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Peptide-based vectors: recent developments

Abstract: Peptides and peptide-cargo complexes have 
been used for drug delivery and gene therapy. One of the 
most used delivery vectors are cell-penetrating peptides, 
due to their ability to be taken up by a variety of cell 
types and deliver a large variety of cargoes through the 
cell membrane with low cytotoxicity. In vitro and in vivo 
studies have shown their possibility and full effectiveness 
to deliver oligonucleotides, plasmid DNA, small interfer-
ing RNAs, antibodies, and drugs. We report in this review 
some of the latest strategies for peptide-mediated deliv-
ery of nucleic acids. It focuses on peptide-based vectors  
for therapeutic molecules and on nucleic acid delivery. In 
addition, we discuss recent applications and clinical trials.
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Introduction
Peptide-based vectors are one class of biopolymers con-
sisting of fewer than 50 amino acids connected by cova-
lent peptide bonds. They have been studied for years 
due to their potential applications as a delivery system 
for many different types of therapeutic molecules. Cell-
penetrating peptides (CPPs) are a class of short peptides, 
typically shorter than 30 amino acids, which unlike most 
peptides can cross the cellular membrane. The transcrip-
tion-transactivating (Tat) protein of HIV-1 was the first CPP 
to be discovered more than 25 years ago. Frankel and Pabo 
(1) showed that Tat can enter cells and translocate into the 
nucleus. Since then, CPPs have been used for multifari-
ous applications (2). Low cytotoxicity and the possibility 
to transport many different types of cargo are the two 
main characteristics that have made CPP applications of 

great interest for the delivery of therapeutic molecules. 
CPP strategies can be applied in vitro and in vivo (3, 4) for 
the delivery of therapeutic molecules, such as small inter-
fering RNA (siRNA), plasmid DNA (pDNA), proteins, and 
other peptides.

Amino acid composition, hydrophobicity, and polar-
ity are crucial for the three-dimensional (3D) structure 
of CPPs. The characteristics of the sequence (cationic, 
anionic, neutral, number, and order of amino acids) are 
important for the different uptake pathways (5). Further-
more, the different cell lines, types of cargo carried by a 
CPP, covalent or non-covalent attachment to the CPP, and 
concentration can influence cellular uptake efficiency 
and mechanism of internalization. Some of the most 
known CPPs are shown in Table 1. They can be divided 
and classified based on their origin (chimeric, synthetic, 
and protein derived) or sequence characteristics [posi-
tively charged, amphipathic (both cationic and anionic 
peptides), or hydrophobic CPPs].

Different strategies for peptide-
mediated delivery

Covalent strategy

There are two ways to deliver cargo molecules with pep-
tides: covalent conjugation and non-covalent complexa-
tion. The first strategy requires chemical synthesis of the 
modified peptide to facilitate the covalent conjugation of 
the cargo (18–21). Thioether, thiolmaleimide, ester for-
mation, and click chemistry (Figure 1B) are some of the 
possible conjugation methods available (22, 23). One of 
the advantages of the covalent method is that the result-
ing peptide-cargo conjugate is a single entity, which is a 
desirable characteristic for drug design and in vivo appli-
cations. The main use of this strategy is for the delivery of 
DNA-mimic molecules or oligonucleotides such as peptide 
nucleic acids, phosphorodiamidate morpholino-oligo-
mers (PMOs), peptides, and proteins. Several studies have 
been reported for peptides derived from Tat, the first CPP 
(1, 6, 24), for penetratin (7), and for polyarginine peptide 
Arg8 sequence (11, 25).
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The delivery and cellular internalization of cova-
lently linked cargos were improved by studying other 
protein-derived peptides such as pVec (8), antimicrobial 
peptides (26), and polyproline sweet arrow peptide (27). 
The limitation of this method is the possibility of affect-
ing the biological activity of the cargo. This is the reason 
why the non-covalent strategy seems more appropriate for 
charged oligonucleotides, neutral molecules, or positively 
charged proteins.

Non-covalent strategy

The CPPs in this strategy consist of a polar (hydrophilic) 
domain and a non-polar (hydrophobic) domain. These 
short amphipathic peptides form non-covalent complexes 
with cargo molecules, thereby enhancing the delivery 
into cells. The primary and/or secondary structures are 
accountable for the amphipathic character of the peptide. 
Primary amphipathic peptides have a sequential assem-
bly of hydrophobic and hydrophilic residues. Secondary 
amphipathic peptides are formed by the conformational 
state that allows the positioning of hydrophobic and hydro-
philic residues on opposite sides of the molecule (28). 
Stable complexes between oligonucleotide and peptide 
are formed by non-covalent interactions (electrostatic and 
hydrophobic). Examples of primary amphipathic peptides 
are Pep-1 and MPG (Table 1). The first one was used for the 
delivery of small peptides and proteins (17), whereas the 
second one was used for the delivery of siRNA (29).

The non-covalent strategy was used to complex peptide 
with negatively nucleic acids, and it was originally developed 
for gene delivery and later on for protein and oligonucleotide 
delivery, using also other CPPs such as Tat (30), polyarginine 
(31, 32), and Transportan-derived peptides (33, 34).

Mechanisms of uptake
It is crucial to understand the cellular uptake mechanisms 
of CPP with cargo molecule, especially for the development 
and optimization of appropriate strategies for therapeu-
tic applications. The first studies on cellular internaliza-
tion of CPPs reported that their mechanism of uptake was 
independent of endocytosis and does not use energy or a 
specific receptor. Over the last few years, the mechanism 
of many CPPs has been re-examined and reported to be 
mediated by endocytosis. The major mechanisms used 
by CPPs to pass the cellular membrane and enter into the 
cell are endocytosis and direct translocation (35). Peptides 
with strong affinity for the cell membrane can enter the 
cell through an endocytic pathway due to the internaliza-
tion and recycling processes of the cell surface. Endocyto-
sis occurs by various mechanisms, which can be divided 
into clathrin-dependent endocytosis (CDE) and clathrin-
independent endocytosis (CDI). In CDE, the cytoplasmic 
domains of plasma membrane proteins are recognized 
by adaptor proteins and packaged into clathrin-coated 
vesicles that are brought into the cell (36). CDI comes in 
many forms, such as macropinocytosis and caveolae and/
or lipid raft-mediated endocytosis (37). All these different 
pathways are involved in the uptake of CPPs (Figure 1C).

Uptake is dependent on cell membrane composi-
tion, which includes density, fluidity, and different lipid 
compositions (38). The cell lines used for the studies are 
crucial for the uptake mechanism and levels. The phys-
icochemical properties of a CPP conjugate with a cargo 
molecule are important for direct penetration of the cell 
membrane. This possible route of uptake for complexes is 
a similar to the uptake mechanism for small molecules.

There are studies showing that the mode of uptake 
of many CPPs, including Tat-derived peptides, R9, and 

Table 1 Example of common CPPs.

Name   Sequence   Origin   Reference

TAT(48–60)   GRKKRRQRRRQC   HIV-1 transcriptional activator   (6)
Penetratin   RQIKIWFQNRRMKWKK-NH2   Antennapedia Drosophila melanogaster   (7)
pVEC   LLIILRRRIRKQAHAHSK-NH2   Murine vascular endothelial cadherin   (8)
Transportan   GWTLNSAGYLLGKINLKALAALAKKIL-NH2   Galanin-mastoparan (chimeric)   (9)
Transportan 10  AGYLLGKINLKALAALAKKIL-NH2     (10)
Polyarginine   Rn (n = 6–12)   Model peptide (chimeric)   (11)
CADY   Ac-GLWRALWRLLRSLWRLLWRA-cya   Synthetic   (12)
PepFect3   Stearoyl-AGYLLGKINLKALAALAKKIL-NH2   Synthetic analogue TP10   (13)
PepFect6   Stearoyl-AGYLLGK(K(K2(tfq4)))INLKALAALAKKIL-NH2  Synthetic analogue TP10   (14)
MPG   Ac-GALFLGFLGAAGSTMGAWSQPKSKRKV-cya   SV40 NLS-HIV Gp41   (15)
KALA   WEAKLAKALAKALAKHLAKALAKALKACEA   Synthetic analogue HA2 subunit of influenza hemaglutinin  (16)
Pep-1   KETWWETWWTEWSQPKKKRKV   Trp-rich motif-SV40 (chimeric)   (17)

cya, cysteamide; tfq, trifluoromethylquinoline moiety.
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Figure 1 Different strategies for peptide-mediated delivery and mechanisms of internalization of CCPs. 
Peptide and different possible cargo (A). Covalent and non-covalent strategies for conjugation/complexation of CPP with cargo molecule 
(B). CPPs or CPP/cargo complexes bind to extracellular matrix via the proteoglycan on the cell surface, increase of membrane fluidity or 
microdomain dynamic promotes the cell entry and release in the cytosol of CPP non-covalently complexed and of CPP covalently conju-
gated via membrane fusion or cellular uptake of CPP via endocytosis pathway (•clathrin-dependent, •caveolae-dependent, • clathrin- and 
caveolae-independent) or macropinocytosis. After endocytic capture, CPPs can escape from lysosomal degradation and enter the cytosol 
and the nucleus, remain in the endosomes, or be delivered in the Golgi apparatus and the endoplasmic reticulum (C).
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penetratin (39–41), depends on CPP concentration. 
Usually, CPP concentration is in the micromolar range, 
even if the concentration threshold can be different and 
depends on CPP. However, the cellular uptake mechanism 
remains controversial and still needs to be confirmed for 
many CPPs. One of the reasons why the cellular uptake 
mechanism should be confirmed is because the use of 
fluorescein-labeled CPPs for the visualization of CPPs 
inside the cell poses a risk of altering the uptake mecha-
nism or activating another cell entry pathway. Despite the 
controversy, a general scheme for the CPP uptake mecha-
nism is accepted where the proteoglycans play an impor-
tant role in the electrostatic interactions between the CPP 
and the cell surface. It is important to study the uptake 
mechanism and the biological effects of the complexes 
instead of the peptide alone. In 2012, the involvement of 
scavenger receptor class A (SCARA) in the uptake of non-
covalent CPP:ON complexes was shown for the first time 
(42). It was previously shown that SCARA receptors bind 
and mediate cellular uptake of a negatively charged mol-
ecules (43), and the involvement of SCARA was shown for 
the CPP PepFect14 and splice-correcting oligonucleotides 
(SCOs), which have negative ζ potential and NF51/pDNA 
(44). The nature and secondary structure of the CPP, the 
ability to interact with cell surface and membrane lipid 
components, the nature, type, and active concentration of 
the cargo, the cell type, and the membrane composition 
are the parameters that play a secondary role in the cel-
lular uptake pathway (Figure 1C).

Applications and clinical trials
CPPs have not yet become pharmaceutical products on a 
large scale, nor have peptides in general. The main two 
obstacles are the duration of action and the way of admin-
istration. The first drawback is due to proteolysis and 
clearance (both renal and liver clearance), and a possible 
solution might be the use of unnatural amino acids. The 
second drawback can be solved by a new formulation that 

uses a different route of administration such as oral, intra-
nasal, and inhalation routes. More studies and efforts 
about the synthesis, formulation, toxicology, delivery, and 
clinical studies of peptides can lead to valid therapeutic 
peptide-based drugs. Only a few CPPs are currently in 
clinical trial, including AZX100 (Capstone Therapeutics, 
http://www.capstonethx.com/, keloid scarring, phase II), 
RT001 (ReVance Therapeutics, http://www.revance.com/, 
wrinkling of the skin, phase II), KAI-9803 (KAI Phar-
maceuticals, http://www.kaipharma.com/, myocardial 
infarction, phase II), and XG-102 (Auris Medical, http://
www.aurismedical.com/, hearing loss, phase II). DTS-108 
(Diatos, cancer) is in preclinical studies (Table 2).

Delivery of genetic material

Delivery of pDNA

pDNA is a classical tool in gene therapy because it allows 
the restoration/replacement of functioning/malfunction-
ing gene expression levels, respectively. The native form 
of the gene is incorporated into the plasmid, which is 
then included into the carrier system with proper target-
ing and pharmacokinetic properties (45). The main hurdle 
for pDNA-based gene therapy is the problem in reaching 
the cell nucleus for the gene to get expressed, which is an 
additional rate-limiting step, compared with RNA interfer-
ence (RNAi) therapeutics, which only have to reach the 
cytoplasm to be functional. Until now, there have not been 
many successful reports for systemic pDNA delivery in vivo 
with peptide-based delivery vectors. This is mainly due 
to inefficient condensation of pDNA by peptide vectors 
into nano-sized complexes and poor endosomal escaping 
properties of these complexes, leaving them therapeuti-
cally less potent (46). Furthermore, the de-complexation 
of carrier from pDNA is very important, and the 3D struc-
ture of pDNA has to recover in the nucleus to be biologi-
cally active (45).

Table 2 Summary of clinical trials.

Name   Company   Phase  Disease   Reference

p28   Pediatric Brain Tumor Consortium  I   Recurrent/progressive CNS tumors  http://clinicaltrials.gov/
DTS-108   Bio Space-Diatos   I   Carcinoma   http://www.draispharma.com/
AZX100   Capstone Therapeutics   II   Dermal/keloid scarring   http://www.capstonethx.com/
KAI-9803   KAI Pharmaceuticals   II   Myocardial infarction   http://www.kaipharma.com/
XG-102   Auris Medical   II   Hearing loss   http://www.aurismedical.com/
RT001   ReVance Therapeutics   III   Lateral canthal lines   http://www.revance.com/
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For both pDNA and short oligonucleotide delivery, 
physicochemical properties such as size, size distribu-
tion, and the ζ potential of the formed nanoparticles with 
transport vectors are very important because they roughly 
define the destiny of the nanoparticles in the organism. For 
example, smaller particles are excreted from the body by 
renal clearance and larger particles,  > 300 nm, tend to get 
stuck in the lungs, which sometimes causes acute toxicity 
(47). Also, the surface charge of the nanoparticles plays 
a key role in their destiny because particles with larger 
ζ potential are more easily recognized by opsonins and 
are consequently picked up by liver macrophages. It was 
hypothesized that the ζ potential of nanoparticles should 
be between -30 and 30 mV to reduce interactions with blood 
components and applicable colloidal stability, as the col-
loidal stability increases together with ζ potential, making 
it too difficult for the cargo to de-complex from the nano-
particles in the site of action. Furthermore, the size distribu-
tion of the nanoparticles, also known as the polydispersity 
index (PDI), is important because it describes the quality of 
the measured dispersion. Usually, the size of dispersion is 
given as average with standard deviation, which does not 
show if the dispersion has many size fractions, for example.

Considering the importance of size distribution, Dash 
et al. (48) used elastin-like polypeptides (ELPs) (Table 3) to 
obtain monodispersed hollow spheres for pDNA encapsu-
lation and delivery. A template-based method was used, 
where sulfonated monodispersed polystyrene beads with 
negative surface charge were covered with ELPs with 
slightly positive charge, which were further cross-linked 
with transglutaminase treatment. After that, polystyrene 
beads were dissolved with tetrahydrofuran and hollow 
spheres were obtained. Hollow spheres measuring 300 nm 
showed 54% encapsulation efficiency for naked pDNA, 

compared with 98% for pDNA in polyplexes, whereas 
polyplex-loaded hollow spheres had higher delivery effi-
ciency and lower toxicity than pDNA polyplexes in human 
adipose-derived stem cells (ADSC) and human umbilical 
vein endothelial cells (HUVEC) and had 10 times higher 
luciferase expression than naked pDNA-loaded spheres.

Upon systemic administration of any kind of nano-sized 
drug formulations, it is important to increase the specific-
ity toward the tissue or cells that need treatment to reduce 
dose-related side-effects. One way to add specificity to deliv-
ery formulations is to modify its surface with targeting mole-
cules (e.g., folic acid) or peptides (tumor-homing peptides).

Zhang et al. (49) developed a multifunctional peptide-
PEG-Tris-acridine conjugate (pPAC) that intercalates with 
pDNA, allowing PEG-shielding capability and peptide 
delivery and targeting passage through the blood-brain 
barrier. Unfortunately, these pPACs were not able to con-
dense pDNA, and therefore, for sufficient polyplex forma-
tion, they added linear PEI derivatives to the mix. For the 
target gene, they chose multi-drug resistance protein 4 
(MRP4) for which a plasmid vector expressing anti-MRP4 
shRNA was constructed. To achieve better vectorization 
to the brain, pPACs were decorated with brain-homing 
(BH) or apolipoprotein E (ApoE) (Table 3) receptor-specific 
peptides, which both showed similar efficiency when the 
amount of peptide in formulations was increased. One 
hour after intravenous injection in the tail vein of Balb/c 
mice, brain accumulation increased up to 3-fold over non-
targeted formulation. They further confirmed that these 
polyplexes were delivered into the brain vasculature. 
Finally, they showed that targeted knockdown of MRP4 
increased the accumulation of azidothymidine, which is 
used in antiretroviral AIDS treatment, in the brain by up 
to 3.7-fold.

Table 3 Summary of described peptides-based delivery vectors for genetic material.

Name   ON cargo   Target/cargo type  Administration route(s) and dosing in mice   Reference

PepFect3   pDNA   Luciferase   i.m.; 10 μg/mouse once   (63)
ELP   pDNA   Luciferase   In vitro   (48)
ApoE (targeting)   pDNA coding shRNA  MRP4   i.v.; 20 μg/mouse on days 1, 3, and 5   (49)
dTAT   pDNA   Ang II   Intratracheal injection; 0.7 μg/mouse on days 3, 7, 10, and 14  (50)
NAG-MLP   siRNA   Factor VII, HBV   i.v.; 2 mg/kg for F7 and 3 mg/kg for HBV once   (53)
PepFect6   siRNA   Luciferase, HPRT1   i.v.; 1 mg/kg for HPRT1   (14)
cKK-E12   siRNA   Factor VII   i.v.; 0.03 mg/kg once   (54)
PVBLG-8   siRNA   T-oligo   i.v.; ∼10 mg/kg daily for 3 weeks   (55)
(RXRRBR)2XB peptide  SCO   A-T   i.v.; 60 mg/kg daily for 4 days   (57)
B-MSP   SCO   Dystrophin   i.v.; 3 and 6 mg/kg biweekly for 12 weeks   (58, 59)
Pip5e   SCO   Dystrophin   i.v.; 25 mg/kg once   (61)
Pip6 peptides   SCO   Dystrophin   i.v.; 12.5 mg/kg once   (60,62) 

i.m., intramuscular; i.v., intravenous; MRP4, multi-drug resistance protein 4; Ang II, angiotensin II; HBV, hepatitis B virus; HPRT1, hypoxan-
thine phosphoribosyltransferase 1.



484      C.P. Cerrato et al.: Peptide-based vectors

To avoid size-related toxicity during systemic admin-
istration for some diseases, alternative administration 
routes can be used. Kawabata et al. (50) showed that the 
TAT analogue, with two TATs connected in tandem (dTAT), 
was able to mediate efficient angiotensin II (Ang II) coding 
pDNA (pAT2R) delivery into Lewis lung cancer (LLC)-bear-
ing mice lungs after intratracheal administration with an 
intratracheal sprayer. dTAT/pAT2R non-covalent com-
plexes significantly attenuated the growth of fast-growing 
LLC tumors, showing to be a very promising gene delivery 
method for lung cancer treatment (50).

Delivery of oligonucleotides

siRNA delivery holds a promising possibility in the down-
regulation of over-expressed or defective genes through 
endogenous post-transcriptional gene silencing also known 
as RNAi (51). Therapeutic applications of siRNA range from 
viral infection treatments to hereditary disorder and cancer 
treatments (52); therefore, they can be found in quite many 
clinical trials already. To be an effective systemic delivery, 
RNAi therapeutics have to overcome many biological obsta-
cles, such as degradation by nucleases and upon reaching 
the cytoplasm, siRNAs have to be included into the RNAi 
machinery to carry out their biological effect.

Nanoparticles mainly end up in scavenger organs like 
liver, kidneys, and spleen due to their treatment as foreign 
bodies by the organism. In the previous decades, a lot 
of work has been put into delivering siRNAs to the liver, 
which has led to the first clinical trials on vectorized siRNA 
delivery. Few recent successes have been described below.

Wooddell et al. (53) developed a hepatocyte-targeted 
delivery system for the treatment of chronic hepatitis B 
virus infection (HBV). For the systemic delivery, they used 
N-acetylgalactosamine-conjugated mellitin-like peptide 
(NAG-MLP) with liver-tropic cholesterol-conjugated 
siRNA (Chol-siRNA). A dose of 2 mg/kg of Chol-siRNA was 
required for maximal ( > 95%) knockdown of coagulation 
factor VII (F7) in the liver, which was over 2-fold lower in 
non-human primates than in mice. For the HBV treatment 
study, they used HBV-infected NOD-SCID mice and trans-
genic HBV mice. Mice were co-injected intravenously with 
Chol-siHBV and NAG-MLP, showing efficient knockdown 
levels of HBV mRNA, protein, and viral DNA at Chol-siRNA 
doses of 1 mg/kg in infected mice and 3 mg/kg in trans-
genic mice at NAG-MLP dose of 6 mg/kg in both cases.

Recently, our group developed a CPP designed to 
enhance endosomal release of the siRNA into the cytosol. 
The described CPP, PepFect6, has a peptide backbone of a 
parent peptide transportan 10 (TP10) with N-terminal stearic 

acid modification (also known as PepFect3) (Table 3) for 
enhanced serum stability. Additionally, four pH titratable 
trifluoromethylquinoline moieties were added on a lysine-
tree attached to the Lys7 ε-amino group of the peptide to 
increase endosomal escape. It is known that buffering 
of the endosomal pH causes osmotic swelling and con-
sequent rupturing of the endosomal membrane, releas-
ing the cargo inside. After systemic administration, the 
PepFect6/siRNA complexes induced up to 60% silencing 
of the endogenous housekeeper gene HPRT1 in the lungs 
and kidneys and even more in the liver at a dose of 1 mg/kg  
of siRNA without any observable toxicity (14).

In another study inspired by lipoproteins, Dong 
et al. (54) synthesized a library of lipopeptides that were 
incorporated into lipid nanoparticles, forming a delivery 
system called lipopeptide nanoparticles (LPNs) designed 
for in vivo siRNA delivery into liver hepatocytes. The most 
efficient lipopeptides consisted of dilysine-based dike-
topiperizines, which were reacted with 1,2-epoxydode-
cane to yield lipopeptide with four fatty acids, and the 
most potent was cKK-E12. LPNs with cKK-E12 were able to 
induce maximal ( > 95%) coagulation factor VII (F7) knock-
down at siRNA doses of 0.03 mg/kg in mice and 0.3 mg/kg 
in non-human primates. Toxicity studies carried out with 
cKK-E12 LPNs on rats did not show any toxicity at siRNA 
doses as high as 1 mg/kg, which makes it one of the most 
efficacious delivery systems yet reported.

As an alternative to liver delivery, Uppada et al. (55) 
used oligonucleotides homologous to 3′-telomere over-
hangs (T-oligos), which consist of 11 bases. These T-oligos 
were used for melanoma therapy in a xenograft model. 
T-oligos mimic the exposure of the 3′-telomere overhangs, 
inducing DNA damage response signals in several cancers 
that are otherwise bypassed in tumor cells, therefore 
reducing tumorigenicity and metastasis by causing bio-
logical aging, reduced vascularization, and apoptosis. 
In the study, 0.52 nmol (approx. 0.2 mg/mouse) of T-oli-
gos complexed with cationic α-helical peptide PVBLG-8 
(PVBLG) (Table 3) resulted in 9-fold reduction of tumor 
volume after daily intravenous injection compared with 
diluent treatment. The treatment was started 1 day after 
the induction of the xenograft tumor, and mice were 
treated for 3 weeks. Although this method shows promis-
ing tumor-specific effects, the efficiency and specificity of 
this delivery platform has to be further optimized.

Delivery of SCOs

Another antisense-based method besides siRNAs are sin-
gle-stranded SCOs, which act in the cell nucleus as pDNA 
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as a means of delivery. SCOs redirect splicing by attach-
ing to the pre-mRNA, allowing the masking of either the 
normal or aberrant splicing sites, which leads to exon 
skipping or exon inclusion, respectively (56). Currently, 
the most studied therapeutic applications for SCOs are 
neurodegenerative diseases such as muscular dystro-
phy where mutation in the exon causes dysfunctional 
dystrophin protein expression. In addition, SCOs can be 
easily chemically modified to increase serum stability. For 
example, the phosphate backbone of SCOs can be chemi-
cally modified, so it becomes uncharged, as it is for PMO. 
This allows covalent conjugation of positively charged 
transport vectors such as CPPs, which would otherwise 
lead to aggregation of conjugates.

In a study by Du et al. (57), the arginine-rich peptide 
(RXRRBR)2XB (Table 3) was used for covalent splice-cor-
recting PMO delivery against the ataxia-telangiectasia 
(A-T) mutated (ATM) gene. A-T is an inherited progressive 
neurodegenerative disease known to cause movement 
and coordination problems and immunodeficiency. ATM 
protein also plays a key role in recognizing DNA damage, 
thus additionally increasing the risk of cancer. In some 
studies where lymphoblastoid cells derived from patients 
with A-T were used, it was shown that the (RXRRBR)2XB-
PMO conjugates were able to almost fully correct the aber-
rant splicing with sustained ATM protein levels up to 21 
days. Intravenous delivery of 60 mg/kg of fluorescently 
labeled (RXRRBR)2XB-PMO conjugates showed uptake in 
the brain, which was more profound in all areas of the 
brain after daily treatment for 4 days. Single treatment 
showed localization in GABAergic neuronal Purkinje 
cells, which play a critical role in A-T pathogenesis, and 
multiple treatment further increased localization in the 
cerebellum and Purkinje cells (57), showing potential for 
this conjugate in brain delivery.

In another study, Yin et  al. (58) further developed 
their previously published muscle targeting B-MSP-PMO 
delivery platform (59) for the treatment of Duchenne 
muscular dystrophy (DMD), where B is the arginine-
rich (RXRRBR)2 peptide, which is fused to muscle-tar-
geting heptapeptide (MSP) sequence ASSLNIAX and 
conjugated to PMO. After intravenous administration 
of B-MSP-PMO conjugate at low doses, 3 and 6 mg/kg 
injected two times per week for 12 weeks, it showed 
100% dystrophin-positive fibers and almost complete 
splice correction in peripheral muscle groups in mdx 
mice (Table 3). The consequent dystrophin protein level 
restoration was shown to be 50% after 12 weeks without 
any noticeable toxicity or immune responses, which 
clearly implicates the therapeutic potential of described 
delivery platform.

In a study based on previous results, Betts and col-
leagues (60) developed a new generation of Pip6-PMO 
conjugates with the aim to increase the cardiac exon 
skipping in DMD treatment compared with their previ-
ous lead conjugate Pip5e-PMO, with the peptide sequence 
RXRRBRRXRILFQYRXRBRXRB. Upon intravenous admin-
istration of 12.5 mg/kg Pip6-PMO conjugate in mdx mice, 
it became evident that Pip6a (ILFQY core inverted), Pip6b 
(core changed to IQFLI), and Pip6f-PMOs (core scrambled 
FQILY) have increased dystrophin production activities 
compared with the parent compound (Table 3). Although 
these conjugates were more efficient than the previous 
lead peptide, they were still not optimal peptides for the 
delivery of PMOs and their efficiency remains to be studied 
(61). Further, mechanism studies with Pip6a-PMO show 
that it is taken up by energy-dependent and caveolae-
mediated endocytosis in the skeletal muscle cells. Also, in 
primary cardiomyocytes, it mainly ends up in cytoplasmic 
vesicles where CDE is dominant. This explains why Pip6a-
PMO has lower activity in myoblast and cardiomyocytes 
than in myotubes and thus having lower dystrophin res-
toration activity in heart muscle tissue than in skeletal 
muscle tissue, respectively (62).

References
1. Frankel AD, Pabo CO. Cellular uptake of the tat protein from 

human immunodeficiency virus. Cell 1988; 55: 1189–93.
2. Heitz F, Morris MC, Divita G. Twenty years of cell-penetrating 

peptides: from molecular mechanisms to therapeutics. Br J Phar-
macol 2009; 157: 195–206.

3. Mae M, Langel Ü. Cell-penetrating peptides as vectors for pep-
tide, protein and oligonucleotide delivery. Curr Opin Pharmacol 
2006; 6: 509–14.

4. Jarver P, Mager I, Langel Ü. In vivo biodistribution and efficacy 
of peptide mediated delivery. Trends Pharmacol Sci 2010; 31: 
528–35.

5. Lindgren M, Langel Ü. Classes and prediction of cell-penetrating 
peptides. In: Langel Ü, editor. Cell-penetrating peptides: 
methods and protocols. Methods in molecular biology, vol. 683. 
Totowa, NJ: Humana Press Inc., 2011: 3–19.

6. Vives E, Brodin P, Lebleu B. A truncated HIV-1 Tat protein basic 
domain rapidly translocates through the plasma membrane 
and accumulates in the cell nucleus. J Biol Chem 1997; 272: 
16010–7.

7. Derossi D, Joliot AH, Chassaing G, Prochiantz A. The 3rd helix of 
the antennapedia homeodomain translocates through biological-
membranes. J Biol Chem 1994; 269: 10444–50.

8. Elmquist A, Lindgren M, Bartfai T, Langel Ü. VE-cadherin-derived 
cell-penetrating peptide, pVEC, with carrier functions. Exp Cell 
Res 2001; 269: 237–44.

9. Pooga M, Hallbrink M, Zorko M, Langel Ü. Cell penetration by 
transportan. FASEB J 1998; 12: 67–77.



486      C.P. Cerrato et al.: Peptide-based vectors

10. Soomets U, Lindgren M, Gallet X, Hallbrink M, Elmquist A, 
Balaspiri L, Zorko M, Pooga M, Brasseur R, Langel U. Deletion 
analogues of transportan. Biochim Biophys Acta Biomemb 
2000; 1467: 165–76.

11. Futaki S, Suzuki T, Ohashi W, Yagami T, Tanaka S, Ueda K, 
 Sugiura Y. Arginine-rich peptides – an abundant source 
of  membrane-permeable peptides having potential as 
 carriers for intracellular protein delivery. J Biol Chem  
2001; 276: 5836–40.

12. Crombez L, Aldrian-Herrada G, Konate K, Nguyen QN, 
 McMaster GK, Brasseur R, Heitz F, Divita G. A new potent sec-
ondary amphipathic cell-penetrating peptide for siRNA delivery 
into mammalian cells. Mol Ther 2009; 17: 95–103.

13. Mae M, El Andaloussi S, Lundin P, Oskolkov N, Johansson HJ, 
Guterstam P, Langel U. A stearylated CPP for delivery of splice 
correcting oligonucleotides using a non-covalent co-incubation 
strategy. J Control Release 2009; 134: 221–7.

14. Andaloussi SEL, Lehto T, Mager I, Rosenthal-Aizman K, Oprea, II, 
Simonson OE, Sork H, Ezzat K, Copolovici DM, Kurrikoff K, 
Viola JR, Zaghloul EM, Sillard R, Johansson HJ, Said Hassane F, 
Guterstam P, Suhorutšenko J, Moreno PM, Oskolkov N, Hälldin J, 
Tedebark U, Metspalu A, Lebleu B, Lehtiö J, Smith CI,  Langel U. 
Design of a peptide-based vector, PepFect6, for efficient 
delivery of siRNA in cell culture and systemically in vivo. Nucleic 
Acids Res 2011; 39: 3972–87.

15. Morris MC, Vidal P, Chaloin L, Heitz F, Divita G. A new peptide 
vector for efficient delivery of oligonucleotides into mammalian 
cells. Nucleic Acids Res 1997; 25: 2730–6.

16. Wyman TB, Nicol F, Zelphati O, Scaria PV, Plank C, Szoka FC. 
Design, synthesis, and characterization of a cationic peptide 
that binds to nucleic acids and permeabilizes bilayers. Bio-
chemistry 1997; 36: 3008–17.

17. Morris MC, Depollier J, Mery J, Heitz F, Divita G. A peptide carrier 
for the delivery of biologically active proteins into mammalian 
cells. Nat Biotechnol 2001; 19: 1173–6.

18. Nagahara H, Vocero-Akbani AM, Snyder EL, Ho A, Latham DG, 
Lissy NA, Becker-Hapak M, Ezhevsky SA, Dowdy SF. Transduc-
tion of full-length TAT fusion proteins into mammalian cells: 
TAT-p27(Kip1) induces cell migration. Nat Med 1998; 4:  
1449–52.

19. Gait MJ. Peptide-mediated cellular delivery of antisense oligonu-
cleotides and their analogues. Cell Mol Life Sci 2003; 60: 844–53.

20. Moulton HM, Moulton JD. Arginine-rich cell-penetrating pep-
tides with uncharged antisense oligomers. Drug Discov Today 
2004; 9: 870.

21. Zatsepin TS, Turner JJ, Oretskaya TS, Gait MJ. Conjugates of 
oligonucleotides and analogues with cell penetrating peptides 
as gene silencing agents. Curr Pharm Des 2005; 11: 3639–54.

22. Singh Y, Murat P, Defrancq E. Recent developments in oligonu-
cleotide conjugation. Chem Soc Rev 2010; 39: 2054–70.

23. Lu K, Duan QP, Ma L, Zhao DX. Chemical strategies for the syn-
thesis of peptide-oligonucleotide conjugates. Bioconjug Chem 
2010; 21: 187–202.

24. Fawell S, Seery J, Daikh Y, Moore C, Chen LL, Pepinsky B, 
Barsoum J. Tat-mediated delivery of heterologous proteins into 
cells. Proc Natl Acad Sci USA 1994; 91: 664–8.

25. Wender PA, Mitchell DJ, Pattabiraman K, Pelkey ET, Steinman L, 
Rothbard JB. The design, synthesis, and evaluation of molecules 
that enable or enhance cellular uptake: peptoid molecular trans-
porters. Proc Natl Acad Sci USA 2000; 97: 13003–8.

26. Park IY, Park CB, Kim MS, Kim SC. Parasin I, an antimicrobial 
peptide derived from histone H2A in the catfish, Parasilurus 
asotus. FEBS Lett 1998; 437: 258–62.

27. Pujals S, Fernandez-Carneado J, Lopez-Iglesias C, Kogan MJ, 
Giralt E. Mechanistic aspects of CPP-mediated intracellular drug 
delivery: relevance of CPP self-assembly. Biochim Biophys Acta 
Biomemb 2006; 1758: 264–79.

28. Deshayes S, Morris MC, Divita G, Heitz F. Cell-penetrating 
 peptides: tools for intracellular delivery of therapeutics. 
Cell Mol Life Sci 2005; 62: 1839–49.

29. Simeoni F, Morris MC, Heitz F, Divita G. Insight into the mecha-
nism of the peptide-based gene delivery system MPG: implica-
tions for delivery of siRNA into mammalian cells. Nucleic Acids 
Res 2003; 31: 2717–24.

30. Meade BR, Dowdy SF. Exogenous siRNA delivery using peptide 
transduction domains/cell penetrating peptides. Adv Drug Deliv 
Rev 2007; 59: 134–40.

31. Kim WL, Christensen LV, Jo S, Yockman JW, Jeong JH, Kim YH, 
Kim SW. Cholesteryl oligoarginine delivering vascular endothe-
lial growth factor siRNA effectively inhibits tumor growth in 
colon adenocarcinoma. Mol Ther 2006; 14: 343–50.

32. Kumar P, Wu HQ, McBride JL, Jung KE, Kim MH, Davidson BL, 
Lee SK, Shankar P, Manjunath N. Transvascular delivery of small 
interfering RNA to the central nervous system. Nature 2007; 
448: 39–43.

33. Pooga M, Kut C, Kihlmark M, Hallbrink M, Fernaeus S, Raid R, 
Land T, Hallberg E, Bartfai T, Langel U. Cellular translocation of 
proteins by transportan. FASEB J 2001; 15: 1451–3.

34. Lundberg P, El-Andaloussi S, Sutlu T, Johansson H, Langel Ü. 
Delivery of short interfering RNA using endosomolytic cell- 
penetrating peptides. FASEB J 2007; 21: 2664–71.

35. Madani F, Lindberg S, Langel Ü, Futaki S, Graslund A. 
 Mechanisms of cellular uptake of cell-penetrating peptides. 
J Biophys 2011; 2011: 414729.

36. Schmid EM, McMahon HT. Integrating molecular and network 
biology to decode endocytosis. Nature 2007; 448: 883–8.

37. Mayor S, Pagano RE. Pathways of clathrin-independent endo-
cytosis. Nat Rev Mol Cell Biol 2007; 8: 603–12.

38. Jacobson K, Mouritsen OG, Anderson RGW. Lipid rafts: at a 
crossroad between cell biology and physics. Nat Cell Biol 2007; 
9: 7–14.

39. Tunnemann G, Martin RM, Haupt S, Patsch C, Edenhofer F, 
 Cardoso MC. Cargo-dependent mode of uptake and bioavail-
ability of TAT-containing proteins and peptides in living cells. 
FASEB J 2006; 20: 1775–84.

40. Kosuge M, Takeuchi T, Nakase I, Jones AT, Futaki S. Cellular 
internalization and distribution of arginine-rich peptides as 
a function of extracellular peptide concentration, serum, and 
plasma membrane associated proteoglycans. Bioconjug Chem 
2008; 19: 656–64.

41. Duchardt F, Fotin-Mleczek M, Schwarz H, Fischer R, Brock R. 
A comprehensive model for the cellular uptake of cationic cell-
penetrating peptides. Traffic 2007; 8: 848–66.

42. Ezzat K, Helmfors H, Tudoran O, Juks C, Lindberg S, Padari K, 
 El-Andaloussi S, Pooga M, Langel U. Scavenger receptor- 
mediated uptake of cell-penetrating peptide nanocomplexes 
with oligonucleotides. FASEB J 2012; 26: 1172–80.

43. Peiser L, Gordon S. The function of scavenger receptors 
expressed by macrophages and their role in the regulation of 
inflammation. Microbes Infect 2001; 3: 149–59.



C.P. Cerrato et al.: Peptide-based vectors      487

44. Arukuusk P, Parnaste L, Margus H, Eriksson NKJ, Vasconcelos L, 
Padari K, Pooga M, Langel U. Differential endosomal pathways 
for radically modified peptide vectors. Bioconjug Chem 2013; 
24: 1721–32.

45. Viola JR, El-Andaloussi S, Oprea, II, Smith CIE. Non-viral 
nanovectors for gene delivery: factors that govern successful 
therapeutics. Expert Opin Drug Deliv 2010; 7: 721–35.

46. Lehto T, Kurrikoff K, Langel Ü. Cell-penetrating peptides  
for the delivery of nucleic acids. Expert Opin Drug Deliv  
2012: 1–14.

47. Alexis F, Pridgen E, Molnar LK, Farokhzad OC. Factors affecting 
the clearance and biodistribution of polymeric nanoparticles. 
Mol Pharm 2008; 5: 505–15.

48. Dash BC, Mahor S, Carroll O, Mathew A, Wang WX, 
 Woodhouse KA, Pandit A. Tunable elastin-like polypeptide 
hollow sphere as a high payload and controlled delivery gene 
depot. J Control Release 2011; 152: 382–92.

49. Zhang HW, Gerson T, Varney ML, Singh RK, Vinogradov SV. Multi-
functional peptide-PEG intercalating conjugates: programmatic 
of gene delivery to the blood-brain barrier. Pharm Res 2010; 27: 
2528–43.

50. Kawabata A, Baoum A, Ohta N, Jacquez S, Seo GM, Berkland C, 
Tamura M. Intratracheal administration of a nanoparticle-based 
therapy with the angiotensin II type 2 receptor gene attenuates 
lung cancer growth. Cancer Res 2012; 72: 2057–67.

51. Fire A, Xu SQ, Montgomery MK, Kostas SA, Driver SE, Mello CC. 
Potent and specific genetic interference by double-stranded 
RNA in Caenorhabditis elegans. Nature 1998; 391: 806–11.

52. Kanasty R, Dorkin JR, Vegas A, Anderson D. Delivery materials 
for siRNA therapeutics. Nat Mater 2013; 12: 967–77.

53. Wooddell CI, Rozema DB, Hossbach M, John M, Hamilton HL, 
Chu QL, Hegge JO, Klein JJ, Wakefield DH, Oropeza CE, Deckert J, 
Roehl I, Jahn-Hofmann K, Hadwiger P, Vornlocher HP, McLachlan 
A, Lewis DL. Hepatocyte-targeted RNAi therapeutics for the 
treatment of chronic hepatitis B virus infection. Mol Ther 2013; 
21: 973–85.

54. Dong YZ, Love KT, Dorkin JR, Sirirungruang S, Zhang YL, 
Chen DL, Bogorad RL, Yin H, Chen Y, Vegas AJ, Alabi CA, Sahay G, 
Olejnik KT, Wang W, Schroeder A, Lytton-Jean AK,  Siegwart DJ, 
Akinc A, Barnes C, Barros SA, Carioto M,  Fitzgerald K,  Hettinger J, 
Kumar V, Novobrantseva TI, Qin J, Querbes W,  Koteliansky V, 
Langer R, Anderson DG. Lipopeptide nano particles for potent 
and selective siRNA delivery in rodents and nonhuman primates. 
Proc Natl Acad Sci USA 2014; 111: 3955–60.

55. Uppada SB, Erickson T, Wojdyla L, Moravec DN, Song ZY, 
Cheng JJ, Puri N. Novel delivery system for T-oligo using a nano-
complex formed with an alpha helical peptide for melanoma 
therapy. Int J Nanomed 2014; 9: 43–53.

56. Jarver P, Coursindel T, Andaloussi SEL, Godfrey C, Wood MJA, 
Gait MJ. Peptide-mediated cell and in vivo delivery of antisense 
oligonucleotides and sirna. Mol Ther Nucleic Acids 2012; 1.

57. Du LT, Kayali R, Bertoni C, Fike F, Hu HL, Iversen PL, Gatti RA. 
Arginine-rich cell-penetrating peptide dramatically enhances 
AMO-mediated ATM aberrant splicing correction and enables 
delivery to brain and cerebellum. Hum Mol Genet 2011; 20: 
3151–60.

58. Yin HF, Moulton HM, Betts C, Merritt T, Seow Y, Ashraf S, 
Wang QS, Boutilier J, Wood MJA. Functional rescue of dystro-
phin-deficient mdx mice by a chimeric peptide-PMO. Mol Ther 
2010; 18: 1822–9.

59. Yin HF, Moulton HM, Betts C, Seow Y, Boutilier J, Iverson PL, 
Gatti RA. A fusion peptide directs enhanced systemic dystrophin 
exon skipping and functional restoration in dystrophin-deficient 
mdx mice. Hum Mol Genet 2009; 18: 4405–14.

60. Betts C, Saleh AF, Arzumanov AA, Hammond SM, Godfrey C, 
Coursindel T, Gait MJ, Wood MJ. Pip6-PMO, a new generation of 
peptide-oligonucleotide conjugates with improved cardiac exon 
skipping activity for DMD treatment. Mol Ther Nucleic Acids 
2012; 1: e38.

61. Yin HF, Saleh AF, Betts C, Camelliti P, Seow Y, Ashraf S, 
Arzumanov A, Hammond S, Merritt T, Gait MJ, Wood MJ. Pip5 
transduction peptides direct high efficiency oligonucleotide-
mediated dystrophin exon skipping in heart and phenotypic 
correction in mdx mice. Mol Ther 2011; 19: 1295–303.

62. Lehto T, Alvarez AC, Gauck S, Gait MJ, Coursindel T, Wood MJA, 
Lebleu B, Boisguerin P. Cellular trafficking determines the exon 
skipping activity of Pip6a-PMO in mdx skeletal and cardiac 
muscle cells. Nucleic Acids Res 2014; 42: 3207–17.

63. Lehto T, Simonson OE, Mager I, Ezzat K, Sork H, Copolovici DM, 
Viola JR, Zaghloul EM, Lundin P, Moreno PM, Mäe M, Oskolkov N, 
Suhorutšenko J, Smith CI, Andaloussi SE. A peptide-based vec-
tor for efficient gene transfer in vitro and in vivo. Mol Ther 2011; 
19: 1457–67.

Bionotes
Carmine Pasquale Cerrato
Department of Neurochemistry, Stockholm 
University, Svante Arrhenius väg 16B,   
SE-10691 Stockholm, Sweden 
carmine@neurochem.su.se

Carmine Pasquale Cerrato obtained his BSc in 2011 and MSc with 
honors in medical and pharmaceutical biotechnology in 2012 from 
the University of Florence (Florence, Italy). He joined for 6 months 
the Adriano Aguzzi group at the University of Zürich/ETH (Zürich, 
Switzerland), and he is now a PhD student at Stockholm University 
in Professor Ülo Langel’s group. He is interested in cell-penetrating 
peptide and tumor and mitochondrial targeting.

Tõnis Lehto 
Department of Neurochemistry, Stockholm 
University, Svante Arrhenius väg 16B,  
SE-10691 Stockholm, Sweden

Tõnis Lehto obtained his BSc and MSc in chemistry and material 
science, respectively, from the University of Tartu (Tartu, Estonia). 
He joined Professor Ülo Langel’s group in 2010 in the University of 
Tartu (Tartu, Estonia) and is now continuing with his PhD studies 
in Professor Ülo Langel’s group in Stockholm University. His main 
interests are in cell-penetrating peptide-mediated nucleic acid 
delivery in vitro and in vivo.



488      C.P. Cerrato et al.: Peptide-based vectors

Ülo Langel
Department of Neurochemistry, Stockholm 
University, Svante Arrhenius väg 16B,  
SE-10691 Stockholm, Sweden

Ülo Langel is a Professor at Department of Neurochemistry, 
Stockholm University, Stockholm, Sweden. He started as a junior 
research fellow in Tartu University and eventually became an associ-
ate professor and then a professor; he was an associate professor 
at the Scripps Research Institute in La Jolla, CA, USA. He was also 
a research fellow in Stockholm University, where he eventually 
became an associate professor, then a professor, and then a 
chairman. He is also an honorary professor at Ljubljana University, 

Slovenia, and adjunct professor at the Scripps Research Institute in 
La Jolla, CA, USA. He has been an invited lecturer at numerous inter-
national conferences, and is a co-author of more than 350 scientific 
articles and 20 patents.


