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Nucleic acids and their synthetic oligonucleotide (ON) analogs are a group of gene therapeutic compounds which
hold enormous clinical potential. Despite their undoubted potential, clinical translation of these molecules, how-
ever, has been largely held back by their limited bioavailability in the target tissues/cells. To overcome this, many
different drug delivery systems have been devised. Among others, short delivery peptides, called cell-penetrating
peptides (CPPs), have been demonstrated to allow for efficient delivery of nucleic acids and their ON analogs, in
both cell culture and animal models. In this review, we provide brief overview of the latest advances in nucleic
acid delivery with CPPs, covering the two main vectorization strategies, covalent conjugation and nanoparticle
formation-based approach. In conclusion, CPP-based drug delivery systems have the capacity to overcome the
hurdle of delivery and thus have the potential to facilitate the clinical translation of nucleic acid-based

Antisense oligonucleotides therapeutics.
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1. Introduction

Our expanding knowledge in genetics, gene expression regulation,
and availability of many excellent genetic tools has rendered principally
the whole genome and its products amenable for therapeutic

¥ This review is part of the Advanced Drug Delivery Reviews theme issue on “Biologically-
inspired drug delivery systems”.
* Corresponding author at: Department of Laboratory Medicine, Karolinska Institute,
141 57 Huddinge, Sweden.
E-mail address: taavilehto@ki.se (T. Lehto).

http://dx.doi.org/10.1016/j.addr.2016.06.008

intervention with nucleic-acid-based molecules. In the light of this,
many gene therapeutic approaches have arisen, from classical gene re-
placement therapy to more novel antisense-based methods, aiming at
altering gene expression by various means, including by expressing/
correcting deficient genes, interfering with transcription, pre-mRNA
splicing, mRNA catabolism, or translation. Collectively, different classes
of nucleic acids and their synthetic ON analogs hold enormous clinical
potential for the treatment of disease.

The most basic approach is to increase the expression of a gene of
interest by incorporating it into viral vectors or bacterial plasmids and
expressing it in tissues/cells to restore normal or correct for pathologic
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gene expression, i.e. so-called classical gene therapy approach. Lately,
the gene therapy arsenal has been complemented with a wide variety
of strategies exploiting short oligonucleotides (ONs). These mostly
antisense-based methods are unique, as they are highly specific and
can be used to target virtually any single or group of genes. Antisense
methodologies include classical antisense ONs (ASOs), splice-
switching ONs (SSOs), antigene ONs, small interfering RNAs (siRNAs),
microRNAs (miRNAs), anti-miRNAs (antimiRs) (as further described
in many excellent reviews [1-6]). Typically, effects of such compounds
lead to enhanced target gene expression, modulation/conversion
between the different gene products, or silencing of specific genes.
Recently, also several additional gene therapeutic platforms have
emerged, such as gene-editing platforms (ZFNs, TALENs, CRISPER/
CAS9) for accessing and altering the genomic DNA, but also chemically
stabilized mRNAs that could be used as templates for protein synthesis
(see reviews on gene editing techniques in Refs. [7,8] and on modified
mRNA in Ref. [9] for further information). Collectively, these molecules
have allowed to significantly expand the space of pharmacologic targets
otherwise undruggable with conventional drugs.

The common denominator between all nucleic acid-based molecules
is that they are based on DNA or RNA and/or their synthetic analogs.
These biopolymers have very high molecular weight and, with few
exceptions, are highly charged, which severely restricts their ability to
freely cross cellular membranes and reach their active sites within the
cells. Moreover, the intracellular site-of-action for different nucleic
acid molecules resides in various intracellular compartments. Hence,
molecules which have their active site in the nucleus, e.g. SSOs/
plasmids, have to additionally cross the nuclear membrane. Conse-
quently, nucleic-acid-based molecules in their naked form have very
limited bioavailability [10,11]. It is widely recognized that for clinical
translation, most of the nucleic acid-based molecules would require
assistance in the delivery. To address this “delivery issue,” a variety of
different drug delivery systems have been developed.

Delivery of nucleic acids can be divided into two main
strategies—viral and non-viral delivery. Viral vectors are exceptionally
efficacious in delivering genetic material to cells, as millions of years
of evolution have shaped and optimized them for this purpose. Recent-
ly, owing to the developments in vector design and safety, viral gene
therapy approaches have made huge leaps toward the clinics for
many genetic disorders (as recently reviewed in Ref. [12]). Depending
on the type of vector, viruses will, however, always retain some of
their inherent weaknesses, including potential immunogenicity, tumor-
igenicity, limited cargo-carrying capacity, complex production, etc. Im-
portantly, viral vectors are not universally applicable for all nucleic
acid-based molecules, since they are not compatible for example with
the delivery of short synthetic ONs. Therefore, in the context of ON de-
livery, focus has always been on the development of non-viral delivery
alternatives for viruses. Non-viral delivery vectors can be based on
many different classes of compounds, including various cationic lipids,
polymers, peptides, or carbohydrate analogs [13-15]. Among these,
small delivery peptides, termed cell-penetrating peptides (CPPs), have
gained considerable interest.

CPPs are cationic and/or amphipathic peptides, usually up to 30
amino acids in length, that are characterized by their remarkable ability
to convey different cargo molecules into cells and tissues [16-18]. Im-
portantly, they demonstrate excellent potential for the delivery of
nucleic acids, ranging from natural or synthetic short RNA or DNA ONs
to much larger plasmid molecules, both in vitro and in vivo [19-22].
CPPs can have very different origin and are in many ways ambiguous
to define. Many early CPPs were derived from protein sequences that
were found to have translocating properties. Subsequently, also
peptide/protein engineering has been deployed, by combining domains
with different properties (e.g. for adopting secondary structures, for
avid nucleic acid binding, for enhanced membrane activity, and more)
from various naturally occurring proteins (so-called chimeric CPPs).
Furthermore, a growing body of information on the properties of CPPs

has also led to the development of peptides with completely designed
sequences. Recently, several algorithms have been built that allow for
prediction of amino acid sequences that can potentially have
translocating properties [23]. Taken together, independent of their
origin or classification, the common denominator between all CPPs is
their ability to translocate different cargo molecules across biological
membranes to the interior of cells.

It is generally accepted now that CPPs, especially when associated
with cargo molecules, are predominantly internalized to cells via
energy-dependent mechanisms involving different sorts of endocytosis
(see Fig. 1 for illustration on uptake pathways and trafficking events
generally associated with CPPs) [24-27]. In this context, all major
endocytic pathways, including macropinocytosis, clathrin- and
caveolae-mediated endocytosis, have been described to be involved in
the uptake of CPPs. A body of information also indicates that the specific
endocytic pathways utilized by the CPPs are strongly dependent on var-
ious factors. For example, the route of uptake can be highly dependent
on the properties of the cargo molecules, their relative concentrations,
specific cell lines and/or tissues studied, etc. Moreover, at high concen-
trations and/or when blocking specific pathways, several endocytic
routes can be used in parallel, or alternative pathways can compensate
for the direct inhibition of another. As CPPs are internalized by endocy-
tosis they are trafficking and, to a great extent, get sequestered in endo-
lysosomal compartments. This so-called endosomal entrapment also
serves as one of the key limiting factors in the bioavailability of CPPs
[26,29]. Consequently, the activity of CPPs is to a high extent dependent
on their ability to escape from the endo-/lysosomal compartments. As
with other non-viral approaches, a significant part of the work with
CPPs has concentrated on the development of strategies aiming at
increasing escape of the compounds from endosomes. Successful
approaches have included increasing the interaction capacity with
membranes, including modification with hydrophobic compounds
(e.g. fatty acids or cholesterol), fusogenic peptide sequences derived
from endosomolytic domains of viruses (e.g. HA2 domain of the influen-
za virus A), incorporation of protonatable domains for buffering the
endo-/lysosomes (e.g. chloroquine analogs or histidines), photo-
inducible entities, and more. While different approaches have proved
to be effective, finding the right balance between the endosomolytic
activity and the potential toxicity is crucial from a safety point of view,
since these modifications generally increase the cellular toxicity. In
addition to endocytosis, some membrane active peptides, such as MPG
or CADY peptides, have also been reported to directly translocate cells
and deliver their cargo, potentially avoiding endocytic pathway alto-
gether [28].

Similarly to the uptake debate, divergent results have been present-
ed as to which components the CPPs initially interact with at the plasma
membrane. Generally, it is accepted that different cell surface proteogly-
cans, especially glycosaminoglycans (GAGs), such as heparan sulfates
(HS), are responsible for the initial cellular association of CPPs. Recently,
additional co-factors, such as scavenger class A (SCARA) receptors, have
also been shown to be involved in the association and/or uptake of CPPs.
Moreover, if CPPs are functionalized with targeting ligands, association
and uptake could be dependent on the mode-of-internalization of the
particular receptor [11]. Recently, in the context of lipid nanoparticles,
it has been shown that exocytosis and re-uptake can play an important
role in uptake and trafficking of non-viral vectors [30], and this is an im-
portant aspect in potential (re-)uptake and (re-)distribution of CPPs
that needs to be assessed in the future (see also Fig. 1).

Generally, there are two main strategies how CPPs can be used to
vectorize ONs: by directly conjugating ONs to the CPPs (covalent conju-
gation approach) or by forming non-covalent nanoparticles between
the CPPs and ONs (nanoparticle-based approach). An important advan-
tage of the chemical conjugation approach is that it yields a CPP-ON
molecule with defined structure and stoichiometry [31,32]. However,
this approach is in principle restricted to the vectorization of charge-
neutral ONs, including peptide nucleic acid (PNA) and phosporodiamidate
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Fig. 1. Uptake and trafficking pathways of CPPs. CPPs use predominantly different sorts of endocytosis to gain access to the interior of cells. In the context of this, all major pathways for CPP
uptake have been described, including clathrin- and caveolae-mediated endocytosis, as well as micropinocytosis. Less information is available for other less-defined pathways, such several
clathrin- and caveolae-independent endocytosis mechanisms. Uptake of the cargo molecule is followed by complex intracellular trafficking events toward early/sorting endosomes, late
endosomes/multivesicular bodies (MVBs), lysosomes or Golgi network. Typically, endo-/lysososmal maturation is characterized by gradual drop in the pH. Of note, recycling pathways can
direct cargo also through late endosomes/MVBs for being released to extracellular milieu via extracellular vesicle (EV) release. In this case, the cargo could become incorporated into
exosomes and subsequently be taken up by other cells (re-distribute) or by the same cell (re-uptake). In addition to the more dominant endocytic pathways, some membrane active
CPPs have also been reported to be taken up by direct physical translocation over the cellular membrane, which potentially allows them to avoid endocytic pathways altogether.

morpholino (PMO) chemistries. Although, conjugates with charged ONs
have been, and are still, reported in the literature, it is very complicated
to purify such conjugates and, even when purified, they are prone to
form complexes due to the charge interactions of the anionic ONs and cat-
ionic CPPs.

The nanoparticle-based approach on the other hand is applicable to
a much wider repertoire of ON chemistries and can be applied also for
the vectorization of larger nucleic acids molecules, such as plasmids
[33,34]. Nanoparticle formation between cationic CPPs and anionic
nucleic acid cargoes is mainly driven by electrostatic and hydrophobic
interactions (and to a certain extent by hydrogen bonding). Surprising-
ly, until recently, only a limited set of CPPs has been reported to allow
efficient vectorization of nucleic acids using a nanoparticle-based ap-
proach. The main reason for this is that while most of the CPPs would
form nanocomplexes/nanoparticles with nucleic acids, the particles
formed are too unstable and very easily dissociate in the biological fluids
and have limited capacity for endosomal escape. Consequently, the CPP
vectors that have been shown to display delivery potential in the form
of nanoparticles usually comprise some additional chemical modifica-
tions in their structure. Compared to their CPP/ON conjugate counter-
parts, nanoparticle-based formulations, however, are more
heterogeneous and less-defined in their nature.

CPPs are also an excellent platform for further modifications with
different functional domains. These could include units for providing
stealth-properties (e.g. PEGylation), targeting ligands for providing en-
hanced tissue-specific accumulation, modifications that allow for
endosomal release, etc. As CPPs are assembled on a solid-support, differ-
ent orthogonal protection strategies permit the introduction of
functional groups in exactly defined locations in the primary CPP se-
quence. Additionally, it is possible to introduce functionalization domains

on the already formed nanoparticles by using so-called post-PEGylation
or post-targeting strategies. Importantly, while functionalization ap-
proaches have been successfully used in many applications in the context
of CPPs, including PEGylation and targeting strategies, they have until
now received only limited attention in general.

In this review, we do not aim to exhaustively cover all the literature
on CPP-based nucleic acid delivery but provide a brief overview of the
latest advances in using CPPs for nucleic acid delivery. Importantly, we
will concentrate on the approaches, both in the form of direct conju-
gates and nanoparticles, where CPPs act as a main drug delivery compo-
nent. Hence, many strategies where CPPs are used rather as adjuvants,
or components of more complex drug delivery systems, will not be
covered.

2. Covalent conjugation approach for nucleic acid delivery with CPPs

The first successful CPP-ON conjugates were based on the PNA
chemistry. In PNAs, the deoxyribose phosphate backbone is replaced
by N-(2-aminoethyl) glycine linkage and the nucleobases are attached
via a methylene carbonyl linkage to the glycine amino group [35].
Since PNAs have a neutral peptide-like backbone, it was easy to create
CPP-PNA conjugates via continuous synthesis with the peptide. Several
lysine-rich and arginine-rich CPPs have shown to enhance PNA uptake
and activity as classical antisense ONs to reduce gene expression or as
SSOs to manipulate splicing patterns. Sazani P. et al. have shown that
adding 4 lysines to PNA significantly enhanced the activity for splice
switching using a GFP based splice switching assay [36]. Bendifallah N.
et al. have screened several well-known CPPs (Transportan, oligo-
arginine (R7-9), pTat, Penetratin, KFF, SynB3, and NLS) for their effi-
ciency in mediating PNA uptake upon covalent conjugation [37]. In a
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luciferase-based splice switching assay model, they found that the
transportan 10 (TP10) conjugates had the highest activity. Similarly,
we have shown previously that TP10 along with a few other CPPs are
potent vectors for delivery of PNA-based SSOs in vitro; however, all con-
jugates were relatively sensitive to the presence of serum [38,39]. This
sensitivity to serum might explain the mixed results of PPNAs in
in vivo settings. Only a handful of reports have demonstrated PPNA
activity in vivo. This was for example shown in mouse models of severe
combined immunodeficiency (SCID) and for genetic targeting in hema-
topoietic progenitor cells in mice [40,41]. More recently, PPNAs demon-
strated promising results as antimiRs, in vitro targeting mir-221 in
breast cancer MDA cell lines, and targeting mir-155 in lymphoma
mouse models [42,43]. This has renewed the interest in this chemistry
as a promising therapeutic modality.

However, another class of CPP-ON conjugates is more widely used
for in vivo applications, especially in the context of treating neuromus-
cular disease and bacterial infection, the so-called peptide-PMOs
(PPMO). PMOs are chemically modified ONs that harbor a morpholino
moiety instead of the ribose moiety and phosphorodiamidate linkages
instead of the phosphodiester linkages. CPP conjugation to PMO has
been performed via a variety of methods including maleimide linkage,
disulfide linkage, click chemistry, or amide linkage between the free
PMO secondary amine and an activated carboxylic group at the
c-terminus of the peptide, which is the most popular [21]. Initial reports
showing promising results using this chemistry were based on using
arginine-rich peptides together with other chemical modifications
such as aminohexanoic acid and beta-alanine [44,45]. The activity and
stability of these conjugates in serum conditions and promising results
in vivo led to development of several generations of PPMOs based on
the same design concept and to their extensive screening in pre-
clinical studies, especially in the context of Duchenne muscular
dystrophy (DMD).

DMD is among the most common muscular dystrophy disorders
affecting approximately 1 in every 3500 newborn boys [46]. It is caused
by mutations in the DMD gene causing the generation of premature ter-
mination codons and/or out-of-frame transcripts [47]. It is characterized
by progressive muscle degeneration normally leading to wheelchair de-
pendence by the age of 12 and to premature death due to cardiac and
respiratory failure before the age of 30. With no available therapy,
exon skipping was considered one of the most promising approaches.
SSOs can induce exon removal from the mature DMD transcript leading
to the restoration of the mRNA reading frame and the production of a
shorter version of the protein that is still functional [48]. Several clinical
trials have tested this approach in patients using naked 2’-0-Methyl
phosphorothioate (2’0OMe) or PMO chemistries [49]. However, due to
the poor uptake and biodistribution of these chemistries, the clinical
trials have shown mixed results highlighting the need for better
vectors for enhanced ON uptake.

PPMOs have been extensively tested in the mdx DMD mouse model
which harbors a mutation in exon 23 encoding for a premature termina-
tion codon within the DMD gene. The (RXR)4 peptide was the first CPP
conjugate to be tested in the mdx DMD model and demonstrated high
levels of exon skipping in different muscles [50]. Subsequently, another
arginine-rich peptide, B-peptide, was shown to demonstrate high exon
skipping in cardiac and skeletal muscles leading to an increase in muscle
strength and prevention of cardiac failure induced by dobutamine stress
[51]. In parallel, work from our group has shown that it is possible to im-
prove efficacy of B-peptide by further fusing it with a muscle
targeting peptide identified by phage display libraries (MSP pep-
tide), resulting in up to 2-5-fold improvement over the activity of
parent B-PMO [52].

More recently, a new series of CPPs for conjugated delivery of PMO
termed the ‘Pip’ series have been developed. The CPPs of this series
are characterized by a central hydrophobic core flanked on either side
by arginine-rich sequences. Among the highly efficient members of
this series are Pip5e-PMO which induced high levels of dystrophin

restoration in various muscles including the heart following a single
25 mg/kg intravenous (IV) administration [53]. The more efficient
Pip6a exhibited higher dystrophin splicing activity in heart over the
Pip5e conjugate [54-56]. In order to understand the magnitude of
efficiency of these constructs, it has to be emphasized that the dystro-
phin restoration levels achieved by these conjugates at doses less than
30 mg/kg after single injection can only be achieved by doses in the
range of hundreds of mg/kg even for a very advanced chemistry such
as tricyclo DNA and after repeated injection [57]. This shows that this
class of molecules is very promising as a therapeutic; however, it
requires further optimization and development regarding the toxicity
and biodistribution profiles.

The success of the PPMO chemistry led to the expansion of their ap-
plication to other genetic disease models and as antiviral and antibacte-
rial agents. Recently, a CPP conjugated antisense ON strategy has been
tested in a mouse model of the triplet repeat myotonic dystrophy lead-
ing to the neutralization of mutant RNA toxicity and elimination of myo-
tonia [58]. This paves the way for the application of this technology in
other genetic diseases such as spinal muscular atrophy (SMA) and
amyotrophic lateral sclerosis (ALS). B-PMO was also successfully used
to restore the expression of Bruton's tyrosine kinase (BTK) by splice
switching in a mouse model of X-linked agammaglobulinemia [59]. As
antivirals, RXR-based CPP-PMO, targeting the start of the coding region
of human respiratory syncytial virus (RSV), was shown to block viral
replication in vivo both in mouse and porcine models of the virus
[60,61]. They also displayed activity in reducing murine hepatitis virus
(MHV) titers leading to protection from viral associated tissue damage
in the liver [62]. Similar promising results using the same class of pep-
tides were shown for dengue 2 virus (DENV-2) and West Nile Virus
(WNV) [63,64]. Additionally, the potential of using CPP-PMO conjugates
as antibacterial agents has also been explored. Arginine-rich RXR-based
PMO conjugate targeting the acpP gene reduced bacterial blood titers
and enhanced survival of mice infected with E. coli when administered
12 h after infection [65]. Furthermore, Wesolowski D. et al. have demon-
strated that an arginine-rich peptide derived from human T-cells when
coupled to PMO targeting gyrase enzyme, displayed potent antibacterial
activity against a variety of pathogenic strains including E. coli,
K. pneumoniae, and S. aureus [66]. Recently, several PPMO conjugates
were shown to be highly effective against other pathogenic strains
such as Bacillus anthracis and Acinetobacter strains [67,68]. With a
growing problem of antibiotic resistance worldwide, the PPMO
platform seems to be a promising alternative to conventional antibiotics.

Examples of CPP-ON conjugates and their application in different
disease models are also described in Table 1.

3. Non-covalent nanoparticle-based approach for the delivery
nucleic acids with CPPs

The nanoparticle-based approach for formulating nucleic acid,
originating from the works with cationic lipids and polymers, was

Table 1
Examples of CPPs directly conjugated to oligonucleotides and their applications.
Peptide Sequence Application ~ Reference
Transportan-PNA  GWTLNSAGYLLGKINLKALAALAKKIL = Galanin [123]
receptor
antagonist
B-PMO RXRRBRRXRRBRXB DMD [51]
B-MSP-PMO RXRRBRRXRRBRXB ASSLNIAX DMD [52]
Pip5e-PMO RXRRBRRXR ILFQY RXRBRXRB DMD [53]
Pip6a-PMO RXRRBRRXR YQFLI RXRBRXRB DMD [54]
T-cell-derived YARVRRRGPRGYARVRRRGPRR Antibacterial [66]
CPP-PMO
(RXR)4-PMO RXRRXRRXRRXR Antibacterial [68]
(RXR)4XB-PMO  RXRRXRRXRRXRXB Antiviral [60,61]
K-PNA-K3 K-PNA-KKK Antimir 155  [43]

B—beta-alanine, X—amino hexanoic acid.
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introduced in the context of CPPs by several groups in the late 1990s
[69,70]. The group of G. Divita pioneered many of the early reports on
the utilization of CPPs using this approach. In several studies, chimeric
27-mer MPG peptide was used to complex short DNA, pDNA, and anti-
sense ONs into nanoparticles and efficient delivery of these particles
into mammalian cells was demonstrated [69,71]. Divita and colleagues
also reported on an MPG-8 peptide and demonstrated its excellent de-
livery ability for siRNAs, both in vitro and in vivo [72]. In this study,
MPG-8/siRNA nanoparticles, targeting cell cycle regulator cyclin B1,
were shown to efficiently reduce tumor growth when injected
intratumorally (IT) in tumor-xenograft mice. Interestingly, when study-
ing the same formulation via systemic route, it remained completely
inactive. To enhance in vivo stability, MPG-8 was further modified
with cholesterol. The resulting Chol-MPG-8, used in combination with
unmodified MPG-8 for formulation, was shown to provide systemic
activity in two different tumor-xenograft models in mice. The effect of
cholesterol was attributed to increase the serum half-life of the nano-
particles and enhanced penetration/distribution into the tumor tissue
[72]. In parallel, this group has also reported on another interesting
vector for siRNA delivery called CADY peptide [73]. Although no
in vivo information is yet available with this peptide, several reports
have indicated its considerable potential for the delivery of siRNAs in
cell culture models.

From the CPP design point-of-view, these “MPG” peptides bear in-
teresting features. First of all, they are amphipathic in character; howev-
er, later-generation peptides, such as MPG-8 and CADY, are able to also
adopt/retain their helical structure in the presence of biological mem-
branes (so-called secondary amphipathicity) [74]. Moreover, “MPG”
peptides also carry additional modifications in their structure that are
crucial for their activity. All “MPG” peptides are N-terminally acylated
and harbor a cysteamide modification in the C-terminus. Introduction
of such a thiol group stabilizes the nanoparticle by allowing crosslinking
between the thiol groups on different CPP molecules within the nano-
particle. Similar stabilizing effects provided by thiols can be introduced
by the addition of cysteines. Furthermore, adopting helical conforma-
tion seems to be a very beneficial feature for many effective CPPs that
work in nanoparticle-based settings. Interestingly, helically locked con-
formation can be introduced by so-called stapling chemistry [75].
While, it has received very limited focus for CPPs, it is a very intriguing
approach for future vector development (Gissberg et al., manuscript in
preparation).

Another line of hydrophobic modifications are based on the addition
of different fatty acids to the CPPs. In this context, especially addition of
stearic acid or stearylation has been used with great success. Futaki et al.
was to our knowledge the first to introduce this modification in CPPs [6].
In their early report, they showed the benefit of the modification on
Arg8 peptide and demonstrated its applicability for plasmid transfec-
tions in cell culture models. Similarly, we have shown that stearic acid
modification on the (RxR), peptide transformed this CPP to be applica-
ble for nanoparticle-based approach and displayed considerable deliv-
ery potential for plasmids and SSOs in cell culture models [76].
Interestingly, stearylated polyarginines per se are not usually very effec-
tive vectors, due to the limited stability of their particles, when used as a
single component vector. However stearyl-Arg8 has been deployed as
an adjuvant in liposomal formulation, such as so-called multifunctional
envelope-type nanodevice (MEND), where it is utilized for core-particle
formation with nucleic acid and also used on the surface for enhanced
cellular uptake [77].

PepFect peptides are another intriguing group of amphipathic CPPs
that have successfully deployed stearic acid modification and shown de-
livery potential for a wide variety of nucleic acid-based cargoes, includ-
ing SSOs, siRNAs, and plasmids [78-83]. In the first generation, TP10
peptide was modified with stearic acid in its N-terminus, generating
the PepFect3 (stearyl-TP10) peptide [78]. Several studies demonstrated
the ability of PepFect3 to efficiently transport SSOs or pDNA. In the first
report, Mde et al. used PepFect3 for formulating 2’OMe SSOs and by

using HeLa pluc705 splice correction model, they showed significant
splice switching activity [78]. In the subsequent study, we extended
the delivery properties of PepFect3 for plasmid DNA (pDNA) delivery
and demonstrated effective gene delivery both in vitro and in vivo in
mice [79]. Local administration of PepFect3/pDNA nanoparticles to the
skin or muscle in mice induced around 10-fold increase in gene expres-
sion as compared to naked pDNA.

Subsequently, in search for delivery vectors for siRNAs, a small
library of stearic acid analogs with different CPPs were generated and
screened in different reporter cell lines, but unfortunately, all of the
screened CPPs remained inactive for RNAi-mediated gene silencing. It
was rationalized that these CPPs would require further endosomolytic
properties for enhanced endosomal release to effectively reach to the
cytoplasm. For this, we designed a novel endosomotropic modification,
trifluoromethylquinoline (TFMQ) moieties (a chemical analog of the
endosomotropic agent chloroquine), and modified the previously re-
ported PepFect3 peptide with several TFMQ molecules, producing the
PepFect6 peptide [80]. PepFect6 proved to be a very potent vector for
siRNA delivery. The potency of PepFect6 was assessed in many different
cell culture models, including T-cells, HUVECs, and mouse ES cells, and it
was more effective than commercially available transfection agents.
Importantly, the activity of PepFect6-mediated delivery of siRNA was
further corroborated in several in vivo models for gene silencing.

Another interesting vector arising from the PepFect family is the
PepFect14 peptide. In PepFect14, changes in the amino acid sequence
of TP10 were carried out, most prominently introducing ornithines in-
stead of lysines as a source of positive charge. Interestingly, the
PepFect14 peptide proved to be a very effective vector for many nucleic
acid- and ON-based molecules, including SSOs, siRNAs and pDNA
[81-83]. An important finding using PF14 was that it could be formulat-
ed with SSO in the presence of different pharmaceutical excipients and
dried as solid formulations and be re-used several months later with
maintained activity [81]. In follow-up work, it was demonstrated that
also siRNA could be formulated in the same manner and proved to with-
stand simulated gastric-acid conditions, indicating that the peptide
could be used for oral delivery [82]. Finally, we recently showed that
PepFects and other lipid-modified CPPs can be formulated with
charge-neutral PMOs and form particles that are active for splice
switching in different cellular models [84]. This has opened a new ave-
nue for screening PMO sequences that are otherwise impermeable for
cells. However, none of the tested peptide/PMO particles displayed
any activity after intramuscular of IV delivery in vivo.

In another line of development, the group of Prof. Steven Dowdy in-
troduced an interesting CPP-based technique for vectorizing siRNAs. In
their setup, multiple Tat peptides were expressed as fusion proteins
with a double-stranded RNA-binding domain (Tat-DRBD) [85]. Formed
Tat-DRBD/siRNA nanocomplexes were shown to provide prominent
RNAI activity in multiple cell lines. Moreover, potential for in vivo deliv-
ery was shown in a local intranasal delivery context, where Tat-DRBD/
siRNA was able to produce significant gene silencing. In a follow-up
study, Tat-DRBD/siRNA nanoparticles were exploited in an intracerebral
glioblastoma model [86]. Here, mice inoculated with tumors were ste-
reotactically treated locally with Tat-DRBD/siRNA nanocomplexes,
with siRNA against the EGF-receptor (EGFR) and Akt2 oncogene, and
the treatment led to a reduction in tumor size and substantially in-
creased the survival of the treated animals. Interestingly, lack of system-
ic data and requirement to remove the GAGs from the transfection
media points toward the instability of this delivery system and conse-
quently Tat-DRBD further highlights that solely cationic vectors, with-
out any hydrophobic domains/modifications, produce nanoparticles,
which remain relatively unstable for efficient systemic application.

One aspect of CPP-based delivery that has been Ilargely
underexplored is modification of CPPs with shielding and/or targeting
domains. However, a few interesting studies have been published
along these lines. For example, Morris et al. used the amphipathic
Pep-3 peptide for vectorization of chemically modified charged PNA
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(HypNa-pPNA) [87]. Although the formed nanoparticles displayed high
activity in cell culture, when administered IT to PC3 tumor-xenograft
mice, Pep-3/HypNa-pPNA nanoparticles had limited activity following
systemic delivery. To overcome this, the authors sought to further intro-
duce PEG-modification to Pep-3 peptide. These PEG-carrying formula-
tions provided significantly enhanced accumulation in the tumor
tissue upon systemic administration and induced substantial tumor
growth inhibition [87].

An alternative attempt to increase systemic in vivo delivery has, as
aforementioned, been to utilize different targeting ligands to enhance
the tissue-specific delivery. Kumar at al. in a very interesting approach
used the rabies virus glycoprotein (RVG) peptide for targeted delivery
across the blood-brain barrier (BBB) to reach the brain [88]. To allow
for siRNA complex formation, they further modified the RVG peptide
with the Arg9 (oligo-D-arginine) peptide. These resulting RVG-Arg9/
siRNA formulations demonstrated excellent ability to induce gene si-
lencing in the brain upon systemic administration, protecting mice
against fatal viral encephalitis. In a subsequent study, the same group
used T-cell-targeting CD7-specific single chain anti-body as a targeting
ligand with Arg9 peptide [89]. In several systemic delivery studies in a
humanized HIV mouse model, they showed how a cocktail of formulat-
ed siRNAs targeting the different axes of the HIV infection were capable
of controlling viral replication, prevent T-cell loss associated with the
HIV infection and actively suppress viremia in infected mice. In another
study, Ren et al. explored a targeting approach for tumor-specific deliv-
ery [90]. In this, myristic acid-modified transportan (TP) peptide, mod-
ified with Lyp-1 tumor homing peptide (TP-Lyp1) was formulated with
a siRNA targeting the ID4 oncogene and administered IV to mice bearing
subcutaneous ovarian cancer xenografts. These treatments resulted in
Lyp-1-dependent accumulation of siRNA to the tumors, efficient target
gene silencing, concomitant tumor suppression, and significantly in-
creased survival of the treated animals [90].

Recently, also a neat study exploiting the combination of PEGylation
and targeting approach was published. Veiman et al. modified
PepFect14 with PEG molecules, but additionally introduced it over a
matrix metalloprotease (MMP) sensitive linker [91]. The rationale was
that tumors that secrete MMPs would cleave and de-PEGylate the
PepFect14/pDNA nanoparticles in close proximity to the tumors,
which would facilitate their uptake specifically to this tissue. Upon sys-
temic administration of these formulations in tumor-bearing mice, they
were able to demonstrate that indeed such a strategy allows for specific
transgene expression in the tumor tissue with minimal expression in
other organs.

Different examples of CPP-mediated delivery of nucleic acids as a
nanoparticles-based formulation and their applications are also
described in Table 2.

4. Uptake pathways of CPP and nucleic acid conjugates and
nanoparticles

As apparent from the name that was given to this class of peptides
(cell penetrating), they were initially thought to possess the ability to
directly translocate across cellular membranes. Early experiments
mostly utilizing labeled CPPs and cell-fixation-based readouts led to
the conclusion that CPPs directly penetrate through cellular membranes

in an energy-independent manner [92-94]. A direct translocation
mechanism was suggested because uptake at 4 °C and 37 °C was similar.
Furthermore, it was easy to imagine direct physical interaction between
the cationic residues of CPPs and the anionic phospholipids of the plas-
ma membrane leading to direct membrane penetration. The models
that were suggested for this mechanism were similar to those of the
antimicrobial (AMPs) such as the pore formation model, carpet model,
and the inverted micelle-mediated model, among others [94,95]. This
similarity led to the discovery that some AMPs, which are also cationic
in nature, can act as CPPs and can deliver various cargos into the cells,
reviewed in [96]. The overlap between the mechanisms and applica-
tions of CPPs and AMPs has led some researchers to suggest that there
might not be a clear demarcation line between the two classes of mem-
brane active peptides [97].

In the early 2000s, endocytosis was introduced as a possible mecha-
nism for CPP uptake [98]. Importantly, in this study, it was shown that
cell fixation can lead to artefactual observation of cellular internaliza-
tion, an observation which casted some doubts about the early
conclusions of direct translocation experiments using cell fixation. Sub-
sequently, endocytosis has been shown to be involved in the uptake of
various CPPs and CPP complexes with nucleic acids including stearyl-
Arg8, Tat-DRBD, and PepFects [76,80,85,99]. Clathrin-mediated endocy-
tosis, caveolae-mediated endocytosis, and macropinocytosis have been
suggested for the uptake of CPPs and their cargo. Consequently, and as
aforementioned, several approaches have been developed to enhance
the escape of CPPs and their cargos out of the endosomes to reach
their target subcellular compartments and avoid degradation in the ly-
sosomal pathway. One example is a histidine-containing endosomolytic
a-helical penetratin analog, EB1, which was shown to form complexes
with siRNA and promote endosomal escape [100]. Other approaches
utilized fusogenic peptides, such as the HA2-peptide or fatty acids con-
jugated to CPPs in order to facilitate release from endosomes [78,101].

Nevertheless, this has not ruled out the fact that some CPPs were still
shown to utilize direct translocation mechanism in well-controlled
studies [102]. Verdurmen et al. studied the uptake mechanism of several
arginine-rich peptides and found that their direct penetration depends
on a CPP-induced translocation of acid sphingomyelinase (ASMase) to
the outer leaflet of the plasma membrane and ceramide formation
[103]. Additionally, CADY peptide complexes with siRNA were shown
to be internalized into different cell lines without colocalization with
endosomal markers and remained active in the presence endocytosis
inhibitors and at 4 °C [28].

Furthermore, an important role of HS proteoglycans in CPP uptake
was suggested. This was first demonstrated for TAT peptide where the
treatment with soluble heparin or with glycosaminoglycan lyases,
which degrade HS chains, competitively inhibited the uptake of TAT-
GFP conjugate [104]. This was also shown for several polyarginines
and polylysines, where uptake was reduced in Chinese hamster ovary
mutant lines deficient in either heparan sulfate or glycosaminoglycan
synthesis [105]. These results led to the hypothesis that HS proteogly-
cans, being anionic in nature, contribute to the binding of cationic
charges CPPs to the cell surface and their subsequent uptake either by
direct translocation or endocytosis [106,107].

Most of the mechanisms mentioned earlier are dependent on an in-
teraction between the cationic residues of the CPP and anionic

Table 2

Examples of CPP-mediated delivery of nucleic acids via nanoparticle-based formulations.
Peptide Cargo  Biological effect Reference
MPG-8, Chol-MPG8 siRNA  Efficient cyclin B1 silencing, tumor reduction and overall increased survival of the tumor-bearing mice [72]
PepFect6 siRNA  Potent and long-lasting RNAI activity upon systemic administration in two in vivo models [80]
PepFect14 SSO Efficient splice-switching activity in the splice reporter and in vitro DMD model [81]
Pep3, PEG-Pep3 asON Effect of PEGylation in making system compatible with systemic administration and in inducing anti-tumor activity in [87]

tumor-xenograft mice

Mysistoyl-TP-Lyp1 siRNA  Demonstration of targeted delivery to the tumors, efficient tumor reduction, and increased survival of the tumor-bearing mice ~ [90]
PEG-MMP-PepFect14 pDNA  Tumor-specific delivery and transgene expression in the tumor-xenograft model in mice [91]
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components of the plasma membrane, either the phospholipids or HS
proteoglycans, triggering uptake by direct penetration or endocytosis.
Recent work in the lab of Prof. Ulo Langel has explored a different aspect
of CPP-cell interaction based on the fact that with certain cargos and
under certain conditions the net charge (zeta potential) of the CPP/
CPP-complex is negative and not positive. It was found that the zeta po-
tential of PepFect nanocomplexes is positive only at high
peptide:nucleic acid ratios and when measured in water. However,
when measured in isotonic media containing ions or serum-free
media, the net charge of these complexes is predominantly negative
[108]. Zeta potential is a function of the ion concentration and the pH
of the medium, and it changes due to the adherence of a layer of counter
ions on the surface of the nanostructure which is called the Stern layer
[109]. Since the conditions where ions are present are more relevant
to the biological conditions, the negatively charged surface is more like-
ly to be the actual interface of interaction with the cells. This led to the
assumption that a receptor might be involved in the uptake as the direct
interaction of the newly formed anionic surface with the negatively
charged plasma membrane or HS proteoglycans would lead to electro-
static repulsion. Using competitive inhibitors, siRNA knockdown and
colocalization experiments, it was found that class A scavenger recep-
tors, SCARA3 and SCARAS5, are involved in the uptake of these
nanocomplexes [108]. This class of innate immune receptors is known
to bind negatively charged particulate ligands [110]. Other scavenger-
related receptors, such as lipoprotein receptor-related protein (LRP),
have been previously shown to be involved in the uptake of Tat peptide
[111], and recently several studies have demonstrated the involvement
of different classes of scavenger or scavenger-related receptors such as
SCARAs, scavenger receptor cysteine-rich type [ (M160) and SR-BI in
the uptake of CPPs with different cargos including NicFects, CADY, and
even with cationic polymers such as PEI [112-115]. Interestingly, an an-
timicrobial peptide (K8 L9) was also shown to taken up into the cells via
neuropilin-1 and low-density lipoprotein-related protein receptor 1
(LRP1) at subcytotoxic concentrations [116], demonstrating even fur-
ther overlap between the two classes of molecules (CPPs and AMPs).
For the conjugates, classical CPP uptake mechanisms have always
been inferred. However, we have recently shown that due to their am-
phipathic nature, PPMOs can self-assemble into micellar structures that
are then taken up via receptor-mediated endocytosis [117]. Additional-
ly, the net charge of the conjugates was dependent on the concentra-
tion. In gel electrophoresis experiments, the migration of the
conjugates was reversed between high and low concentrations
displaying a net negative charge at the low concentrations and a net
positive charge at high concentrations. We speculated that this was

due to the change in the balance between the ions in the medium and
the charges on the conjugates enabling better shielding with counter-
ions at lower concentrations [117]. Furthermore, self-assembly into
nanoparticles was also proposed as mechanism of uptake for PNA-
Oligo(bicycloguanidinium) conjugates [118] and the propensity to
form particles was demonstrated to enhance cellular uptake even for
newly developed negatively charged ON chemistry, tcDNA [57].

Different mechanisms have been proposed for CPP conjugates and
nanoparticles and distinct pathways have been postulated from direct
penetration to receptor-mediated endocytosis. We would like to specu-
late that the apparent discrepancies might arise from different aspects
of uptake of CPPs. Recent research has demonstrated that the demarca-
tion line between conjugates and nanocomplexes is not very clear, since
both PPMO and PPNA conjugates were shown to form nanoparticles
[117,118]. The formation of nanoparticles might be important for the
uptake based on the particle-wrapping model of endocytosis, where
certain threshold of particle size should be reached for optimal uptake
[119]. Below this threshold uptake will be hindered by the high energy
cost required for a high curvature membrane to wrap the particle, and
above it the uptake will be limited by the number of the receptors avail-
able for wrapping (Fig. 2A) [120]. This can be an explanation of the high
activity of the conjugates in different body organs that are difficult to
target with other nanoparticle delivery systems, which are usually re-
stricted to the organs which have large capillary fenestrations (such as
liver). The process of self-assembly, being dynamic, might be spontane-
ously occurring in vivo so that the conjugate can distribute as single
molecules through smaller fenestrations into different organs (such as
muscles in DMD models) and then form particles (micelles) upon accu-
mulation and increased local concentration (Fig. 2A).

Regarding the charge, it has been shown that it is dependent on the
medium and concentration, which means that different mechanisms
might be dependent on different experimental settings. At low concen-
trations and in the presence of sufficient amount of counterions, net
negative charge is predominant leading to endocytic pathways and
receptor-mediated interactions. However, at higher concentrations,
where the net charge is positive, direct penetration and HS
proteoglygan interaction is more likely to take place (Fig. 2B). This
might explain the dose-dependent toxicity of CPPs and also the overlap
between CPPs and AMPs in terms of direct membrane interaction as a
function of concentration. A good example of this phenomenon is the
SV13-PV peptide, which has been shown to enter the cell via direct pen-
etration at high concentrations and via endocytosis at lower concentra-
tions in the same study [121]. Interestingly, SV13-PV was also shown to
form spherical nanoparticle-like structures prior cell entry [122].
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Fig. 2. lllustrations describing the relationship between particle size, concentration, charge and the uptake of CPPs. (A) Small molecules follow the Lipinski rule of 5 which do not apply to naked
oligonucleotides, and thus they cannot passively diffuse across cellular membranes. However, large particles follow the particle-wrapping model which requires a minimum radius for
optimal uptake. This might explain the activity of CPP-oligonucleotide complexes and the conjugates which were recently also shown to spontaneously form nanoparticles. (B). A
demonstration of the correlation between the concentration and charge. At low concentrations, the net charge will be negative due to the presence of sufficient amount of counterions
in the medium. This would mediate receptor-mediated or other endocytic pathways. However, at higher concentrations, when the net charge is positive, direct membrane interaction
or interaction with negatively charged heparan sulfate proteoglygans is expected to take place.
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Another example is the K8L9, which is an AMP at high concentrations,
however, penetrates the cells at subcytotoxic doses via neuropilin-1
and LRP-1 receptors [116].

To conclude, findings in recent years have shed light on different
mechanisms of CPP uptake and highlighted the importance of correlat-
ing the physicochemical properties of CPPs in different experimental
conditions with the uptake mechanism. This has led to deeper under-
standing of the different aspects of the CPP interaction with cells and
would hopefully lead to the design of better CPP vectors for oligonucle-
otide delivery in the future.

5. Perspective and future outlook of the field

Peptide-based drug delivery systems, such as CPPs, have demon-
strated excellent progress in recent times for the delivery of nucleic
acids and their ON analogs. As aforementioned, there are two main
ON formulation strategies with CPPs: CPP-ON covalent conjugates and
CPP/ON nanoparticles. Due to the high definition and known stoichiom-
etry, covalent conjugates, for example different PPMOs, have made a
huge push forward in pre-clinical studies. Noteworthy results have
been achieved for a wide range of indications, including different neuro-
muscular and immunological disorders, viral and bacterial infections,
and more. Among the different indications, most systematic work has
been carried out in the context of DMD, a model disease for splice
switching therapy, where PPMOs, such as B-PMOs or different Pip-
PMOs, have demonstrated greatly improved bioactivity and dystrophin
rescue efficacy in a range of tissues as compared to naked PMO and 2’-
OMe chemistries currently used in different phases of clinical trials for
DMD. Of note, these naked ON chemistries are at the moment under
evaluation by the FDA for DMD but are having trouble being approved,
with 2’-OMe chemistry rejected by FDA in late 2015 and PMO potential-
ly following the same path in spring 2016, further highlighting the lack
of efficacy of naked ONs and the necessity for potent drug delivery
systems. In the light of this, improved splice switching chemistries,
such as Pip-PMOs, offer great potential, especially as they enable
therapeutic activity in other important disease-affected tissues in addi-
tion to skeletal muscles, such as in the heart, where lack of dystrophin is
considered to be one of the main causes of mortality for DMD patients.

However, despite these considerable advances with CPP-ON conju-
gates, e.g. PPMOs, there is still some way to go until CPPs can be consid-
ered to be close for clinical translation. The reasons for this are manifold.
Reasonably potent CPP-ON platforms have emerged only recently and
they are mainly based on a few relatively small compound libraries, of
which some demonstrate truly high activity. Therefore, there is a lot of
room for improvement and considerable future effort is needed to
further explore the chemical space of CPP-ON conjugates for identifying
compounds with optimal efficacy/toxicity profile. For example, the
commonly used arginine-rich CPPs, while demonstrating considerable
activity in many tissues, also tend to induce side effects, most
prominently nephrotoxicity, which puts limits on their dosing. These
side effects are also specifically attributed to the CPPs, as some naked
synthetic ONs, e.g. PMO, are known to have limited side effects at
considerably higher doses. Obviously, lowering the amount or replacing
arginines with other sources of cationic residues, for example, with
different non-natural or synthetic amino acid analogs, could be an inter-
esting subject for future studies. Moreover, pharmaceutical formulation
strategies have not been explored for CPP-ON conjugates to any great
extent, which could offer many advantages, from enhancing pharmaco-
kinetics and increasing the number of available routes of administration
to enhancing the safety profile and improving pharmaceutical dosage
form design. Furthermore, different modification/functionalization
strategies, such as targeting approaches, have received little focus,
except for a few relatively inefficient homing peptide sequences. In
this context, short PEG (reversible) linkers, for example, with targeting
ligands from several chemical classes, could be an interesting subject for
further investigation. Another important feature, which also relates to

the issue of passive/active targeting, is that CPP-ON conjugates have
different biodistribution profiles as compared to nanoparticle-based
formulations, and by combining this further with targeting strategies,
it might be possible to tailor the tissues/organs reached with ON
therapeutics.

Importantly, most studies on CPP-ON conjugates have mainly con-
centrated on the principal biological activity of the compounds, i.e.
pharmacodynamic effects, but less is known about other aspects of
their behavior in the body. Therefore, future studies should strive to de-
fine in detail the full pharmacokinetic profiles of the compounds,
coupled with thorough toxicological and immunological characteriza-
tion, etc. Also, except for only a handful of studies, most of the pre-
clinical work have been carried out in different mouse models and lim-
ited information is available for the efficacy/safety in other species and
this will be an important subject for further investigation. Therefore,
great effort needs to be focused on these, at the moment, experimental
technologies, before their true clinical potential can be understood.

Compared to CPP-ON conjugates, CPP-based nanoparticle platforms
have been investigated less thoroughly. One reason for this is that
potent CPP vectors for nanoparticle applications have emerged only re-
cently. One clear observation is that this has been made possible by in-
troducing a range of chemical modification to the CPPs. These
modifications have increased the stability of the CPP/ON nanoparticle
formulations and rendered them compatible with systemic application.
Moreover, introduction of different functionalization domains to the
CPPs or the CPP/ON nanoparticles has enabled considerably enhanced
in vivo delivery efficacy. It should be noted that nanoparticles have a dis-
tinct biodistribution profile, mainly distributing to organs/tissues with
good blood access and/or relatively large blood vessel fenestrations,
such as liver, spleen, or lung. A specific case is also different xenograft
tumors with underdeveloped vasculature and lymphatic system,
where nanoparticles are known to accumulate due to the so-called en-
hanced permeability and retention (EPR) effect, which potentially pro-
vides a way to passively target tumors. Not surprisingly, in the context
of CPP/ON nanoparticles, most in vivo applications have concentrated
on delivery to tumors.

As with conjugates, systematic screening and exploration of the
chemical space for this type of vectors have been scarce and consider-
able future development is to be expected. For example, it would be
very interesting to see how different hydrophobic modifications,
which have been shown to have great effect on the activity of CPPs,
would act if they would be systematically introduced to different CPPs,
e.g. using fatty acid derivatives with different hydrocarbon lengths, sat-
uration degree, amount, and orientation, and then screened for nucleic
acid delivery. Moreover, such a screening approach would benefit
from being combined with varying pharmaceutical formulation strate-
gies, including a wide variety of formulation media. Furthermore, CPP/
ON nanoparticle formulation should be moved to standardized produc-
tion/synthesis platforms (e.g. microfluidics platforms, Jet sprays), which
would keep the mixing conditions constant and provide for better re-
producibility. Furthermore, as CPP/ON nanoparticles are formed due to
spontaneous physical/chemical processes, these systems are to some
extent always prone for instability/aggregation. Here, methodologies
that would allow to segregate/homogenize nanoparticles could be im-
portant tools to produce more defined systems, especially by using
these in combination with steric stabilizers (e.g. shielding compounds
such as PEGs). CPP formulations thus have a lot to learn from the
advances in lipid-based delivery systems, such as LNP/lipidoids, which
have gone through the above-identified development steps. Interest-
ingly, as many CPP vectors inherently possess very high delivery poten-
tial, even without systematic optimization from a pharmaceutical
technology point of view, significant improvement could be expected
from such modifications. Importantly, except for a few reports, different
targeting strategies have not been systemically studied in the case of
CPP/ON nanoparticles and this is another interesting future research
space. Conclusively, CPP/ON nanoparticles have made a promising
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entrance on the nucleic acid delivery stage but require considerable re-
search, optimization, and thorough studies in different pre-clinical
models to be able to fully reach their drug delivery potential in clinical
settings.

An important aspect that we have also tried to emphasize in this re-
view is that we have limited understanding of the uptake and intracel-
lular trafficking of nucleic acids/ON, both in their naked form and when
incorporated into drug delivery systems, and this impedes our capacity
to fully take advantage of and chemically program the vectors for better
efficiency. Therefore, considerable effort should also be focused on
exploring the basic science behind the non-viral delivery process. For
example, we know that different endocytic pathways play varying
roles in cellular processes and some, from a delivery perspective, are
probably more favored than others and these processes are typically
context and cell/tissue dependent. With growing knowledge, we should
try to take advantage of novel information and use for example also in-
tracellular targeting strategies, by incorporating modifications/ligands
that would mark/define the cargo for specific routes. Another interest-
ing aspect that has been highly overlooked and has only recently been
reported for lipid-based vectors is the exocytosis of the delivered com-
pounds. This has not been studied to our knowledge in the context of
CPPs or CPP and ON conjugates/nanoparticles. The implication of such
process is important both in terms of uptake and re-uptake, and even
more importantly in terms of re-distribution in vivo.

In conclusion, CPPs have demonstrated great potential for the deliv-
ery of nucleic acids and their ON analogs, as evident from many success-
ful studies in different pre-clinical disease models. A considerable body
of work also lies ahead and it can be expected that delivery peptides,
such as CPPs, will have an important role to play in improving our
understanding of nucleic acid therapeutics delivery and one day in
successfully delivering such therapies at the bedside.
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