocompatibility and safety. Generally, structural modifications of proteins and peptides
include prodrug;.analogous formation, modification of C- or N-terminals (e.g., polymer
conjugation, post-terminal modification, site specific modification), conjugation with fatty
acids (e.qg., irreversible lipidization, reversible lipidization), combination of both site-
specific modification and lipidization, hydrophobic ion pairing, complexation with
cyclodextrins, and current technologies (e.g., Nobex technology, Emisphere technology)
[36]. For feasible delivery of proteins and peptides through oral route, their
physicochemical properties (e.g., stability, hydrophobicity and molecular weight) as well
as biological barriers (e.g., proteolysis in stomach and poor permeation into cells)



should be considered. These issues could be solved by modification of the
physicochemical property or the use of a delivery system. The modification of the
primary structure of a peptide through covalent or non-covalent binding led to the
improvement of enzymatic stability and mucosal penetration [36]. Chemical modification
could provide a more efficient uptake of cargoes across the epithelial barrier of the
gastrointestinal tract [37]. Chemical glycosylation was suggested as a method to
enhance protein stability and long-term bioavailability. Chemical modification.of the
peptide structure resulted in an increased skin permeability. Four peptide analogues
(Arg0, Arg1, Arg2 and Arg3) dissolved in various propylene glycol and water co-solvents
were studied in skin permeation and wrinkle reduction. Two peptides (Arg2 and Arg3)
enhanced human skin permeation in vitro. On the other hand; the ability of four peptide
analogues to reduce wrinkle formation showed that Arg3 was the most effective
followed by Arg1, Arg0 and Arg2, respectively [38]. Recently, a novel family of cyclic
CPPs containing only a single hydrophobic residue has been generated. The optimal
CPP structure included four arginine residues and a hydrophobic residue with a long
alkyl chain (e.g., a decyl group) in a cyclohexapeptide ring. The most active member of
this family was CPP17 even at high doses of serum protein likely due to the lower
protein binding. CPP17 could enter the cell by direct penetration at a relatively low
concentration (= 5 ym) [39]. The affinity of CPPs for glycosaminoglycans (GAGs) was
increased with the number of Trp-residues, from 30 nM for a penetratin analog with 1
Trp residue to 1.5 nMfor a penetratin analog with 6 Trp residues for heparin (HI). The
quantity of peptide internalized into CHO cells enhanced 2 times with 1 Trp residue, 10
times with 2 Trp residues, and 20 times with 3 Trp residues, compared to +6 peptides
with no Trpresidues. Thus, Trp residues indicated molecular determinants in basic
peptide sequences not only for direct membrane translocation but also for efficient
endocytosis through GAGs [40]. A nonapeptide series containing only Arg, Trp or D-Trp
residues at different positions was designed. The data indicated that to increase the
uptake efficiency, Arg could be replaced by Trp in the nonapeptides. The presence of
Trp in oligoarginines enhanced the uptake in cells expressing GAGs at their surface.
Density functional theory (DFT) analysis showed that salt bridge-1 interactions play a

main role for the GAG-dependent entry mechanisms [41].



6. Mechanism of cellular uptake

The mechanism of the CPP uptake significantly varies based on cell type, linkage type,
incubation time, dose and physiochemical properties (e.g., hydrophobicity and net
charge) [42, Figure 3, Table 2]. The reports demonstrated that the cellular uptake of
CPPs can occur through several approaches such as direct penetration, and clathrin/
caveolae-mediated endocytic uptake depending on the nature of the peptide/ cell

membrane interaction [19].

6.1. Direct penetration

Direct penetration as an energy-independent approach includes various mechanisms
such as pore formation, inverted micelle formation, the membrane thinning model, and
the carpet-like model. In these mechanisms, the first step is the interaction of positively
charged CPPs with negatively charged components.of membrane (i.e., HS: heparan
sulfate) and the phospholipid bilayer. The second step of cellular uptake is dependent
on the peptide sequence and dose as well as the lipid structure of the cell membrane. In
general, direct penetration further occurs at high doses of CPPs especially primary
amphipathic peptides (e.g., MPG ortransportan) [43]. Rothbard et al. indicated that an
increased potential of the cell membrane led to high internalization of CPPs [44]. The
“inverted micelle” is another mechanism of the direct penetration as observed for
penetratin peptide [45]..Indeed, after primary binding of positively charged residues of
the CPP (i.e., lysine.and arginine) to the negatively charged phospholipids of the
membrane, the CPP traverses the cell membrane toward the cytoplasm forming pocket-
like micelles. Then, these micelles go across and invert the cell membrane for the
release of the CPP and its cargo into the cells [46]. It seems that the interaction of
hydrophobic amino acids (e.g., tryptophan) with the hydrophobic region of the
membrane is important in formation of inverted micelles and the efficiency of cell
penetration. Thus, the highly cationic CPPs (e.g., Tat peptide) cannot likely use this
mechanism [43]. In the membrane thinning model and the carpet-like model, the
interaction of cationic CPPs (e.g., Tat peptide at high concentrations) with negatively
charged phospholipid led to a thinning and carpeting of the membrane, respectively [2,

43]. Moreover, in pore formation model, the disruption of the lipid membrane occurs



through interaction of the side chains of basic residues in CPP with phospholipid
phosphate groups. This model was observed for polyarginine peptides (Arg9) or
Mastoparan X (a class of toxic peptides isolated from wasp venom). The peptide-to-lipid

ratio can determine the size of pores for cell penetration [47].

6.2. Endocytosis

Endocytosis contains two main mechanisms for the uptake of biomolecules or other
cells: phagocytosis in special cells (e.g., macrophages), and pinocytosis in most cells
such as macropinocytosis, clathrin-mediated endocytosis or caveolae/lipid raft-mediated
endocytosis. The Antp, nona-arginine and Tat peptides simultaneously used three
endocytic pinocytosis pathways. However, the endocytic uptake mechanism for CPPs is
dependent on cargo type. For instance, Tat peptide conjugated to a protein used lipid
raft-mediated endocytosis mechanism while Tat peptide conjugated to a fluorophore
utilized clathrin-dependent endocytosis mechanism [6]. A study showed that Tat-
mediated delivery of cargos (more than 30 kDa) could proceed through energy-
dependent macropinocytosis with an increased endosomal escape into the cytoplasm
[48]. Thus, the conjugates of polycationic and amphipathic peptides use a variety of
internalization approaches [49]. On the other hand, macropinocytosis was associated
with the formation of vesicles called macropinosomes. Dynamin protein was needed for
this folding of the membrane [43].-Both Tat-fusion proteins (> 30 kDa) and Tat PTD (1-5
kDa) entered cells by macropinocytosis [17]. In receptor-mediated endocytosis, clathrin-
coated vesicles (about a few hundred nanometers in diameter) and caveolin-coated
vesicles (about 50-80.nm in diameter) were generated after binding the biomolecules to
the membrane receptor leading to cellular uptake [43]. The studies showed that all three
mechanisms of the endocytic pathways were independent on the CPP dose and

sequence [50].

7. Effective factors in the uptake mechanism
As mentioned above, the mechanisms of the CPP uptake change significantly due to
different factors including the dose, hydrophobicity and net charge of the CPPs, cell

type, temperature and time of incubation, the size and type of the cargo, and the linkage



method [17, Table 3]. For example, lowering temperature as well as depletion of cell
energy effectively confirmed the endocytotic mechanism for the internalization of non-
covalent protein/ CPP complexes. A study indicated that Tat and transportan CPPs
revealed higher efficiency of protein delivery than pVEC or penetratin CPPs [51]. On the
other hand, the dose of CPP was important to trigger various cellular uptake pathways.
For instance, endocytosis commonly occurred at low CPP concentrations. In contrast,
direct penetration occurred at high concentrations especially for primary hydrophobic
peptides and many cationic CPPs, but however, the threshold of concentration changes
among different types of CPPs, cell lines, and cargos. It was observed that Tat linked to
a large cargo was often entrapped within endocytic vesicles; while; Tat fused to a small
cargo could escape from endosome and enter the cytosol. Thus, when the cargo is less
than 10-20 kDa, the CPP conjugates can directly penetrate the cell membrane under
special conditions [52]. The importance of positive charges (arginine residues versus
lysine residues) and hydrophobic a-helical structures was proved in the cellular uptake
mechanism, as well [53]. The arginine-rich CPPs used different forms of endocytosis as
the uptake mechanism at the high peptide concentrations [52]. Administration dose of
arginine (R)-rich CPPs has a major role in determining uptake method of these
peptides. The researchers showed that there are at least two pathways for CPP
internalization including endocytosis and direct translocation, and the latter mode of
internalization is highly dependent'on administration dose. In this line, other results also
confirmed this finding,.e.g., the cytosolic translocation (direct penetration) of Tat,
Penetratin and R9 was enhanced when Hela cells were treated at relatively high
concentration.of these peptides (> 10 uM) [54]. However, low and high concentrations
depend on"'CPP, cargo and cell types. Usually, direct penetration can occur in more
than.10-20 uM [55]. Moreover, Meloni et al. reported that increasing poly-arginine length
improved the cellular uptake, the cytosolic release and subsequently the biological
activity [56]. Indeed, dodeca- or hexadeca-arginine peptides indicated higher cellular
internalization than octaarginine peptides [57]. The secondary amphipathicity of the
peptides could also increase gene delivery [58]. Finally, the length and the conformation
of the CPPs affect the uptake mechanism, e.g., efficient translocation of pVEC against

scrambled pVEC into various cell lines [43]. Although, some CPP-fusion proteins/



bioactive molecules are entrapped in the endosomal vesicles, several methods were
used to facilitate endosomal escape such as chemical agents (e.g., chloroquine,
calcium, sucrose, ammonium chloride and sodium azide). Moreover, DMSO was used
as an effective penetration enhancer for drugs, anticancer agent and exogenous DNA
delivered by Tat peptide [59]. However, it is essential to find chemical agents with lower
cytotoxicity and increase the uptake potency of CPPs before clinical use [3]. Ma et al
showed that the pretreatment with benzisothiazolinone (BIT) augmented the penetrating
efficacy of Tat and Tat-protein conjugates [3]. Splicing correction by steric-blocking
oligonucleotides (ON) could lead to major clinical applications but needs their effective
delivery to cell nuclei. The conjugation of short oligolysine tails was utilized to transfer a
correcting peptide nucleic acid (PNA) sequence [(Lys) s-PNA-Lys)] in an endocytic
mechanism of internalization. It was observed that a significant and sequence-specific
splicing correction was achieved only in the presence of endosome-disrupting agents
(e.g., chloroquine or 0.5M sucrose). These agents could overcome the limitations of
endosomal trapping for splicing correction by PNA-oligolysine conjugates [60]. The use
of CPP-based delivery was limited because of the poor delivery efficiency of CPP
conjugated potent cargos. In this line, a study showed that the combination of glucose,
sucrose and manntiol (GSM) in the presence of osmoprotectant (glycerol and glycine)
could enhance CPP penetration as a novel strategy in vitro [61]. On the other hand,
chemical linkage of CPPs to otherdelivery systems is an effective strategy to enhance
the uptake of plasmid.DNA (pDNA). For example, the conjugation of CPPs (e.g., Tat,
penetratin and octaarginine) to thiolated chitosan/pDNA polyplexes improved
transfection efficiencyof both systems [62]. Other study indicated that the coupling of
Tat to chitosan-thioglycolic acid (TGA)/pDNA nanoparticles increased cell penetration
and.also endosomal escape of nanoparticles [63]. Also, delivery of CPP-peptide nucleic

acid (PNA) conjugate into the cells using a variety of treatments (e.g., photodynamic,

chloroquine or Ca2+ treatment) enhanced the release of CPP conjugate into the
cytoplasm leading to the effective antisense effects of CPP-PNA conjugate. The
delivery of the CPP-PNA conjugate and its nuclear antisense effects was improved by
endosome-disruption treatment [64]. In addition, a fusion protein containing ten

arginines fused to residues 253-412 of the translocation domain of Pseudomonas



aeruginosa exotoxin A (ETA) facilitated the endosomal escape of enhanced green
fluorescent protein (i.e., CPP-ETA-EGFP) as a protein cargo into the cytosol indicating
that the linkage of ETA to the CPP-containing protein fusion construct (CPP-EGFP)
prevented lysosomal degradation using the delivery of construct from early endosomes
to the ER lumen and then into the cytosol [65]. Another study showed that the C-
terminus of human papillomavirus (HPV) L2 protein has a conserved cationic CPP
leading to the endosomal escape into the cytoplasm, and subsequently virus.transport

to the trans-Golgi network [66].

8. Cytotoxicity of CPPs

The potential toxicity of CPPs showed a major barrier to their clinical application [67].
The safety was related to CPP and cargo toxicity, clearance and immunogenicity [68]. It
was observed that toxicity of CPPs is low at their effective doses [69]. Moreover, their
cytotoxicity highly depends on the length and dose of cargo, and the coupling site of
cargo within the CPP [67-71]. It seems that the peptide oligonucleotide conjugates
showed very little cytotoxicity in therapeutic use [72]. Some studies indicated that the
toxicity was dependent on cell type, CPP type and composition, physicochemical
properties, and also dose/ frequency/ route of injection [68, 69, 73]. For example, Vives
et al. reported that the short Tat peptide (aa 37-60) was non-toxic for HeLa cells up to
100 uM concentration and 24 h incubation [74]. Harbour et al. showed that the Tat CPP
alone was non-toxic in four different tumor cell lines (i.e., WERI retinoblastoma cells,
MM-23 uveal melanoma cells, C33A cervical carcinoma cells and U20S osteosarcoma
cells), even at concentrations approximately 300 uM [75]. On the other hand, although
penetratin peptide was non-toxic in keratocytes (CC50: 200 uM), but it decreased the
survival in HeLa (CC50: 93 uM), Vero (CC50: 70 uM) and TM-1 (CC50: 50 uM) cells
[76]. Furthermore, the YTA2 CPP (acetyl-YTAIAWVKAFIRKLRK-amide) was shown to
deliver proteins into MDA-MB-231 breast cancer cells with high efficacy and without
cytotoxicity even at high doses up to 10 uM concentration [77]. Some studies
demonstrated that protein cargos such as GFP and HIV-1 Nef protein were effectively
transfected into HEK-293T cells using Pep-1 and Cady-2 amphipathic CPPs at a molar

ratio of 20:1 without toxicity through an endosomal pathway-independent mechanism



[5]. Pep-1 also showed no cytotoxicity in L929 cells at high doses [78]. In this line, M918
peptide as a protein carrier was effectively translocated into HeLa and human breast
cancer cells without cytotoxicity up to 25 yM concentration [79].

Several amphipathic CPPs with antiviral effects were toxic in vitro likely due to pore
formation in cell membranes (membrane perturbation triggering the temporal influx of
calcium ions and the elevation of intracellular calcium concentration) such as bKLA
peptide (b-KLALKLALKALKAALKLA-amide), amphipathic fragment of HIV-1.gp120
and/or the fusogenic domains of viral entry or fusion proteins [67, 73]. The studies
showed that there is a correlation between the high numbers of hydrophobic amino
acids in the peptide sequence and the induction of toxicity. Holm et al..indicated that
peptidomimetics containing retro-inversion CPPs composed of D-amino acids induced
more cytotoxicity than those composed of L-amino acids due to higher stability against
proteolytic enzymes in the cells [80]. However, it was«observed that CPP injection
systemically did not generate tissue damage at the doses of interest [67]. Generally,

cationic CPPs were less toxic than amphipathic CPPs'in vitro and in vivo [81].

9. Delivery of different cargos using CPPs
CPPs were applied for in vitro‘and in vivo delivery of various therapeutic molecules,

e.g., peptide, protein, DNA, siRNA; drugs, nanoparticles etc.

9.1. Peptide and protein delivery

The nature of the cell membrane limits the cellular uptake of drugs to small size (less
than 600 Da), andto hydrophobicity. Thus, researchers attempt for effective delivery of
proteins and peptides into the cells which have in vivo short half-life and poor
bioavailability [82]. Recently, the use of CPPs could significantly facilitate the
intracellular delivery of a variety of proteins and peptides through their covalent linkage
to cargos [83, 84]. For example, delivery of a biologically active protein (8-
galactosidase) linked to Tat peptide (Tat-B-galactosidase) across the blood-brain barrier
was improved after intraperitoneal administration [85]. On the other hand, delivery of the
anti-apoptotic proteins (e.g., Bcl-xL) into cells was increased by their conjugation to
CPPs. Cao et al. showed that the Bcl-xL protein linked to Tat CPP protected the



neurons in a murine middle cerebral artery occlusion model [86]. The ability to suppress
upstream pathway of caspase activation in apoptosis is also crucial. A peptoid inhibitor
for the apoptotic protease-activating factor (Apaf-1) was modified by its conjugation to
penetratin and Tat. Both CPPs enhanced cellular uptake, but the penetratin conjugate
was more effective at inhibiting apoptosis likely due to the toxicity of the Tat conjugate
[50]. Mainly, CPP-mediated delivery of peptides and proteins was used to target tumors.
A number of tumor suppressor p53-derived peptides were conjugated to CPPs in order
to improve cell penetration. For example, injection of the p53-derived peptides
conjugated with Tat or polyarginine (R11) to a peritoneal carcinomatosis mouse model
increased mice survival. Moreover, the anti-tumor effects of a peptide inhibiting the
activity of casein kinase 2 (P15) conjugated with Tat was observed in mice [84]. CPPs
were also utilized to induce the generation of pluripotent stem cells as a safer carrier
than viral vectors for human use. For instance, the fusion proteins harboring
polyarginine CPP (R9) linked to the C-terminal of four proteins involved in cellular
reprogramming (i.e., Oct4, c-Myc, KlIf4 and Sox2) could be effectively transported into
human fibroblasts for their transformation into pluripotent stem cells [87]. On the other
hand, CPPs including pAntp, Tat, transportan.and polyarginine were broadly used for in
vitro and in vivo delivery of bioactive peptides. A comparison of the delivery efficiency of
CPP conjugates revealed that polyarginine = transportan > pAntp > Tat. Also, cellular
toxicity showed that pAntp < Tat <‘transportan < polyarginine [88]. Other studies
indicated that hPP10 CPP was able to penetrate into primary cultured cells. Indeed,
hPP10 could be considered as a novel vehicle to deliver exogenous proteins or drugs
for clinical applications [89]. For example, the hPP10 CPP transported HPV16 E7-GFP
fusion protein in HEK-293T cells (~ 63.66%) compared to TurboFect (~32.95%). In
contrast, the transfection efficiency of hPP10 CPP was low (~17.51 and ~ 16.36% in
TC-1 and A549 tumor cells, respectively) indicating the importance of cell type in vitro
[90]. Another study also showed that hPP10 could mediate Cre fusion protein delivery
and pDNA transfection simultaneously in the Cre/loxp system in vitro. Furthermore,
hPP10 fused with an RNA-binding domain could deliver small interfering RNA into cells
to silence the reporter gene expression [91]. On the other hand, hPP3
(KPKRKRRKKKGHGWSR) derived from human nuclear body protein could enter cells



in vitro, at a concentration-, incubation time-, serum- and temperature-dependent
manner [92]. It was interesting that a CPP (TIP1) derived from toll/interleukin-1 receptor
(TIR) domain-containing adapter protein suppressed toll-like receptor-mediated
downstream signaling and showed therapeutic potential for TLR-mediated autoimmune
and inflammatory diseases [93]. Gros et al. improved a novel method for delivery of
proteins, peptides and antibodies in vitro and in vivo, with no chemical conjugation
between the cargo and CPP [21]. Indeed, the physical complexation was.successfully
used to deliver peptides and proteins into cells. A study indicated that the Pep-1 CPP
was able to form hydrophobic interactions with the peptide or protein.cargos, and
transport these cargos into various cell lines [94]. Similarly, Cady-2 peptide showed a
high efficacy for delivery of protein cargos (e.g., mRFP and GST-Cdk2), and a group of
short peptides (~ 8-24 mer) into the cells [95]. On the other hand, M918 peptide (aa 1-
22) derived from the tumor suppressor protein p14ARF could efficiently transport
proteins and peptide nucleic acids (PNA) using macropinocytosis mechanism into cells
either as a covalent conjugate or a non-covalent complex with the cargo. This peptide
was more effective than amphipathic peptides (e.g., TP10) for cargo delivery and also
was non-toxic at high concentrations for in vivo therapies [79]. Recently, M918 CPP was
utilized to enter efficiently HIV-1 Nef and Hsp20-Nef proteins as a candidate antigen into
the mammalian cells [96].

An in vivo study showed that co-injection of insulin with the penetratin peptide enhanced
intestinal and nasal insulin bioavailability to 35 and 50%, respectively [97]. CPPs could
also deliver enzymes (e.g., preventing the oxidative damage) into cells as a therapeutic
approach for a'variety range of diseases (e.g., ischemic injury). For instance, Tat
peptide combined with glyoxalase, catalase and superoxide dismutase, and also LMWP
CPP.conjugated to L-asparaginase could prevent oxidative damage of neuronal cells,
and treat oxidative damage of red blood cells in acute lymphoblastic leukemia [2].
Moreover, CyLoP-1 is a cysteine-rich CPP derived from nuclear localization sequence
of snake toxin (crotamine) with both cell-penetrating and antimicrobial activities such as
killing methicillin-resistant Staphylococcus aureus. Its cellular uptake was successfully
performed in mammalian cells at very low doses. Indeed, the presence of cysteine

residues in the peptide played an important role in biological activity of this peptide [98].



On the other hand, the minimized sequence of Latarcin 1, a spider venom toxin (LDP:
Latarcin-derived peptide) conjugated to nuclear localization sequence from Simian Virus
T40 antigen (LDP-NLS) could effectively penetrate into HelLa cells without cytotoxicity
as compared to LDP with very low uptake and high toxicity. LDP-NLS also successfully
transported protein cargos with high molecular weight into the cells [99]. A novel
technology described by Salerno et al named as CPP-adaptor system increased the
intracellular delivery and endosomal escape of protein cargos. This strategy was
designed as a CPP-adaptor fusion protein, Tat-calmodulin (Tat-CaM), which non-
covalently binds, delivers and releases different protein cargos (e.g.,,myoglobin,
horseradish peroxidase and p-galactosidase) into the cells [100]..The pVEC, an
amphipathic CPP (18 aa: LLIILRRRIRKQAHAHSK) derived from murine vascular
endothelial-cadherin protein was also able to transport some proteins (e.g., avidin,
streptavidin), and oligomers (e.g., hexameric PNA oligomer).in a non-covalent approach
into several cell lines as well as bacteria and fungi for killing microbes [101, 102].
Several groups showed CPP-mediated delivery of fusion proteins in vitro, but only a few
studies successfully used CPPs as protein or peptide vectors in vivo [83]. Jo et al. used
a CPP composed of a hydrophobic signal sequence derived from the fibroblast growth
factor 4 to deliver a suppressor of cytokine signaling 3 protein (SOCS3) to immune
cells, liver and other organs in'mouse model which could effectively suppress the
harmful effects of acute inflammation [103]. Moreover, Bleifuss et al. applied a CPP
derived from the PreS2 domain of the human hepatitis virus B called as translocation
motif (~ 12 amino acids) to increase the immunogenicity of antigen cargo in vaccine
design [104]. On the.other hand, the intraperitoneal injection of 30Kc19 peptide, the first
CPP found'in the hemolymph of insect (silkworm), into mice could deliver proteins into
various tissues of animal model without cytotoxicity [105]. A synthetic guanidine-rich
molecular carrier was used for intracellular and transdermal delivery of proteins, as well.
For instance, a sorbitol-based carrier with eight guanidine units (Sor-G8) could form the
non-covalent complex with GFP, albumin, concanavalin A and immunoglobulin G
cargos. These non-covalent cargo-CPP complexes showed an efficient transdermal
penetration into the mouse skin. The synthetic Sor-G8 carrier was significantly more

effective than Arg8 in the transdermal delivery of proteins [106]. Another study tested



the transdermal delivery ability of IMT-P8, a novel human-derived CPP. IMT-P8 was
able to transport effectively GFP and pro-apoptotic peptide (KLA) as IMT-P8-GFP and
IMT-P8-KLA fusion constructs into mouse skin following topical application. Moreover,
the uptake of IMT-P8-GFP was significantly higher than Tat-GFP in HeLa cell line [107].
Iduna known as RNF146 is a poly (ADP-ribose) (PAR)-dependent E3 ubiquitin ligase
that can degrade PARYylated proteins via PAR-dependent ubiquitination. The human
Iduna-derived peptide was able to deliver macromolecules across the cell membrane.
Koo et al. showed that the recombinant Iduna-conjugated EGFP (Iduna-EGFP) and its
tandem-repeat form (d-lduna-EGFP) efficiently penetrated Jurkat cells using lipid-raft-
mediated endocytosis mechanism. The recombinant d-lduna-EGFP was more effective
than Iduna-EGFP and could be localized in the cytoplasm and nucleus longer than Tat
CPP. The effective uptake of the recombinant d-lduna-EGFP was performed by various
tissues such as the spleen, liver and intestine following intravenous injection in C57BL/6
mice [107]. The studies showed that Pep-1 CPP was applied to deliver caspase 3 into
the lung of mice, protein kinase A (PKA) into the distal lung epithelial cells of rat in order
to repair the defect in a cellular signaling pathway. Moreover, Pep-1 peptide was used
to determine the anti-tumor effects of antisense PNAs targeting cyclin B1 as well as to
evaluate early embryonic development using the delivery of antibodies and proteins

(e.g., p53) into immature bovine and mouse oocytes [108-111].

9.2. Nucleic acid delivery

The first application.of CPPs was delivery of nucleic acids into the cells through
electrostatic interactions [2]. Generally, CPPs possess several benefits such as: a) to
protect nucleic acids from degradation; b) to internalize effectively in specific target
cells; c) to improve the release of the cargos in the cytoplasm (e.g., antisense
oligonucleotides, siRNA, miRNA) or the nucleus (e.g., plasmid DNA, splice-switching
oligonucleotides), d) to show high biological activity at low doses, e) to exhibit no
cytotoxicity, and f) to possess a good biosafety for in vivo therapeutic studies [112]. The
researchers showed the importance of serum proteins or CPP conformation on the
delivery of CPP/siRNA complexes into the cells. One of the main restrictions of CPPs is
the lack of cell-type specificity. A common approach to overcome this problem was the
incorporation of targeting ligands with CPPs to control cell-specific attachment. Fang et



al. found that the linkage of a vascular endothelial growth factor receptor-1 (VEGFR-1)
targeting peptide to Tat internalized siRNA into tumor cells more effectively than Tat
alone [113]. Improved and selective siRNA delivery was reported with other targeting
ligands such as mannose, folate and RGD. For example, the nanoparticles coated with
folate and penetratin increased siRNA delivery toward folate-expressing tumor cells [2].
CPPs were also combined with viral vectors (e.g., adenovirus gene vector) to infect a
large number of cell types [2]. On the other hand, CPPs were easily conjugated
covalently or complexed non-covalently with siRNAs. The covalent linkage of siRNAs to
Transportan and Penetratin CPPs showed a silencing response in cells [20]. There are
some studies about siRNA delivery using CPPs in vivo. For instance, the cholesterol-
Arg9 complex enhanced siRNA delivery against vascular endothelial growth factors
(VEGF) in a mouse tumor model [114]. A small peptide derived from rabies virus
glycoprotein (RVG, a ligand for acethylcholine receptor) modified with polyarginine
(Arg9) was also demonstrated to transport siRNA‘into the central nervous system (CNS)
for gene silencing in vitro and protection against the fatal viral encephalitis in a mouse
model [115]. Dowdy et al. generated a Tat fusion protein with a double-stranded RNA-
binding domain (Tat-DRBD system)to deliver epidermal growth factor receptor (EGFR)
and AKT serine/threonine kinase 2 (Akt2) siRNAs efficiently into intracranial
glioblastoma tumor mouse maodel [116, 117].

The first report of non-covalent approach for the delivery of siRNAs was their stable
complexes with the MPG peptide (derived from the hydrophobic fusion peptide of HIV-1
gp41 plus the hydrophilic NLS of SV40 large T antigen) [118]. This peptide was used to
deliver siRNAs targeting OCT-4 into mouse blastocytes and silencing cyclin B1 (a cell
cycle regulator).for reduction of cell differentiation and proliferation, respectively [112].
Also, MPG peptide modified with cholesterol could increase the survival of mice against
tumor.growth [98]. On the other hand, a variant of MPG (MPG4: Ac-
GALFLAFLAAALSLMGLWSQPKKKRKV-Cya) containing five mutations in its
hydrophobic domain as a-helical conformation could effectively deliver siRNA cargos
[112]. Moreover, an amphipathic CPP named as Cady containing arginine and
tryptophan residues could form stable complexes with siRNA, and mediate gene

silencing efficiently in different suspension and cell lines such as human osteosarcoma



U20S, THP1 monocytes, human umbilical vein endothelial and mouse 3T3C cells [119].
Cheng et al. developed siRNA delivery with a PEGylated PLGA nanoparticle (NP) using
the synergistic activity of two different ligands such as folate (FOL) and penetratin
(ANTP) that enhanced knockdown efficacy. ANTP/FOL-NP could enhance cell binding
and uptake, protect siRNA, and improve siRNA release [120].

Stearylation of CPPs was useful to improve the potency of siRNA delivery into cells. For
instance, stearylated transportan (stearyl-TP10) effectively transported a.splice-
correcting phosphorothioate 2’-O-methyl RNA (2’-OMe ON) into cells. In addition, a
stearyl-TP10 analogue modified with trifluoromethylquinoline was usedto increase
endosomal escape and effective siRNA delivery in Jurkat cells and human umbilical
vein endothelial cells (HUVEC) [121]. Among the stearylation.of CPPs, STR-KV peptide
(stearyl-HHHKKKVVVVVV) complexed with small interference RNA (siRNA) targeting
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) showed 80-87% gene
knockdown efficiency in the cells with low cytotoxicity through a non-endocytic pathway
[122]. Moreover, a novel fusion protein containing thetombusviral p19 protein linked to
the “Tat” peptide (RKKRRQRRRR) could efficiently deliver siRNAs into the cytoplasm of
human hepatoma cells eliciting potent gene knockdown activity without cytotoxicity
[123]. Disulfide-constrained cyclic amphipathic peptides increased siRNA penetration
into the cells through the formation of non-covalent peptide/siRNA complexes [124].
Recently, amphipathic peptides were developed to self-assemble with siRNAs as
peptide-based nanoparticles and to transfect them into cells. A novel CPP named as
RICK corresponding to the Retro-inverso form of the CADY-K peptide was designed.
The data showed that RICK: siRNA self-assembly suppressed siRNA degradation and
induced inhibition of gene expression. This novel approach can be considered for
targeted anticancer treatment such as knock-down of cell cycle proteins [125]. On the
other hand, the influence of the polyethylene glycol (PEG) grafting to RICK NPs was
studied on their in vitro and in vivo siRNA delivery properties. Low PEGylation rates (<
20%) of the NPs did not influence their cellular internalization capacity as well as their
knock-down specificity in vitro as compared to the native RICK: siRNA NPs. After an
intra-cardiac injection of the PEGylated NPs in mice, it was shown that 20% PEG-RICK

NPs decreased significantly liver and kidney accumulation [126]. Moreover, a novel



family of short (15/16 mer) tryptophan (W)- and arginine (R)-rich Amphipathic Peptides
(WRAP) could form stable nanoparticles and enroll siRNA molecules into cells. They
had several advantages including the rapid encapsulation of the siRNA, the efficient
siRNA delivery in several cell types, and the high gene silencing activity even in the
presence of serum [127]. Some CPPs such as Tat, transportan and polyarginine were
utilized with other non-viral vectors in a single nanocarrier to improve nucleic acid
delivery [112]. Poor permeability of the cell membrane to DNA or oligonucleotides led to
their low concentrations at their targets. To overcome this problem, CPPs (e.g.,
polylysine or polyarginine) could bind to DNA via electrostatic interaction and facilitate in
vitro/ in vivo gene delivery. Moreover, the amphipathic peptides with pH-dependent
fusogenic and endosomolytic activities (e.g., GALA, KALA and histidine-rich peptides)
could enhance transfection efficiency along with poly-lysine/DNA complexes [20].
Another report indicated that the Tat peptide increased in vitro transfection of HIV-1 Nef
gene (as Tat-Nef fusion DNA) and subsequently its expression in mammalian cells
[128]. Hyndman et al. demonstrated that mixing the Tat with liposomes containing
DOTAP/ Lipofectin and DNA led to generate the complexes that significantly increased
in vitro transfection [129]. Morris et al. indicated that the non-covalent MPG CPP/DNA
complexes could effectively entry cells using an endosomal pathway-independent
mechanism. Indeed, the NLS of MPG was involved in both electrostatic interaction with
DNA and nuclear targeting [130].The internalization of MPG-based nanoparticles into
COS-7 cells at an N/P.ratio of 15:1 (peptide: DNA) was comparable with a commercial
transfection reagent (polyethyleneimine) indicating high transfection efficiency of MPG
at a certain ratio [131]:'In general, the non-covalent linkage of the NLS to DNA improved
gene delivery and.its expression in cells [42]. Rittner et al. showed the efficacy of two
novel basic amphiphilic peptides named as ppTG1 and ppTG20 to bind nucleic acids,
destabilize cell membranes, and deliver gene in vitro/ in vivo [132].

The studies showed that he amphipathic peptides including (LARL)g GM225.1
(GLFEALLELLESLWELLLEA), KALA (WEAKLAKALAKALAKHLAKALAKALKACEA)
and the Hel peptide (KLLKLLLKLWLKLLKLLL) facilitated gene delivery in vitro, but their
use was limited in vivo due to the toxicity and instability in serum [133]. Also, the

PepFect14 (PF14) cationic peptide formed stable nanoparticles with DNA (size: 130-



170 nm) which could be internalized through class A scavenger receptors and
caveolae-mediated endocytosis [134]. On the other hand, two arginine-rich CPPs such
as HR9 and IR9 were able to link non-covalently to plasmid DNA and deliver them into
cells and in rotifers without cytotoxicity [135]. The reports represented that peptide
modification could increase gene delivery, as well. For instance, stearic acid
modification of various arginine-rich peptides including HIV-1 Tat (48-60), HIV-1 Rev
(34-50), flock house virus (FHV) coat (35-49), (RxR)4 and oligoarginines (aa4-16)

improved their transfection efficiency through enhancing endosomal escape and nuclear
delivery [112]. In this line, stearyl-TP10 increased DNA delivery in different cell lines as
similar to lipofection [136]. Effective stearylated Transportan analogues.termed as
NickFects (NF) were designed to improve DNA transfection efficacy because of long
shelf-life, lack of aggregation after reconstitution, high stability against enzymatic
degradation, and higher bioactivity in vivo [58, 137]. Also, the modified CPPs with
cysteine could improve their properties. For example, the branched Tat (BTat), a
modified type of Tat (Cys-Tat-Cys-Tat-Cys) with disulfide bonds formed the complexes
with plasmid DNA harboring GFP gene and showed higher transfection efficiency (~ 40-
fold) than the Tat/ DNA complexes [138]. Saleh et al. demonstrated that covalent
linkage of membrane active peptide LK15 to Tat peptide improved its gene transfer
likely due to the higher uptake of DNA [139]. Moreover, a modified bioreducible
branched poly (nona-arginine) CPP (B-mR9) with cysteine residues (Cys-R9-Cys-R9-
Cys) could more effectively deliver nucleic acids through endocytosis or direct
penetration as compared to its linear type [140]. However, inactivation of some CPP/
DNA complexes (e.g., Tat CPP/DNA complexes) in the bloodstream is important which
may be due to their interactions with serum albumin. It was reported that at least eight
Tat peptide. moieties were necessary to obtain effective gene delivery [112].

On the other hand, CPPs were used to deliver oligonucleotides (ONs) [20]. The use of
PNAs was common in CPP-mediated antisense delivery likely due to the peptide
backbone of the PNA allowing the formation of CPP-PNA construct as a single
polypeptide. PNAs were usually linked to CPPs through a disulfide bridge [53]. Both
Transportan and Antp peptides were used to deliver an antisense PNA complementary

to the human galanin receptor type 1 mRNA in vitro and in vivo, leading to modification



of the pain response [53, 141]. Moreover, penetratin modified with arginine residues in
its N-terminal region conjugated with PNA ONs (R6Pen-PNA conjugates) was more
effective than penetratin alone for promotion of splicing redirection [142]. The non-
covalent strategies were also generated by interaction of negatively-charged ONs with
positively charged CPPs. For example, a novel generation of PNAs (HypNApPNAs)
non-covalently combined with Pep-2 CPP led to the potent delivery of PNAs in vitro.
Furthermore, the Pep-3 CPP could form stable complexes with both uncharged and
charged PNAs promoting their cellular uptake in a variety of cell lines. In this line,
PEGylation of Pep-3 significantly improved the delivery efficiency of cyclin B1 anisense
ONs to block nervous tumor growth in mouse model [112]. On theother hand, VP22
peptide was also applied to deliver oligonucleotides in vitro and in vivo. The complexes
of VP22 with fluorescein-labeled oligonucleotides (i.e., vectosomes) were effectively
internalized by cells and disrupted by light to release the antisense activity. In addition,
suppression of the c-Raf1 protein expression was observed by anti-c-raf1 vectosomes
potently activated by light leading to reduction of the tumor growth in mice [143].

The recent studies showed new application of CPPs for genome modification. The
engineered site-directed nucleases, transcription activator-like effector nucleases, and
the clustered regularly interspaced short palindromic repeat-associated nuclease Cas9
(CRISPR/Cas9) were used as cargos for manipulating genes and genomes of
organisms. For instance, a recombinant Cas9 protein conjugated through the Cys-
terminal residue to poly-arginine (Arg9) resulted in the generation of a cell-permeable
Cas9-mR9 chimeric protein. This chimeric protein was combined with a molecular
complex formed by single guide-RNA and poly-Arg (sgRNA: 9R) to modify the genome

of several-human cell types [144].

9.3. Drug delivery

Large molecule drugs (e.g., antibody) have better targeting specificity, prolonged
circulation time in the blood and less cytotoxicity effects as compared to small molecule
drugs [145]. However, intracellular delivery of drugs is a major problem [146]. Common
strategies in drug delivery contain self-assembly, PEGylation, stimulus sensitivity (e.g.,
pH or temperature), enhanced permeability and retention, and the use of cell-

penetrating moieties or of the prodrugs [147]. In recent years, it was shown that CPPs



have ability to deliver drugs into cells [148]. CPPs were conjugated to small molecules
(e.g., drugs and imaging agents) to increase their intracellular delivery [69]. However,
CPP-mediated delivery was not tissue- or cell-type specific, thus other agents were
added in the drug delivery system for specific targeting purposes [69]. The poor
membrane permeability of drugs was an important issue in drug design. Intracellular
delivery of drugs by CPP was proved to be an important step for overcoming drug
resistance [149]. In fact, conjugation of peptide-based drugs (e.g., Shepherdin and p53-
derived peptides) with CPPs led to efficiently their internalization into the cells as a
promising approach for cancer therapy [150]. It was reported that penetratin crossed the
blood brain barrier (BBB) within 10 min and its permeability was 2=3-fold higher than Tat
and SynB1 peptides [151]; thus, penetratin can be used as a-suitable CPP for

facilitating drug delivery in the brain.

9.3.1. CPPs with NLS

Macromolecules are actively translocated across the nuclear membrane via nuclear
pore complexes (NPCs) [150]. Herein, nuclear proteins need the short sequences of
NLS composed of one (monopartite).or two (bipartite) clusters of basic amino acids for
the nuclear import pathway [152]. However, nuclear delivery of anti-cancer agents using
systemic injection is a major challenge [153]. Recently, synthetic NLS peptides were
utilized to increase DNA delivery-into cells. The best NLS sequence is the SV40 large T-
antigen NLS (126-PKKKRKV-132) [154]. It was observed that the combination of NLS
and cationic metal complexes resulted in the generation of a novel type of ternary
delivery systems with-high efficiency [17]. On the other hand, signal sequences or
membrane-translocating sequences (MT