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1. ABSTRACT

The field of gene therapy is starting to move
towards clinical applications but is currently limited by the
lack of efficient delivery systems. Cell-penetrating peptides
provide a means of cellular delivery for gene therapy
applications as well as delivery of traditional drugs. Using
cell-penetrating peptides a range of different cargos have
been successfully delivered into a number of cell types, in
vitro as well as in vivo. In this review we discuss uptake
mechanisms of different cell-penetrating peptides, with or
without cargo. The transition from in vitro to in vivo
applications and strategies to increase the bioavailability of
cell-penetrating peptides are also discussed.

2. INTRODUCTION

Nucleic acid based therapeutics, or gene therapy, is
growing and highly promising. Gene therapy was initially
defined as replacement or complementation of
dysfunctional or missing genes. This was later extended to
include modulation of gene expression, both endogenous
and exogenous genes such as viral genes. siRNA (1),
antisense oligonucleotides (ASON) (2) and microRNA
(miRNA) (3) are being investigated for gene therapy
applications and have a huge potential to cure a number of
diseases. In most cases the challenge is not the gene
regulation itself but rather the delivery into the cell (4). The
most commonly used methods for delivery of nucleic acid
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Table 1. CPPs mentioned in this review
Peptides Amino acid sequence Net charge Ref
Protein derived
Penetratin RQIKIWFQNRRMKWKK-NH2 +8 (8)
Tat(48-60) GRKKRRQRRRQC +8 (10)
Tat-DRBD 144 amino acid recombinantly expressed fusion protein (22)
Chimeric
Transportan GWTLNSAGYLLGKINLKALAALAKKIL-NH2 +5 (11)
TP10 AGYLLGKINLKALAALAKKIL-NH2 +5 (12)
PepFect 3 Stearyl-AGYLLGKINLKALAALAKKIL-NH2 +4 (7)
PepFect 6 Stearyl-AGYLLGK(εNHa)INLKALAALAKKIL-NH2 +4b (15)
PepFect 14 Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2 +5 (16)
RVG-9R YTIWMPENPRPGTPCDIFTNSRGKRASNGGGGrrrrrrrrr +11 (23)
Designed
Polyarginine Rn +n (17)
R7W Fl-RRRRRRRW-NH2 +7 (24)
RXR (RXR)4 +8 (18)
Pep-1 Ac-KETWWETWWTEWSQPKKKRKV-Cya +3 (25)
PEG-Pep-3 PEG-KWFETWFTEWPKKRK-Cya +3 (26)
CADY Ac-GLWRALWRLLRSLWRLLWRA-Cya +5 (21)
ppTG20 GLFRALLRLLRSLWRLLLRA +5 (20)

Abbreviations: O=Ornithine, a= lysine-tree with trifluoromethylquinoline derivative modifications, for structure see (15), b=net
charge of peptide backbone, r=D-arginine, n=integer 6-12, Fl=fluorescein, X=6-aminohexanoic acid,
Ac=Acetyl,Cya=Cysteamide, PEG=polyethylene glycol

based therapeutics have several drawbacks such as
immunogenicity problems and insertional mutagenesis with
viral vectors (5), and low efficacy of many of the non-viral
methods, therefore there is a need for improved delivery
systems.

A simple definition of a cell-penetrating peptide
(CPP) is a peptide that alone or together with a cargo is
capable of crossing the cell membrane and translocate into
the cell. In most cases, CPPs consist of less than 30 amino
acids, are positively charged and are often amphipathic.
CPPs have been used to deliver a large range of different
cargoes, ranging from small organic compounds and
fluorescent markers to antisense oligonucleotides, large
nucleic acids, plasmids and proteins (4, 6). Cargoes can
either be linked to the CPP with covalent bonds, for
example disulfide bridges (6), or by non-covalent
interactions (7). The first CPPs to be discovered were
penetratin, derived from the Drosophila Antennapedia
homeodomain (8) and Tat, derived from amino acids of
HIV Tat protein (9, 10). Today there are hundreds of
known CPPs, they can be subdivided into protein-derived
(such as penetratin and Tat) also known as protein
transduction domains, chimeric (composed of two or more
naturally occurring sequences) and designed peptides.
Table 1 lists the peptides discussed in this review. The
numbers of designed and chimeric peptides are rapidly
increasing and many of these peptides have significantly
higher cell penetrating capabilities than the early protein
derived CPPs. Despite this, early CPPs such as Tat are still
being widely used and there are numerous examples of
modified variants of Tat with improved cell penetration.

Transportan is a typical example of a chimeric
CPP, based on a short galanin sequence fused to a sequence
from the wasp venom peptide mastoparan (11). Following
the original transportan, several truncated versions have
been synthesized (12), the most efficient being transportan
10 (TP10) (13). A second modification was the addition of
a stearyl moiety to TP10 which enhanced the efficacy (7,

14). This new peptide was named PepFect 3. Since then,
PepFect 3 has been further modified, the most successful
modifications being addition of trifluoromethylquinoline
derivatives (PepFect 6) (15) and replacement of the lysines
with ornithines together with rearrangements of
hydrophobic residues (PepFect 14) (16) (Table 1).

A common group of synthetic CPPs are arginine-
rich CPPs. The simplest ones are polyarginines of different
lengths, most commonly R8 and R9 (17). These have also
been modified into more effective variants, including fatty
acid modifications such as stearylation and (RXR)4, a
peptide consisting of alternating arginine and 6-
aminohexanoic acid residues (18, 19). Generally the
addition of non-natural amino acids or D-amino acids to
CPPs have been shown to increase the efficacy and stability
of CPPs. Tryptophan-containing peptides have also been
widely studied, many of the protein derived CPPs contain
tryptophan which is commonly present in transmembrane
regions of proteins. The addition of tryptophan to CPPs has
been shown to increase the uptake and lower the toxicity of
R7 (20) and the tryptophan containing peptide CADY
forms a secondary amphipathic helical structure with
tryptophans on one side of the helix (21).

3. LOADING STRATEGIES

Early CPP cargoes were in most cases conjugated
to the peptides by covalent bonding. This is still the
preferred method for delivery of small molecular drugs and
for coupling of fluorescent markers. In the case of
oligonucleotide delivery, non-covalent complexation has
many advantages over covalent coupling, including ease of
preparation, low cost and the ability to use the same peptide
structure for a number of different cargoes. Cargoes
ranging from siRNA to plasmids and even proteins have
been successfully delivered into cells using this technique
(27). Non-covalent CPP-oligonucleotide complexes
typically form nanoparticles with a size of around 100 nm
in diameter (21, 28, 29). The complexes are generally



Cell-penetrating peptides: from cell cultures to in vivo applications

511

Figure 1. Different uptake pathways for CPPs. CPP uptake is divided between direct uptake and endocytosis, which is further
divided in clathrin-mediated, caveolin-mediated, macropinocytosis and phagocytosis. Endocytosis can either be receptor-
independent or receptor-mediated. In the case of endosomal uptake, endosomal escape is necessary to avoid degradation in the
lysosome. Avoiding the lysosomal pathway as well as endosomal escape is a requirement for efficient transcytosis of CPPs
across epithelial layers and deeper into tissues or into the brain.

assumed to have a positively charged surface due to the
positively charged peptides encapsulating the
oligonucleotide and a surplus of positive over negative
charges. Recent measurements of zeta potential however
indicated a net negative charge for PepFect-oligonucleotide
complexes in biorelevant medium (16). This negative
charge might be caused by oligonucleotide presence at the
surface of the complexes; if this is the case the nucleic
acids might also play a role in the recognition and uptake of
complexes.

Combinations of CPPs and other delivery
systems have also been attempted using liposomes,
polymer nanoparticles, inorganic nanoparticles and
exosomes for drug delivery or imaging/diagnostics. The
addition of cell penetrating and targeting peptides to
nanoparticles used for drug delivery or imaging could
potentially increase the effect of the drug and/or aid in
delivery across the blood-brain barrier (23, 30-32).

4. UPTAKE MECHANISMS

Initially CPPs were thought to penetrate cell
membranes via a direct penetration mechanism;
microscopy studies of fluorescently labeled CPP uptake

and the apparent lack of temperature dependence for
penetration lead to the conclusion that endocytosis was not
the major means of uptake. Many of the observations of
direct penetration were later found to be microscopy
artifacts (33) and most did not take the contribution of the
cargo on the mechanism of uptake into account. The
predominating view was shifted toward endocytic uptake
and evidence for different types of endocytosis was found
in a number of studies (Figure 1) (34-36). Given that many
CPPs seem to enter cells by endocytosis the further
intracellular fate of the CPPs becomes more important to
control. Following the normal trafficking the CPPs and
cargoes intended to reach intracellular locations would be
degraded in lysosomes. Thus, in order to prevent lysosomal
degradation the ability to “escape” out of endosomes
becomes an important feature. Several different
modifications have been introduced to enhance the
endosomal escape of cell penetrating peptides, ranging
from fatty acids and specific amino acid sequences to
endosomolytic groups covalently coupled to the peptide
backbone. Endosomal escape is generally thought to be
facilitated by increasing the peptides ability to interact with
the endosomal membrane (fatty acid modifications,
hydrophobic amino acids) or by acting as “proton sponges”
causing proton influx into the endosome and thereby
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destabilizing the endosomal membrane, releasing the
entrapped peptides with its cargo (15, 37).

The endocytic uptake of CPPs is still generally
considered to be receptor independent. However, the exact
means of endocytosis has not been determined and might
also vary depending on the peptide and cell type as well as
the cargo. Some studies have indicated macropinocytosis as
the most important means of endocytosis (38) but this has
not been generalized to all CPPs. Clathrin-mediated and
caveolae-mediated endocytosis has also been observed in
several studies. Cell-surface bound heparan sulfate
proteoglycan (HSPG) can be a binding target for cationic
CPPs as these molecules are polyanionic. HSPG has been
shown to induce clathrin-mediated endocytosis, caveolae-
mediated endocytosis and macropinocytosis, when binding
to a CPP-nanocomplex (39). Seemingly contradictory, the
secondarily amphipathic CADY peptide was recently
reported to follow a non-endocytic uptake pathway; this
was supported by colocalization studies, endocytosis
inhibition and electron microscopy (21). This highlights the
difference in uptake between different CPPs and the
importance of mechanistic studies of uptake for different
classes of CPPs. A distinction between endocytic and non-
endocytic CPPs might be needed, but the matter is
complicated by the fact that some CPPs have displayed
both types of uptake (40).

4.1. Scavenger receptors
Recently, the involvement of class A scavenger

receptors in the uptake of PepFect 14-SCO nanocomplexes
has been reported (28). Uptake by scavenger receptors is
endocytosis-mediated. RNAi knockdown of class A
scavenger receptors 3 and 5 lead to significant decreases in
CPP uptake and specific inhibition of the scavenger
receptors using inhibitory ligands lead to a complete loss of
PepFect 14-mediated oligonucleotide uptake. This is the
first example of scavenger receptor-mediated CPP-uptake,
most likely scavenger receptors also play an important role
in the uptake of other CPPs than PepFect 14.

4.2. Cargo contribution
Verdurmen et al. showed that arginine-rich CPPs

induce acid sphingomyelinase (ASMase) translocation
from internal compartments to the plasma membrane.
ASMase hydrolyzes sphingomyelin producing ceramide-
rich microdomains at the outer leaflet of the plasma
membrane. The border between the ceramide-enriched
domain and plasma membrane is thought to be the site of
translocation for arginine-rich CPPs (41). The
ASMase/ceramide-induced translocation was found to be
endocytosis-independent. In another study; clathrin-
mediated endocytosis, caveolae-mediated endocytosis and
macropinocytosis were shown to be involved in the uptake
of several arginine-rich peptides when administered
without cargo molecules (40).

Both endosomal and non-endosomal pathways
have also been observed for Tat. Fluorescently labeled Tat
was taken up by cells at 4°C, at this temperature all types
of endocytic uptake should be inhibited. Despite this a Tat
fusion protein, Tat-bt-SAv, was shown to be completely

restricted to endocytosis-dependent uptake mechanisms
(42). These findings show that uptake mechanisms of CPPs
coupled to cargo and CPPs alone could differ and highlight
the importance of separating the mechanism of
translocation between these two systems.

4.3. Methods to evaluate CPP uptake
Labeling peptides with fluorescent molecules is

the most common method of studying the uptake and
cellular transport of peptides with or without cargo (43).
This is usually done by covalent linkage of CPPs to
fluorescein or other fluorescent dyes. The labeled peptides
can then be used in a range of different microscopy based
uptake assays or for in vivo applications. However, one
disadvantage with the labeling is that it might affect the
chemical properties and thus might affect the uptake
mechanisms of the peptides or peptide-cargo complexes.
Another approach is to use a fluorescent cargo, for example
a labeled siRNA. The drawback in this case is that
microscopy only reveals cellular trafficking of the cargo
itself and does not give any information about the
intracellular fate of the peptide. Non-covalent complexation
with different oligonucleotide-cargos has extensively been
used to evaluate the efficiency of novel CPPs; one common
method is luciferase based assays using splice correcting
oligonucleotides or luciferase expressing plasmids. These
methods generally provide a fast, easy and cheap way to
assess the efficiency of CPPs.

The criteria for being a “good CPP” are usually
based on in vitro efficiency of a CPP, not the efficiency or
applicability of a CPP in vivo. In order to cope with this,
CPP assays must evolve from simple cell culture delivery
tests to systems more closely resembling an in vivo system.
Transcytosis across vascular endothelial cells could be
modeled in vitro by three-dimensional setups, ex.
Transwell (Corning) complemented with an appropriate
cell line for the application, i.e. vascular endothelial) cells
for intravenous delivery, blood-brain barrier-derived
endothelial cells for intravenous delivery of brain-targeted
nanoparticles, epidermal cells for delivery across the skin
or epithelial colorectal cells (Caco-2) for oral delivery (44).

5. IN VIVO APPLICATIONS

The first proof of concept for applications of
CPPs in vivo was published by Dowdy et al in 1999, in a
study on intraperitoneal delivery of Tat-β-galactosidase
fusion protein (45). Following this, CPPs have been used in
several in vivo studies, including systemic administration of
PF6-siRNA complexes (15), gene delivery by intravenous
injection of ppTG20-plasmid complexes (20), intratracheal
delivery of human recombinant caspase-3 mediated by non-
covalent Pep-1 (46), and biodistribution and tumor
accumulation of fluorescently labeled arginine rich CPPs in
tumor xenografted mice (47). Delivery routes have ranged
from intramuscular and systemic delivery to nasal and
dermal delivery (48, 49). There are several examples of
CPPs combined with targeting peptides for selective
delivery to specific targets, in many cases cancer targeting
peptides obtained by combination of peptide-based receptor
ligands for selectivity and CPPs for increased uptake.
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These peptides could either carry a classical
chemotherapeutic as a cargo, nucleic acid based
therapeutics or have an effect on their own. Several
different p53 derived peptides linked to CPPs have been
shown to restore the p53 functions in cancer cells (50, 51).
Recently, CADY-doxorubicin complexes were shown to be
more efficient for delivery than the doxorubicin alone or in
liposomal formulations. Furthermore the CADY-
doxorubicin complexes had longer blood circulation time
than a polyethylene glycol(PEG)-modified liposomal
doxorubicin formulation approved for clinical use (52).

CPPs have also been suggested as delivery
vehicles for drug delivery across the blood-brain barrier
Successful brain delivery in animals has been reported but
the percentage of peptide taken up in the brain is still low.
One reason for this could be that most CPPs are designed
for delivery into the cytosol rather than to promote
transcytosis across an endothelium. A chimeric peptide
derived from rabies virus glycoprotein coupled to
nonaarginine (RVG-9R) showed significantly increased
delivery of siRNA to the brain through intravenous
injection (23). Nasal delivery routes have also been
investigated such as the coupling of Tat to copolymer
micelles for delivery to the brain through the nasal cavity
(48).

5.1. Clearance of nanoparticles
Organ tissue fenestration, elimination by

macrophages and short half-life of nanoparticles in blood
are some of the problems associated with drug delivery. In
a study by Sarko et al. the half-life of some CPPs in human
serum was found to be highly dependent on the peptide
structure. Peptides containing at least one RR bond were
found to have significantly shorter half-lives than peptides
without RR bonds such as TP10 and MAP. TP10 and MAP
were both found to have half-lives of over 72 hours in
human serum (53).

Morris et al. showed an improvement of ASON-
delivery in vivo through PEGylation of Pep-3. PEG-Pep-3
had an increased stability in vivo compared to the non-
PEGylated Pep-3, thus enhancing the delivery of ASONs.
The stabilizing effect of CPP-nanocomplex PEGylation
might be similar to the decrease of serum protein
opsonization on PEGylated liposomes compared to non-
PEGylated liposomes (54). CPP complex half-life in blood
was also found to be correlated to the amount of serum
proteins associated to liposomes. PEGylation is a
commonly used method to increase half-life in blood and
water solubility while decreasing toxicity and
immunogenicity of nanoparticles and has also been used for
proteins, dendrimers, small molecules (55) and even
viruses (56).

Nanoparticles delivered in vivo are generally
sequestered by the mononuclear phagocyte system (MPS)
causing depletion of bioavailable nanoparticles. This is also
the case for CPP nanocomplexes (15, 23, 57), displaying
sequestration by liver, spleen and kidneys. The MPS
consist of primarily monocytes and macrophages; the latter
involves Kupffer cells which are liver macrophages.

Kupffer cells have been shown to play a major role in
removal of nanoparticles, from the blood stream.
Gadolinium chloride (58) and liposomes with clodronate
(59) have been used to induce transient apoptosis of
macrophages in the liver and spleen for subsequent
administration of nanoparticles, leading to increased
bioavailability due to decreased sequestration by
macrophages. Macrophage apoptosis is however not
warranted in in vivo applications as the overall immune
system is suppressed. A similar train of thought was used
by Haisma et al. in a study where they prevented liver
macrophage sequestration of adenoviral vectors by
pretreating mice with polyinosinic acid, a ligand for class A
scavenger receptors. An increase in transgene expression
was seen in all tissues following adenoviral delivery (60).

On the relevance of size, long-circulating non-
deformable particles should not exceed 200 nm in order to
bypass splenic filtration (61). Nanoparticles including CPP
complexes in the 100 nm size range are in theory too large
for kidney filtration (62, 63). However, a recent study has
suggested that positively charged, self-assembled
polycation-siRNA nanoparticles accumulate in the kidney
glomerular basement membrane followed by disassembly
by negatively charged proteoglycans. This mechanism
might also be involved in the clearance of non-covalent
CPP-siRNA nanoparticles with a positive zeta-potential.
Negatively charged complexes are however less likely to
disassemble due to charge repulsion (62).

6. FUTURE ASPECTS

For systemic delivery of nanocomplexes, renal
clearance and hepatic uptake need to be avoided. This
might be done by protection of nanocomplexes against
opsonization by serum proteins, , by inhibiting non-specific
receptor interaction to nanocomplexes and improving
targeting of nanocomplexes to specific receptors, thereby
improving the overall bioavailability of peptide
nanocomplexes. An alternative strategy might be to design
peptides for rapid endothelial uptake, i.e. through
transcytosis past the vascular endothelium or into target
tissues. The role of scavenger receptors in CPP uptake
needs to be further studied. Possibly, inhibition of class A
scavenger receptor-mediated uptake by macrophages, could
be a strategy to avoid sequestration of CPP-nanocomplexes
in the blood stream.

As the field of CPPs matures, the focus will most
likely shift towards in vivo studies and clinical applications.
New peptide modifications will be required to improve the
blood circulation time and stability of peptide based
delivery systems and further studies of side effects and
immune responses will be needed to determine in vivo
toxicity and immunogenicity of CPPs. Similarly, improved
in vitro systems for assessing the function and
bioavailability of CPP-nanocomplexes are needed to more
precisely determine the potential for use in vivo.

Provided that the difficulties can be overcome,
CPPs will certainly play a key role in the field of drug
delivery; efficient delivery combined with the therapeutic
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potential of siRNA could replace a number of existing
drugs and yield new treatment possibilities. After almost 30
years of research within the field of CPPs, clinical trials
have been scarce. However, the authors of this review are
optimistic about the future as the number of clinical trials is
rising. Currently there are about 25 ongoing clinical phase
I/II trials where CPPs are used as delivery systems and the
first phase III trials are expected to be started in the near
future.
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