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Noncovalently associated cell-penetrating
peptides for gene delivery applications

The use of various cell-penetrating peptides (CPPs) to deliver genetic material for gene therapy applications has
been a topic of interest for more than 20 years. The delivery of genetic material by using CPPs can be divided into
two categories: covalently bound and electrostatically bound. Complexity of the synthesis procedure can be a
significant barrier to translation when using a strategy requiring covalent binding of CPPs. In contrast, electrostatically
complexing CPPs with genetic material or with a viral vector is relatively simple and has been demonstrated to
improve gene delivery in both in vitro and in vivo studies. This review highlights gene therapy applications of complexes
formed noncovalently between CPPs and genetic material or viruses.

The past decade has witnessed a dramatic acceler-
ation in the production of new therapeutic macro-
molecules, such as proteins, peptides, and nucleic
acids, with the interest of overcoming limitations
of small-molecule drugs such as specificity, poor
potency and rapid elimination. Gene therapy,
which involves the delivery of large macromol-
ecules of nucleic acids, has emerged as a popular
topic among researchers because of its potential
to treat severe and challenging-to-cure diseases,
such as inherited genetic diseases, viral infections
and various cancers [1]. Genetic treatment of these
diseases has garnered significant attention over
the past 20 years [2] and is nearly a reality, as
supported by the hundreds of clinical trials [3].

Gene therapy utilizes the delivery of genetic
material into target cells to replace a gene that
is missing, mutated or poorly expressed. Gene
therapy also used to silence gene expression and
production of proteins using siRNA [4]. Clini-
cal applications, however, have been hindered
by formulation issues, poor in vivo stability,
problems with delivery to target cells, and inef-
ficient cellular uptake [5]. One of the main hin-
drances for administering genetic material is the
inability of DNA or RNA to reach cellular and
intracellular target sites such as nuclei and mito-
chondria (67]. The cellular plasma membrane
is an impermeable barrier for most hydrophilic
macromolecules [8]. Transporting nucleic acids
across the plasma membrane, however, is nec-
essary since these therapeutic agents must be
internalized for biological activity [9].

Notable effort is being made to develop viral
and nonviral vectors that can cross the plasma
membrane and deliver therapeutic agents into
target cells [10]. Viral vectors (e.g., adenoviruses,
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adeno-associated viruses and retroviruses) can
be highly efficient and are currently used in the
majority of ongoing clinical trials. Viral vectors
have the natural ability to attach and enter target
cells while protecting genetic material and pro-
viding long-term gene expression. In some cases,
however, dependency of the virus on certain cel-
lular receptors compromises the efficiency of the
viral vector. In addition, viral vectors introduce
safety concerns such as the risk of oncogenesis
and immunogenicity [11]. Consequently, non-
viral vectors are being pursued as flexible, easy,
and potentially safer alternatives [12.13], yet,
they continue to lack the necessary efficiency
required for clinical application [14].

Since their discovery two decades ago,
cell-penetrating peptides (CPPs) have been
used for a diverse number of applications in
numerous types of cells [1]. CPPs are generally
defined as cationic or amphipathic peptides con-
sisting of 30 or fewer amino acids with a struc-
ture that can mediate movement across a plasma
membrane into the cell cytoplasm [15-17]. CPPs
translocate into cells without cytotoxic effects,
are efficiently internalized across cell mem-
branes and aid in carrying cargo into live cells
(18]. Alchough the internalization mechanisms are
debatable, the application of CPPs is growing rap-
idly (19]. Some studies suggest that CPPs directly
penetrate (e.g., carpet, inverted micelle, toroidal)
through the lipid bilayer of the cell membrane,
and others suggest that CPPs employ diverse
endocytic pathways (e.g., macropinocytosis,
clathrin-dependent, caveolae-mediated and
clathrin-/caveolae-independent) (Ficure 1)
(16.20,21]. Additionally, some CPPs are capable of
using both direct penetration and endocytosis
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Key Terms

Gene therapy: Treats
diseases through targeted
delivery of a therapeutic gene
into a patient’s own cells. To be
successful, the therapy must
navigate and overcome
numerous barriers including
extracellular barriers, cellular
association, internalization,
endolysosomal escape,
intracellular trafficking,
unpackaging and nuclear import.

Cell-penetrating peptides:
Typically have less than 30
amino acid residues, and as their
name implies, they have the
ability to cross the cell
membrane and carry cargo into
cells.

Gene vectors: Protect nucleic
acids as they are transported
ultimately to the cell cytosol or
cell nucleus. Vectors are
typically classified as either viral
or nonviral. Approximately 70%
of the vectors used in gene
therapy clinical trials are viral
vectors. The remaining 30% are
nonviral vectors, including
naked plasmid DNA, lipofection
and various other methods.
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for cellular internalization. One study indicated
that the internalization mechanism of arginine-
containing CPPs is dominated by direct mem-
brane penetration, while the internalization
mechanism of arginine-containing CPPs mediat-
ing delivery of DNA is dominated by endocytosis
(22]. Another study found that direct membrane
penetration occurs at low extracellular CPPs
concentrations, while endocytosis is activated at
higher peptide concentrations [23]. This review
focuses mainly on current classifications, for-
mulation approaches, and applications relating
to strategies that use noncovalent association of
CPPs and gene vectors (viral and nonviral) to
improve delivery of genetic material.

Overview of current classifications

CPPs are used to enhance cellular internal-
ization of different biomolecules or vectors (e.g.,
pDNA, siRNA, oligonucleotides, liposomes,
peptides, proteins and viruses) [4]. The existence
of diverse internalization mechanisms is of great
importance when considering the use of CPPs as
drug transporters. The exact mechanism, how-
ever, is not well understood. Some researchers
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indicated that uptake pathways of CPPs do not
involve cellular receptors [24]. Other studies have
reported that the electrostatic interaction of cat-
ionic CPP with negatively charged heparan sul-
fate proteoglycans that are found abundantly on
the cell membrane triggers endocytotic internal-
ization [25]. The exact mechanism of internaliza-
tion is governed by cell type, cargo type and CPP
properties, such as sequence, molecule length,
and secondary structure [26]. The nature of the
CPPs (e.g., size, surface charge or hydrophilic-
ity) [27] and whether the CPPs are covalently or
noncovalently attached (Ficure 2) influence the
internalization mechanism [28]. The origin of a
CPP also provides some insight into the mecha-
nism of internalization.

Over the past two decades, more than 100
diverse peptide sequences (5-40 peptide residues),
isolated from various sources, have been identi-
fied as being capable of mediating the transport
of diverse biological molecules, such as pDNA,
siRNA, and large molecules, such as viruses [29).
The TAT of HIV, which was discovered in 1988,
was found to efficiently enter mammalian cells
30]. In 1991 Joliot ez al. discovered that Drosophila

&
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Figure 1. Three proposed endocytic pathways for cell-penetrating peptide entry.
Cell-penetrating peptides may enter target cells through macropinocytosis, clathrin-dependent
endocytosis, caveolae-mediated endocytosis, or clathrin-/caveolae-independent endocytosis.
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Figure 2. Approaches to forming viral and nonviral vector complexes. Formation of
(A) covalently and (B) noncovalently formed CPP—genetic material and CPP-virus complexes.

CPPs: Cell-penetrating peptides.

Antennapedia homeodomain could translocate
into neuronal cells [31]. A short while later in 1996,
Derossi and colleagues demonstrated that the pep-
tide Antennapedia, commonly called penetratin
(RQIKIYFQNRRMKWKK), could be cova-
lently bound to cargo and translocate into cells [32.
The minimum peptide sequence of TAT (YGRK-
KRRQRRR) thought to be necessary for cellular
uptake was identified by Vives ez a/. in 1997 [33].

CPPs can be classified in different ways, and
one manner of classification is on the basis of
their origin. This classification sort CPPs into
three major classes:

Protein derived peptides (e.g., TAT and
penetratin);

Chimeric peptides (e.g., transportan);

Synthetic peptides (e.g., polylysine [PLL]) 34].

CPPs can also be divided into two groups
based on the internalization mechanism: energy-
dependent (endocytosis) and energy-independent
(direct translocation) transport through the cell
membrane [35]. Another way of classifying CPPs is
based on their physicochemical properties. Here,

fsg
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CPPs are divided into three classes:

Cationic CPPs, which are short peptide resi-
due sequences that mostly consist of arginine,

lysine, and/or histidine (e.g., TAT and PLL);

Amphipathic CPPs, which have a lipophilic
(non-polar) domain and a hydrophilic (polar)
domain (e.g., MPG);

Hydrophobic CPPs, which consist of hydro-

phobic residues, such as valine, leucine and

tryptophan (e.g., Bip and FGF12) [36).

Formulation strategies

Two main strategies have explored the use of
CPPs to deliver cargo (Ficure 2). The first strategy
uses chemical linkers to covalently attach CPPs
to their cargo, and the second strategy relies on
electrostatic, self-assembly to form noncovalent
complexes between CPPs and their cargo. Various
CPPs including peptides derived from TAT [37],
penetratin, [38], transportan [39] and polyarginine
peptides [40] have been covalently attached to viral
and nonviral gene and [41-43] shown to increase
transfection and biological effects [44].
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Function
Nonviral

Genetic material
condensation

Endosomolytic CPPs

Fusogenic CPPs

Nuclear localization
CPPs

Noncovalently
associated CPPs for
cellular targeting

Viral
Noncovalent CPP/virus

Approaches for forming conjugates include
mainly thioester or disulfide bonds [45]. Murato-
vska and Eccles investigated the transfection effi-
ciency of different CPPs (e.g., penetratin) conju-
gated to siRNA via disulfide bonds and reported
that these CPP—siRNAs efficiently reduced tran-
sient and stable expression of reporter transgenes
in different cell types equivalent or better than
cationic liposomes. Disulfide bonds were said to
increase CPP affinity for genetic material (e.g.,
DNA or RNA) by the ‘chelate effect’, which
increases the complex stability and reduces cyto-
toxicity by rapid degradation in the cytoplasmic
space [46,47]. Other studies have observed that
cysteine residues added onto CPPs can have a
significant impact on delivery. One study, for
example, demonstrated that the introduction of a
single cysteine residue on the C-terminal of vari-
ous CPPs (e.g., TAT and transportan) resulted
in formation of peptide dimers that greatly
enhanced the transfection efficiency of DNA in
HEK293T cells [4s].

Cargos without thiol groups or disulfide bonds
can be altered by chemical synthesis and/or
recombinant techniques. One example is a study
where two types of CPP-oligonucleotide con-
jugates were prepared in order to improve the

transfection efficiency. Unexpectedly, the CPP—
oligonucleotide conjugates were more effective
in the presence of serum than when used with
serum-free medium, which is in notable contrast
to most other approaches to gene delivery [49].
The development of CPP-conjugated cargo neces-
sitates careful assessment to determine if there is
a therapeutic benefit gained by conjugation [24].

The second strategy of using CPPs foregoes
the formation of chemical bonds and simply
complexes CPPs or CPP-containing molecules
with cargo via electrostatic interactions. MPG
(50.51], Pep-1 [52] and TAT [s3] were among the
first CPPs used following this method for
complex formation and gene delivery (33]. This
strategy has recently been extended to other
CPPs, such as polyarginine [54]. CPP complex-
ation with genetic material originally devised to
facilitate exploration of numerous peptides that
may condense nucleic acids or favor endosomal
escape [24].

Motivation for using noncovalently
associated CPPs

Both viral and nonviral vectors suffer from
drawbacks that hinder the advancement of gene
therapy beyond the clinical trial stages, and

Peptide Sequence Ref.
Polylysine K [72,95]
Lysine-rich CPPs K. [95,138,139]
Polyarginine R (47,48,85,140]
Arginine-rich CPPs ich (40,134]
TAT RKKRRQRRR (61,89]
Histidine-rich CPPs H. [93,141,142]
MPG GALFLGFLGAAGSTMGAWSQPKKKRKV (85]
Penetratin RQIKIWFQNRRMKWKK [85]
Transportan GWTLNSAGYLLGKINLKALAALAKKIL [95]
Melittin GIGAVLKVLTTGLPALISWIKRKRQQ [95]
GALA WEAALAEALAEALAEHLAEALAEALEALAA [97]
KALA WEAKLAKALAKALAKHLAKALAKALKACEA [36]
SV40 T antigen CGPGDDEAAADAQHAAPPKKKRKVGY [99,100]
M9 NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY [102]
TAT RKKRRQRRR [143,144)
RVG YTIWMPENPRPGTPCDIFTNSRGKRASNG (85]
Penetratin RQIKIWFQNRRMKWKK [43,125,126]
TAT RKKRRQRRR [43,125,126)
Polyarginine R [137]
HP4 RRRRPRRRTTRRRR [126]
Hph-1 YARVRRRGPRR [126]

CPPs: Cell-penetrating peptides.
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there is much emphasis on design of improved
vectors [55]. CPPs provide an additional strategy
for improving existing vectors. Such improve-
ments include enhanced transfection efficiency,
increased cargo capacity, low cytotoxicity and
reduced immunogenicity [2]. While there is the
potential for significant enhancement of existing
vectors, there are also some drawbacks associated
with CPPs and the methods by which they are
associated with the genetic cargo. For example,
one shortcoming of CPPs is their general lack of
specificity [56,57). A second drawback is associated
with the covalent attachment of CPPs. While
covalently bound CPPs form well-defined chem-
ical entities that are more likely to be approved
for clinical use than less defined nanoparticles
formed through electrostatics, the chemical link-
ing of CPPs to the cargo has been reported to
lead to loss of biological activity in some cases.
For example, one study found that chemical
conjugation of CPPs to methotrexate improved
the intracellular concentration of the drug but
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reduced its potency by 20-fold compared with
the unconjugated drug [ss].

Covalent conjugation of cationic CPPs has
been observed to enhance cellular uptake by
engaging the cell surface [59], but many have
asserted that the covalent bond between CPP
and vector must be reversible inside the cellular
environment for desired cytoplasmic and nuclear
localization [60]. Since conjugation of cargo with
CPPs may affect nuclear localization and lead to
loss of biological activity, an attractive approach
is to develop linker strategies that will enable
genetic material to be cleaved from CPPs as
soon as the vector reaches the cytoplasm [24].
The linker chemistry, however, becomes more
difficult and complicated when dealing with
CPPs and nucleic acids or viruses, since several
functional components are represented. In addi-
tion, the CPP-conjugated vector should be easy
to produce and cost-effective to manufacture in
order to develop this strategy at an industrial
scale for clinical applications [ss]. Furthermore,

Therapeutic Delivery © Future Science Group (2013)

Figure 3. Barriers to nonviral gene delivery. (A) The physiochemical stability of nonviral
complexes in the extracellular space. (B) Cellular uptake. (C) Escape from the endosome.
(D) Genetic material unpackaging and entry into the nucleus.
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as mentioned earlier, the risk of diminishing the
biological activity of the cargo may limit the ben-
efit of this strategy. Although chemical conjuga-
tion of CPPs appears promising, several concerns
and questions are still under investigation [61].

Strategies that do not rely on chemical conju-
gation of CPPs also offer promise for developing
gene vectors [1]. This method is advantageous
because it usually employs simple mixing of
the two components, thus eliminating the need
to imbue reactive sites or optimize synthetic
schemes. The dense positive charge of CPPs
assists with electrostatic packaging of the nega-
tively charge genetic material and often yields a
positively charged particle [62-64]. This strategy
is often favored over chemical reactions when
exploring gene therapy in preclinical studies [1].
In addition, the use of cationic or amphipathic
CPPs to form complexes with nucleic acids was
found to improve the transfection efficiency and
nuclear uptake of siRNA within non-dividing
cells [63,64). The following sections review some
current applications of noncovalently associated
CPPs for improving viral and nonviral gene
delivery. TaeLe I contains a list of classical CPPs
that have been investigated for their ability to
penetrate the cell membrane.

Current applications using the
noncovalent strategy

m CPP-enhanced nonviral gene delivery

The inefficiency of nonviral vectors is due mainly
to difficulty overcoming barriers between the
administration site and the nucleus of the target
cells. Examples of barriers include the physico-
chemical stability of the genetic material and its
delivery vehicle in the extracellular space; effi-
cient cellular uptake, which may depend on the

Figure 4. Arginine peptide-improved transportation of DNA around and
into the nucleus in live cells. The cells were treated with FITC-labeled arginine
peptide/rhodamine-labeled DNA complexes and imaged using confocal
microscopy. (A) Rhodamine-labeled DNA (red); (B) FITC-labeled arginine peptide
(green); (C) differential interference contrast; and (D) a merge of A, B, and C.
Panel D illustrates the nucleus circled and the presence of both peptide-bound
DNA and free DNA.

Reproduced from [83], © (2013), with permission from Elsevier.
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size of the complex; escape from the endosomal
network before degradation within lysosomes;
and genetic material unpackaging and entry
into the nucleus (Ficure 3). Overcoming these
barriers is one of the greatest challenge for effi-
cacious nonviral gene delivery [3]. Because of
the ability of CPPs to transport cargo across the
cell membrane, these peptides are an attractive
option for helping nonviral particle overcome
some of the barriers to gene delivery. A common
approach for complexing CPPs to the nonviral
vector is simple electrostatic formation of a com-
plex between cationic CPPs and anionic nucleic
acids. One example of how useful CPPs can be
was the incorporation of CPPs in a PLL-siRNA
polyplex [44]. The investigators in this study
used a PLL, modified to bind to CPPs, to first
form an electrostatic complex with siRNA. The
resulting polyplex was subsequently bound by
CPPs to produce a CPP-PLL—siRNA polyplex.
The investigators reported high transfection effi-
ciency, but also emphasized the importance of
the siRNA being released from the polyplex in
order to function. While activity is not adversely
affected as it may be when CPPs are chemically
conjugated directly to the genetic material [65],
unpackaging remains a concern with vectors
formed through noncovalently bound CPPs.
Additional studies have established various
applications of electrostatic complexes by using
diverse CPPs and conditions. The following sec-
tion discusses CPPs that are able to perform sev-
eral functions to carry out various gene delivery
applications.

Genetic material condensation with CPPs
Cationic CPPs interact with the negatively
charged phosphate backbone of genetic mate-
rial (e.g., pDNA and siRNA) through electro-
static interaction [62,66]. This process can result
in genetic material condensation and protection
from nuclease enzyme digestion [67]. If carried
out properly, this approach leads to small nano-
particles with a net positive charge that are capa-
ble of interaction with moieties such as heparan
sulfate proteoglycans on cell surfaces [68,69].
PLL, a well-known nonviral DNA condensing
agent used to mediate gene delivery, was one of
first cationic peptides studied. There is some tox-
icity associated with PLL, however, and as with
many polycations, the cytotoxicity increases as
the molecular weight of the PLL increases. One
group investigating the structure—property rela-
tionships of PLL describe the 77 vitro cytotoxicity
of PLL-based cations and demonstrated that

future science group
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Control CY3-DNA only CPP only
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Figure 5. Cell-penetrating peptide-mediated delivery of Cy3-labeled DNA into cells. Cells
were treated with: (A) phosphate-buffered saline as a negative control; (B) Cy3-labeled DNA only;
(C) peptide HRI only; (D) SR9/Cy3-labeled DNA; (E) HR9/Cy3-labeled DNA; or (F) PR9/Cy3-labeled
DNA. The fluorescent microscopy indicates the location of Cy3-labeled DNA inside cells.

CPP: Cell-penetrating peptide.

Reproduced from [46], © (2013), with permission from Elsevier.

both molecular weight and architecture were
important factors [70]. Another group studied
a library of 13 PLL—graft-imidazoleacetic acid
conjugates to examine the collective effects of
polymer molecular weight, DNA:polymer ratio,
and side chain change on DNA/polycation inter-
action, transfection efficiency, and cytotoxicity.
They found that the in vitro cytotoxicity of the
polymers increased, while total protein expression
decreased, with increasing molecular weight [71.

While higher-molecular-weight PLL pos-
sesses greater toxicity, it is able to bind DNA
tighter and form more stable complexes than
low-molecular-weight PLL due to the greater
abundance and density of positive charge [72).

future science group

Numerous scientists have turned to the develop-
ment of homogenous PLL-containing peptides
due to the lack of chemical control and poly-
dispersity of PLL [7374]. In order to determine
the optimal lysine chain length for DNA con-
densation and transfection efficiency, a group
of researchers systematically studied different
lengths of the cationic peptide Cys-Trp-Lys_from
three to 36 lysine residues. Shorter peptides of
eight or fewer lysine residues formed large par-
ticles due to weakly bound DNA, while peptides
containing 13 or more lysine residues were able
to strongly bind DNA and form small particles
(from 50 to 200 nm) [75]. Another study reported
that peptides containing 18 lysine residues could

www.future-science.com
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Key Terms

Endosomolytic cell-
penetrating peptides:
Actively promote endosome
escape and help avoid
entrapment of vectors within
the endolysosomal network, by
forming pores or lysing
endosomal vesicles and releasing
the contents into the cell
cytosol.

Fusogenic cell-penetrating
peptides: Destabilize lipid
bilayers by directly interacting
with the cell membrane or
vesicle membrane to form pores
that allow vectors to either
enter a cell or escape the
endolysosomal network.
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condense and protect DNA from degradation,
while a short peptide containing less than eight
residues could not prevent DNA degradation [76].

The chemical nature of cationic residues has
been found to influence cellular uptake [77-79).
Arginine tends to mediate cell uptake better
than ornithine or lysine and at least six—eight
cationic residues were reported to be the mini-
mum number required for DNA condensation
(79]. Studies demonstrated that when lysine resi-
dues were replaced with arginine residues in a
penetratin variant, the modified penetratin had
better cellular uptake that penetratin itself [80,81].
Arginine-rich CPPs have also been reported to
be more efficient than lysine-rich CPPs [81,82].
In fact, polyarginine peptides have been dem-
onstrated to play an important role in cytosol-
to-nucleus transport and nuclear localization of
plasmid DNA (Ficure 4) [83,84]. The polyarginine
peptides used by Kim et a/. demonstrated sig-
nificant co-localization of CPP and DNA near
the nucleus, with some material located within
the nucleus, but the majority of the complexes
appears to have remained outside the nucleus
in a perinuclear compartment. Location of the
complexes near the nucleus will undoubtedly
improve gene delivery to the nucleus, but the
limited nuclear entry indicates the additional
need for some type of active transport into
the nucleus, such as an addition of a nuclear
localization signal (NLS).

Polyarginine peptides have a strong tendency
to electrostatically interact with both siRNA
(85.86] and with DNA [66]. One study indicated
that as with PLL and other polycations, the
length of polyarginine may affect transfection
efficiency and cytotoxicity. A minimum chain
length of six—ten amino acids is needed for
delivery of genetic material, which is enough
to condense DNA into stable complexes. With
polyarginine 9, only four—five arginine residues
were thought to be involved in forming the
complexes with genetic material, while the extra
arginine residues were available for interaction
with the cell membrane. Furthermore, they have
considered the possibility that genetic material
may not be released from the complexes when
the cationic CPPs bind too strongly with the
negatively charged genetic material [47].

The size of polyarginines has been explored
by several groups. One group studied the trans-
fection efficiency of different polyarginine pep-
tides (arginine 9, 12 and 16), which was found
to increase when the molecular weight increased
(66]. Another group examined the transfection

Ther. Deliv. (2013) 4(6)

efficiency of different polyarginine molecular
weights complexed with pDNA. They found
that the high-molecular-weight polyarginines
(41 and 83 kDa) demonstrated 100-times
higher transfection efficiency (RLU/ug protein)
than the lower-molecular-weight polyarginine
approximately (10 kDa) [87].

In addition to molecular weight and residue
charge, peptide hydrophobicity has also been
studied. One study examined the effects of intro-
ducing a hydrophobic group onto CPPs such as
TAT and polyarginine. They found that N-ter-
minal stearylation of these CPPs increased the
transfection efficiency by approximately 100-
fold to reach the same order of magnitude as that
of Lipofectamine 2000™ (Invitrogen, Paisley,
UK). They suggested that the hydrophobic moi-
eties contributed to absorption of the complexes
on the surface of cell membrane thereby destabi-
lizing the membrane. This explanation provides
a possible explanation for the high transfection
efficiency of theses complexes [88]. Another
study tested the hypothesis that a hydrophobi-
cally modified CPPs, cholesteryl polyarginine
9, may stabilize and improve tumor regression
efficacy of the VEGF targeting siRNA. They
indicated that this nonconjugate complexation
of the siRNA with cholesteryl polyarginine 9
efficiently transfected siRNA into cells i vitro.
Polyarginine peptide offers efficient siRNA
packaging and cell membrane interaction. The
cholesterol moiety was able to engage the hydro-
phobic residues of the extracellular cell surface,
which enhanced the transfection efficiency of
the complexes [86].

Furthermore, calcium chloride was used as a
condensing agent for large CPP complexes with
DNA or RNA. The transfection of different
CPPs (e.g., arginine 7 and TAT) complexed with
siRNA or pPDNA was practically nil; however, the
addition of calcium chloride decreased the large
size of these complexes through ‘soft’ cross-links.
Adding calcium chloride to the CPP complexes
led to an increase in transfection efficiency [61,89].
In another report, arginine-rich CPPs (PR9, SR9
and HRY9) were used to deliver genetic mate-
rial into target cells. The researchers proposed
that calcium condensed CPPs/DNA complexes
into small particles and that including calcium
chloride caused a significant increase in cellular
internalization and gene expression (FIGURE 5) [46].

Endosomolytic & fusogenic CPPs

One of major limitations in the delivery of
genetic material using CPPs complexes is the

future science group
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entrapment of the complexes within endosomal
vesicles. In order to avoid this problem and
enhance the transfection efficiency, an endo-
somolytic agent, such as chloroquine, may be
used, but, unfortunately, this is not feasible for
in vivo gene delivery [61]. Endosomolytic CPPs
can be used to overcome this obstacle as they are
able to enhance gene delivery by inducing release
from endosomes. Several peptides with high
charge density were surmised to act as a ‘proton
sponge’ and become endosomolytic at the acidic
environment of the endosome. These peptides
can either fuse with the endosomal membrane
leading to pore formation or act as a ‘proton
sponge’ causing lysis [67.90-92]. In order to apply
the lysis activity to CPPs, histidine residues were
added to CPP sequences. The imidazole group
of histidine (pK_approximately 6.0) can remain
neutrally charged at physiological pH. Then, it
can become protonated in the acidic environ-
ment of the endosome, thus, imparting selec-
tive membrane disruption [67]. Histidine residues
have been inserted into PLL in order to enhance
the transfection efficiency of noncovalent com-
plexes [93]. A published study offered a com-
parative analysis of the ability of various CPPs
(e.g., MPG and penetratin) to complex siRNA
molecules and induces efficient cellular inter-
nalization [94]. Other investigators studied the
gene expression of three arginine-rich CPPs
(SR9, PR9Y and HRY). Researchers indicated
that HR9 was superior, possibly because the
histidine facilitated DNA endosomal escape [46].
Another group indicated that efficient endoso-
molytic peptides, such as EB1, can be applied to
enhance the ability of CPP/siRNA complexes to
effectively deliver siRNA across the endosomal
membrane [94].

Fusogenic CPPs are short peptides with the
potential to promote membrane destabiliza-
tion, endosomal escape and delivery of genetic
material to the cytosol and/or nucleus. Numer-
ous fusogenic CPPs are derived from different
proteins that interact with cell membranes
such as TAT, transportan, and melittin. Fuso-
genic CPPs have hydrophilic and hydrophobic
domains resulting in helical structures of the
CPPs at endosomal pH, which can interact with
the endosomal membrane to cause pore forma-
tion [95]. A group of researchers used short pep-
tides derived from the influenza virus hemag-
glutinin HA-2 and found that DNA polyplexes
containing the influenza peptide as a fusogenic
peptide conjugated to PLL could mediate sig-

nificant gene expression when compared with
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complexes without the fusogenic peptide [92].
Melittin has been developed into gene delivery
CPPs that can condense DNA [96]. GALA is the
synthetic fusogenic CPP that has a repeating
unit of glutamic acid-alanine-leucine-alanine
that gives melittin an amphipathic character.
GALA can bind to bilayer membranes and
induce leakage. Although GALA has fusogenic
activity, it cannot bind and condense DNA for
effective transfection due to the negative charge
of this peptide. In order to increase the DNA
condensation and transfection efficiency of
GALA, some alanine residues have been sub-
stituted with lysine residues and glutamic acid
was reduced, yielding the cationic KALA pep-
tide. DNA complexes prepared with KALA
were able to effectively transfect different cell
lines [97].

Nuclear localization CPPs

The passage of pDNA from the cytoplasm into
the nucleus is one of the main barriers to non-
viral gene delivery. The nuclear membrane of
human cells is permeable to particles of up to
approximately 9 nm. Transfer of large molecules
such as pDNA through nuclear pore complexes
is signal-mediated and energy dependent [93].
NLS peptides mediate the transport of pDNA
or RNA from the cytoplasm into the nucleus
through nuclear pore complexes [99]. The highly
positively charged NLS peptides can efficiently
interact with the negatively charged pDNA.
There is a possibility that the NLS peptides
dissociate from the pDNA before reaching
the nucleus. In order to enhance the nuclear
targeting of complexes, another condensation
agent or CPPs may be added [95]. NLS of SV40
large T-antigen is the most common nuclear
localization peptide that has been used [100] for
efficiently transferring pPDNA from cytoplasm
to nucleus by forming noncovalent complexes
with pDNA [101]. Another NLS peptide nonco-
valently complexed with pDNA is the M9 pep-
tide, which was also complexed with SV40 large
T-antigen to enhance ionic interaction with
pDNA and increase gene expression [102]. TAT,
another NLS peptide, has been demonstrated
to mediate the import of diverse cargos into the
cell nucleus, including dye-labeled streptavidin
protein and quantum dots for kinetic measure-
ment. One study reported that TAT peptide
could import 90 nm beads into the cell nucleus,
suggesting that its interaction with the nuclear
envelope follows a mechanism different from

that of other NLS [103].
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Noncovalently associated CPPs for targeted
delivery

Targeted gene delivery seeks to differentiate
between healthy cells and diseased cells. The
specificity for a target site is one of the main
challenges that belie the efficiency of non-
covalent gene complexes [104]. The first example
of this approach was done by a group of sci-
entists who fused a short peptide derived from
RVG to RVG-9R, and then complexed RVG-9R
with siRNA to specifically target neuronal
cells (s4]. Additionally, gene vectors that bind
integrin with the help of peptide ligands have
been used in the improvement of targeted vec-
tors. Integrins are cell receptors found on cells,
which have many roles such as cell migration,
signal transduction, and cell—cell interactions.
Integrin-binding peptides commonly have short
sequences of amino acids and can bind a wide-
spread variety of the receptors or be specific for
a single peptide [105]. A group used the lectin-
like oxidized LDL receptor as a target receptor.
They sequenced and identified 60 innovative
peptides, which will be beneficial for the selec-
tive target of gene transfer vectors to endo-
thelial cells expressing the lectinlike oxidized
LDL receptor and in particular dysfunctional
endothelial cells associated with atherosclerosis
and hypertension [106]. Lastly, a study observed
differential transfection of cells overexpressing
ICAM-1 when treated with a TAT-PEG-LABL
peptide complexed with pDNA and condensed
with calcium chloride. The results demonstrated
the possibility of targeting gene transfection to
inflammation sites [107].

m CPP-enhanced viral vectors
Viral vectors are the most widely used gene
vectors. In fact, 70% of the gene therapy in
clinical trials have used or are using viral vec-
tors as the means of delivering the therapeutic
gene [108]. Naturally occuring viruses introduce
their own genes into cells for replication and
often result in disease. Viral vectors used in
gene therapy, however, have been modified to
be replication defective and carry therapeutic
genetic material instead of their own genes,
all while utilizing the normal efficiency of
the virus. Viruses, such as adenovirus, retro-
virus, herpes simplex virus (HSV) and adeno-
associated virus, have demonstrated promise as
gene vectors [109,110].

The most serious drawbacks associated with
viral vectors, such as pathogenesis and viral rep-
lication, have been largely addressed by genetic

Ther. Deliv. (2013) 4(6)

alterations [111]. Also, most studies have transi-
tioned away from retrovirus and other viral vec-
tors that integrate their genetic cargo in the cell
genome to avoid issues with oncogenesis. Viral
immunogenicity and tropism, however, remain
major issues that hinder the use of viral vectors
(112,113]. Since viral vectors depend on their native
receptor, existing vectors are unable to trans-
duce a number of important therapeutic targets
(114]. The use of noncovalently associated CPPs,
however, is improving existing viral vectors by
improving uptake and infection of cell types that
have low levels of the virus receptor or lack the
receptor entirely [115-118].

Benefits of combining CPPs with viral vectors
Surface properties vary for different types of
viruses. Retroviruses, such as HIV and murine
leukemia virus (MLV), have their protein capsid
enclosed in a lipid envelope while adenovirus and
adeno-associated virus are non-enveloped viruses
with only a protein capsid and envelope protein
on their surface. In both cases, the outer layer of
the virus has a negative surface charge at physi-
ological pH [119] and is responsible for initiating
infection. Proteins responsible for the binding of
the virus with the cell membrane are located on
the virus capsid or embedded in the lipid enve-
lope of the virus. For example, HSV has a lipid
envelope with multiple viral envelope glycopro-
teins on the surface that mediate a strong tropism
for neurons as well as other types of tissue [120].
Similarly, the fiber and knob proteins on adeno-
virus contain a domain that binds to a plasma
membrane protein called the coxsackie B virus
and adenovirus receptor (CAR) [116,121]. Cellular
uptake of viruses is determined by the interac-
tion of the viral coat proteins and their specific
cellular receptor on the plasma membrane [121].
The efficiency of this initial receptor-dependent
step correlates well with the efficiency of viral
infection.

Receptor-dependent binding of virus to the
plasma membrane restricts the performance of
the virus and compromises gene transfer effi-
ciency. For example, adenovirus is dependent on
the CAR [116], and the absence of this receptor
on diseased cells compromises the efficiency of
the virus as a gene delivery vector to this specific
cell type. Similarly, retroviral infection is medi-
ated by virus surface glycoprotein and cellular
receptors, such as CD4 [115]. Thus, increasing the
efficiency of this initial binding and internaliza-
tion step by using an alternative pathway can
substantially enhance gene transfer.
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Past studies have attempted to improve
tropism issues associated with viral vectors
by combining parts of viruses. These efforts
involved the generation of chimeric viruses by
pseudotyping, where the envelope protein or cap-
sid protein from one virus or serotype was used to
augment the native tropism or impart improved
properties. For example, vesicular stomatitis
virus G proteins were used to pseudotype MLV,
altering the MLV tropism and improving its sta-
bility [122]. Adenovirus serotype 5 pseudotyped
using fiber isolated from a different adenovirus
serotype, such as adenovirus serotype 19 and 37,
improved targeted delivery of the virus to vascu-
lar endothelial and smooth muscle cells [123]. In a
similar fashion, CPPs have been used to enhance
viral vectors by enabling the virus to infect cells
with low levels of the virus receptor or lacking the
receptor entirely. For example, the CPPs TAT,
MPG and VP22 have been isolated from viruses
(HIV, simian virus 40 and HSV-1, respectively)
and used with adenovirus and retrovirus to infect
cells the virus would not infect normally on its
own [43,124-129].

Formation of non-covalent CPP/virus vectors

CPPs have been a promising strategy for over-
coming the receptor-dependency of viral vectors
and have been used with viruses in three ways:
genetic fusion, chemical conjugation, and non-
covalent complexing. Genetic fusion involves
genetically modifying the virus to insert DNA
encoding the CPP into a gene for the relevant
viral protein. An example of this approach was
modification of adenovirus by inserting a TAT
peptide in the HI loop or the C-terminus of the
fiber protein [130]. Chemical conjugation to cova-
lently link a CPP to the virus uses specific linker
molecules to form the association between CPPs
and the virus. For example, TAT, polyarginine
and polyproline have been covalently linked to
adenovirus using a 6-maleimidohexanoic acid
N-hydroxysuccinimide ester that reacts with
lysine residues on the surface of adenovirus
(124.131]. Genetic fusion limits complex formation
flexibility whereas chemical conjugation employs
chemical linkers that may have undesired side
effects such as toxicity of the linker itself or fail-
ure to dissociate from the virus once inside the
cell. A simpler approach and the focus of this
paper is non-covalent CPP/virus complex forma-
tion, which occurs when cationic CPPs are incu-
bated with the negatively charged virus to form
an electrostatic CPP/virus complex (Ficure 2).
A non-covalent complex between adenovirus
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and polycationic CPPs has been demonstrated
to improve adenoviral and retroviral transduc-
tion. These approaches have included the use of
monomeric CPPs, branched oligomeric CPPs
and CPPs conjugated to polymers.

Monomeric & branched oligomeric CPPs
Incubation of viral vectors with cationic CPPs
such as penetratin, TAT and polyarginine
results in noncovalent electrostatic binding
between positively charged CPPs and negatively
charged virus and has produced a remarkable
improvement in viral transduction of cells
lacking the native virus receptor. Gratton and
colleagues demonstrated that penetratin and
TAT improved transduction of viral vectors by
more than tenfold compared with native ade-
novirus alone [43]. Further, the study observed
that adenovirus pre-incubated with these CPPs
improved gene expression on a wide range of
cells in vitro, such as human umbilical vascu-
lar endothelial, monkey COS 7 cells and ovine
aortic endothelial cells. In addition, the study
demonstrated an improvement in transduction
of mouse muscle, skin and arteries in vivo.
Angiogenesis resulting from adenoviral deliv-
ery of a gene encoding VEGF was evaluated in
mice dosed with penetratin/adenovirus or ade-
novirus alone. The desired outcome of vascular
leakage and formation of new blood vessels was
improved when Ad-VEGF was complexed with
penetratin (Ficure 6). The results of a similar
study by Lehmusvaara ez 4/. reported that using
the same method of pre-incubation of penetratin
and TAT with adenovirus or lentivirus improved
in vitro transduction of human tumor cells such
as ovarian carcinoma, prostate carcinoma and
osteosarcoma [125]. Although the levels of gene
expression observed by Lehmusvaara and col-
leagues were less than those observed by Grat-
ton, the study demonstrated that the CPPs were
able to enhance transduction efficiency on a
wide range of cancer cells. The variation in the
transduction efficiency results can probably be
attributed to the quality of the adenovirus, pep-
tides, cells, and minor differences in the complex
formation and/or transduction protocols.
Similar to penetratin and TAT, other argi-
nine-rich CPPs or amphipathic CPPs can aug-
ment transduction of viruses. Studies have
illustrated that arginine-rich CPPs derived from
herring protamine (HP) enhanced adenovirus
transduction efficiency of mesenchymal stem
cells (MSCs), dendritic cells and cancer cells
(126]. The study evaluated the efficiency of TAT
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Figure 6. Penetratin-improved in vivo gene delivery. (A) Ad-VEGF (left ear) and Ad-B-gal
(right ear) were injected intradermally into the ears of a mouse in the absence (i) and presence (ii) of
penetratin for 4 days and vascular leakage was observed. The results show that delivery of the VEGF
gene and resulting angiogenesis are greater in mice dosed with CPP/adenovirus than in mice dosed
with adenovirus alone. (B) Ischematic lower limbs of mice injected with Ad-VEGF (i) or Ad-VEGF
with penetratin (ii) showed intramuscular injection of Ad-VEGF in the presence of penetratin

increased angiogenesis.
Adapted with permission from [43].

and various HP-derived peptides and found that
one peptide in particular, HP4, works up to ten-
fold better than TAT or the other HP-derived
peptides. In addition to TAT and penetratin,
our group examined polyarginine and pep-1 for
their ability to improve adenoviral transduction
of CAR-negative cells [132]. Similar to penetra-
tin/adenovirus and TAT/adenovirus, the result-
ing polyarginine/adenovirus complexes showed
100-fold higher transduction compared with
native adenovirus while pep-1/adenovirus com-
plexes showed 66-fold higher transduction. The
difference in transduction efficiency between
CPP/adenovirus was due to the properties of
the CPPs such as the number and arrangement
of amino acid residues and whether they were
cationic or hydrophobic [32,133,134].

Branched oligomeric CPPs, such as tetrameric
decaarginine and tetrameric TAT peptides,
have been reported to improve internalization
and intracellular delivery of plasmid DNA [13s].
Recently, similar branched oligomeric CPPs
were shown to efficiently enhance adenoviral
transduction more that monomeric CPPs [129].
Park et al. synthesized branched oligomers of
2, 4 and 8 moieties with TAT, HP4, penetratin
and Hph-1 peptide by conjugating the C-termini
of the peptides to lysine linkers. The tetrameric
oligomers, when combined with adenovirus,
performed the best, improving ex vivo trans-
duction of human bone marrow-derived MSCs
and umbilical cord blood-derived MSCs, both of
which do not express the native adenovirus CAR
receptor. The resulting improved transduction
of MSCs was attributed to more efficient bind-
ing to both adenovirus and the cell membrane
compared with monomeric CPPs alone.

Ther. Deliv. (2013) 4(6)

CPP—polymer grafts

Another approach to noncovalently associating
CPPs with viruses has been the use of cationic
polymers. One example includes arginine pep-
tides grafted onto a poly(disulfide amine) poly-
mer backbone to produce an arginine-grafted
bioreducible polymer (ABP). This polymer was
initially used with nonviral vectors, and several
reports showed grafting of arginine peptides
greatly improved the transfection efficiency
of polymeric vectors with minimal toxicity
(136]. Recently, it has been demonstrated that
electrostatically coating adenovirus with ABP
significantly increased transduction efficiency
and reduced immunogenicity of the viral vec-
tor [137]. The transduction efficiency of adeno-
virus coated with ABP was significantly greater
than adenovirus alone and adenovirus coated
with PEI for delivering genes to CAR-deficient
C2C12 murine cells, MCF7 breast carcinoma
cells and high CAR-expressing A549 lung carci-
noma cells. In addition, coating of the virus with
ABP showed a reduction in the innate immune
response associated with the native adenovirus.

Future perspective

Gene therapy has incredible potential to revo-
lutionize the way we treat human diseases and
other medical conditions. Improved gene deliv-
ery, however, remains a major obstacle that must
be overcome before gene therapy can advance
beyond the clinical setting and into the doctor’s
office. Major strides are being made currently in
terms of developing improved vectors to trans-
port genes from the laboratory bench top to the
diseased tissue within a patient and ultimately to
the cell nucleus. CPPs are being used with viral
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vectors to improve transduction efficiencies and
extend target cells beyond the native tropism of
the viral vector. Further, CPPs are opening pos-
sibilities for addressing other drawbacks that are
currently associated with viral vectors.

While improving viral gene delivery vectors
will probably have the most immediate impact,
the long-term goal for many of us in the field is
to develop completely synthetic vectors that per-
fectly mimic the efficiency of a virus with none
of the drawbacks. As this article has described,
CPPs are having immediate impacts on moving
us one step closer to this goal. Nonviral vectors
complexed with CPPs are being delivered directly
to the cell cytosol across the cell membrane,
escaping endosomal vesicles with greater efficien-
cies, and being transported to the cell nucleus in
ways that are more traditionally only associated
with viruses.

CPPs have been studied for more than
20 years, but their impact on the field of gene
delivery has been limited predominantly to the
last several years. While they have improved
significantly existing vectors, further design
and development of simpler and more effective

Background

CPPs will undoubtedly continue to greatly ben-
efit the development of both viral and nonviral
gene delivery vectors as the field continues to
advance.
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Difficulty delivering genetic material to cellular and intracellular target sites is one of the main hindrances to clinical applications of gene

therapy.

Cell-penetrating peptides (CPPs) are internalized by cells in a highly efficient manner and have been used to transport nucleic acids and

viral vectors into cells.
Overview of current classification

CPPs are classified based on their internalization mechanism, origin and physicochemical properties.

Formulation strategies

The two main methods for attaching CPPs to nucleic acids or viruses are covalent linkages or noncovalent, electrostatic association.

Motivation for using noncovalently associated CPPs

The noncovalent approach to complexing CPPs to nucleic acids or viruses has been shown to improve gene delivery in both in vitro and

in vivo studies.

The noncovalent strategy is often favored over covalent strategies in gene therapy preclinical studies.
Current application using the noncovalent strategy

CPPs are an attractive option for improving the efficiency with which viral and nonviral vectors overcome the barriers to gene delivery.

CPPs condense and protect nucleic acids.

Endosomolytic and fusogenic CPPs enhance gene delivery by facilitating release from endosomes.

Nuclear localization signal peptides improve the transport of nucleic acids through the cytoplasm and into the nucleus.

CPPs enhance viral vectors by enabling the virus to transform cells independent of the native virus receptor, thereby infecting target cells
with low levels of the receptor or cells lacking the receptor entirely.

Monomeric CPPs, branched oligomeric CPPs and CPPs grafted onto bioreducible polymers have been shown to greatly improve the gene

delivery efficiency of viral vectors.
Future perspective

Further development of more effective CPPs will certainly continue to greatly benefit the development of both viral and nonviral gene

delivery vectors as the field continues to advance.
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