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Abstract

Cell-penetrating peptides (CPPs) mediate the uptake of interconnected cargoes
of different types into cells and organisms. Studies in living cells revealed that
high-molecular-weight cargoes linked to CPPs are delivered via endocytic
routes whereas CPPs by themselves or fused to low-molecular-weight cargoes
can in addition enter by a mechanism that does not require vesicle formation.
This latter mode of uptake (transduction) allows access to all intracellular
compartments. Three models for the mechanism of transduction are proposed.

Most described CPPs experience enhanced uptake due to high-affinity
interactions with membrane constituents, but the CPPs can be rather toxic.
The subclass of arginine-rich peptides (RRPs), however, mediates high
frequencies of transduction with low concomitant toxicity.

Finally, selected examples of applications of CPP-mediated delivery of
biological macromolecules in molecular medicine are presented.
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14.1. Introduction—Bits and Pieces of CPP History

In 1988 Frankel and Pabo! and Green and Loewenstein? reported that
the viral protein transactivator of transcription (Tat) from HIV-1 was able to
cross biological membranes and to subsequently alter gene transcription.
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This discovery was followed by the mapping of the peptide domain
responsible for cellular uptake ability, termed protein transduction domain
(PTD), or cell-penetrating peptide (CPP). Subsequently, other PTDs have
been identified, for example, the homeobox of the antennapedia protein of
Drosophila melanogaster, the viral tegument protein VP22 of herpes
simplex virus-1,>> human calcitonin-derived peptides®’ and
the PreS2-domain of hepatitis-B virus surface antigen.® The homeobox
of antennapedia was the first example of a shuttle that promoted
the intracellular delivery of a part of the Rab 3 protein as a cargo into
cells in culture.’ For some of the factors mentioned above the minimal
transducing domains were mapped and will hereafter be referred to as
CPPs. The Tat CPP was narrowed down to a short peptide motif of nine
residues GRKKRRQRRR (amino acids 48-57).!%!! The well-studied
CPP penetratin comprises the third helix of the homeobox of
antennapedia RQIKIWFQNRRMKWKK (amino acids 43-58),!> but
a shorter C-terminal segment (52-58) is sufficient to induce
translocation.!® To the panoply of CPPs derived from naturally occurring
proteins soon were added artificially designed peptide sequences, which
can be categorized as amphipathic or model amphipathic (MAP)!4!°
lysine-, arginine-,'*!”-20 and proline-rich;>! >3 and chimeric®*2° peptides
or peptoids.?’?” Equipped with this armamentarium, cellular uptake of
all sorts of cargoes linked to CPPs, like fluorophores, drugs,?® peptides,
nucleic acids,*® proteins,l()’31’32 nanoparticles,33 and liposomes,34 was
achieved. Their internalization seemed to follow an energy-independent,
unknown pathway. Importantly, the effects of interconnected cargoes
measured in mammalian cells and animals raised hopes that biological
membranes could be conquered by any hydrophilic compound, if
shuttled by CPPs. Unfortunately, these expectations had to be
reconsidered when in 2003 Richard et al. published work showing that
the CPPs Tat and penetratin themselves became internalized into
mammalian cells by an endocytic mechanism.?* Even under mild fixation
conditions, fluorescently labeled CPPs escaped from the endosomal
compartment and were redistributed into the cytoplasm and the nucleus.
The cationic nature of CPPs and their consequent strong affinity
to negatively charged cell membrane constituents was proposed to lead
to their artifactual internalization after treatment of cells with membrane-
disruptive methods.’® Thus, the uptake of CPPs was overestimated in
many studies using flow cytometric analysis to quantify the amount of
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presumably internalized CPPs. Consequently, published work on CPP-
mediated internalization needs to be critically reassessed.

14.2. Influence of Cargo on Mode of Uptake

An analysis of the available data suggests a correlation between size or
structure of the cargo and the mechanism of cellular uptake. This is also
supported by the observation that peptides and proteins fused to CPPs
and simultaneously incubated with mammalian cells end up in different
subcellular compartments.>®>7 In addition, some biophysical properties
of the cargoes might also interfere with the uptake mechanism.

14.2.1. High-Molecular-Weight Cargoes

Proteins and quantum dots fused to CPPs follow an endocytic route and
uptake can be prevented by inhibitors of endocytosis.>**! For Tat-fusion
proteins caveolin-dependent endocytosis,*® lipid raft macropinocytosis,*?
or clathrin-dependent endocytosis** were suggested as possible
mechanisms. Brooks et al. promoted the idea that the CPP Tat, because
of its strong adherence to negatively charged membrane constituents, is
internalized by any pinocytic process occurring at cell membranes.**
Recently, arginine-rich peptides (RRPs) were reported to simultaneously
use at least three endocytic pathways.** Hence, the term adsorptive
endocytosis, as already used by the discoverers of Tat-mediated
transduction,*® still applies. The main pathways for pinocytic and
endocytic uptake are depicted in Color Plate 14.1. For the ionic
interaction of the positively charged amino acid residues with cellular
membranes, a crucial role of heparin sulfate proteoglycans or
phospholipids was established,®*¢#° but the influence of particular
negatively charged membrane constituents on the translocation event
may vary for individual CPPs.** Endocytic uptake is associated with
storage of the internalized CPP species in endosomes or lysosomes for
extended periods and thus reduced bioavailability and activity.
Nevertheless, a sensitive and non-invasive reporter gene assay based on
Cre-mediated recombination after delivery of the protein Tat-Cre
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recombinase®®! indirectly revealed the presence and activity of

the recombinase inside the nucleus.’”*? In addition, numerous examples
of CPP-mediated delivery of high-molecular-weight cargoes like protein
and DNA or RNA constructs with functional effects after internalization
in vitro and in vivo have been reported and are reviewed in ref. 52.

As the release from cytoplasmic vesicles is the bottleneck for
a successful delivery of bioavailable cargoes by CPPs, several studies
aimed to increase the efficiency of vesicular release. Using the Tat-Cre
recombinase functional assay, lysosomotropic agents like chloroquine or
endosome-disruptive agents like PEI (polyethylenimine) or high
concentrations of sucrose (1-2 M), as well as the coapplication of
the transducible and fusogenic Tat-HA2, peptide together with the Tat-
fusion protein markedly enhanced Cre recombinase activity.*>>* Other
methods to destabilize vesicle architecture include Ca?" treatment at
millimolar concentrations® or photochemical treatment in the presence
of photosensitizers like CPPs themselves™® or membrane soluble
chemical compounds,®® for example, aluminum phthalocyanine
enhanced the antisense effect of a peptide nucleic acid conjugate
delivered by Tat by two orders of magnitude.®’

14.2.2. Low-Molecular-Weight Cargoes

Although an endocytic mode of uptake for high-molecular-weight cargoes
is generally accepted, the entry route of low-molecular-weight cargoes like
peptides smaller than 50 amino acids (aa) attached to CPPs is still
a controversial issue. Several groups reported that uptake of CPPs like Tat,
oligoarginines, or penetratin did not differ from internalization of high-
molecular-weight cargoes fused to CPPs and fell in the category of
adsorptive endocytosis (see above).’* " From the initial studies defining
the minimal transduction domains, a very rapid, energy-independent
mechanism of entry was observed concomitantly using non-invasive
detection methods, for example, fluorescence microscopy.!!-36:37:5%:61.62
This mechanism will hereafter be called transduction. Transduction was
not affected by inhibitors of endocytosis and was reported to
occur,! 1122061 o1 even to be enhanced, at lower temperature.®3 In addition,
D-amino-acid analogues of CPPs were taken up in the same rapid manner
and a receptor-dependent mechanism could therefore be excluded.?%+¢7
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Furthermore, the process of transduction exhibited faster kinetics and led
to immediate overall intracellular bioavailability (Color Plate 14.1).
The uptake kinetics of deca-arginine into HeLa cells was recently shown
to start directly after application of fluorescently labeled CPP and reach
a plateau after 40 minutes.®” The membrane potential was proposed as one
of the potential driving forces for this mode of uptake of CPPs.37:68-70
Interestingly, there exists a CPP-specific and cell-type-specific
transduction threshold.’”*> For the CPP Tat coupled to a fluorophore,
transduction into mouse myoblasts occurred at or above 1 uM, and when
fused to a 20-aa-long peptide, the threshold increased to 7.5 uM. Below
these concentration thresholds internalization occurred only via
the mechanism of adsorptive endocytosis.>’ Tat, penetratin, and
oligoarginine exhibited a critical concentration or transduction threshold in
cases where nondegradable D-amino-acid variants were analyzed.3”4>63
Furthermore, freeze-fracture electron microscopy of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC)-liposomes treated with Tat at a ratio
of 1:20 (peptide—lipid) showed Tat assembled in small bundles with a
spacing of about 5 nm,”! and in a recent atomic force microscopy analysis
of Tat on 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) planar biomembranes, the peptide
associated with increasing concentration on the fluid phase.”> For
antimicrobial peptides the realignment and self-assembly of peptides in
membranes was reported to be concentration dependent also; for example,
a solid-state NMR study with the membrane-disruptive peptide PGLa
revealed that with increasing peptide—lipid ratio the peptide changed from
a monomeric surface-bound S-state over a dimeric tilted T-state to an
oligomeric membrane-inserted I-state.”® These cooperative effects might
explain why for a given CPP both possible uptake modes are controversially
reported in the literature.

14.2.3. Special Role of Arginine-Rich Peptides
in Cellular Uptake

The unifying feature among most known CPPs is the presence of several
lysines or arginines within the individual peptide motifs. The high
positive net charge of CPPs leads to an increased local peptide
concentration at the cellular membranes driven by electrostatic
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interactions.”*”> CPPs such as transportan, mastoparan, and MAPs form
a subgroup of amphipathic CPPs, in which hydrophobic and hydrophilic
amino acid side chains are spatially separated in the a-helical peptide
structure, a property often found in antimicrobial peptides. Their
membrane translocation was reported to occur in an energy-dependent
and energy-independent fashion in living cells.!> A structure-function
study astonishingly revealed that membrane association due to positive
net charge was not correlated with uptake efficiency and lysines were
even dispensable; rather, helical amphipathicity and a length of at least
four complete helical turns were essential to allow membrane
translocation.!® Therefore, the mechanism of translocation for this type
of CPP might differ from that of Tat and penetratin analogues, where
positive charge is absolutely required for the crossing of biomembranes.
But charge alone is insufficient to explain the process of transduction.
The uptake of oligomers of histidine, ornithine, and lysines, as well as
that of branched lysines (loligomers), was demonstrated to be sensitive
to temperature, which argues for an endocytic uptake.?’%7” On
the other hand, a minimum of six consecutive arginines was enough to
cause transduction'®!” and the p form as well as guanidino peptoids
worked equivalently.?? These results, the absence of a common
secondary-structure element in known RRPs, and the flexibility in
the position of arginines within a given peptide sequence without
affecting its transduction efficiency!” suggest a decisive role for
arginine in the mechanism of transduction, which probably resides in its
guanidinium function.?%?’

14.2.4. Relevant Parameters when Measuring
CPP Uptake

Several parameters influence the transduction efficiency of CPPs.
Among them, the type of CPP, its D- or L—amino-acid composition
and its concentration, the application buffer, the cell type, and
the administration or application mode can influence the optimal
concentrations for transduction. Such methodological details are usually
described in a material and methods section. However, only a few
publications mention, for example, the final volume of the CPP applied on
the cells during experiments, although increasing peptide-to-cell ratio has
been shown to influence the mode of uptake. Higher peptide-to-cell ratios
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permit, in addition to endocytosis, direct membrane transduction.”®

Therefore, besides the particular CPP concentration, the volume parameter
(cubic meter of liquid per square meter of cells) in combination with cell
density and cell type should be specified in future work. This is especially
important for meaningful comparison of results and drawing conclusions
on CPP uptake and its efficiency.

14.3. Models for the Mechanism of Transduction

Although to date the mechanism of transduction (i.e., the non-endocytic
mode of CPP uptake with membrane permeation and direct intracellular
availability) is still not clear, several models have been developed to
explain this intriguing property of CPPs.

14.3.1. Pore Formation

Some CPPs (MAPs'%) exhibit amphipathicity or adopt o-helical
conformation in the presence of artificial micelles (e.g., mastoparan and
transportan’’), which is also a known property of pore-forming
antimicrobial or lytic peptides. Such peptides lead to leakage of protons,
metal ions, proteins, and so on, finally resulting in cell death due to
collapse of the membrane potential.® Amphipathic peptides insert into
the membrane and multimerize in such a way that hydrophobic residues
are exposed and hydrophilic residues form the cavity of a channel (Color
Plate 14.2A, amphipathic peptides). Thereby short-lived mastoparan
pores permit influx of compounds <1000 Da into mammalian cells.®!
Moreover, they are able to traverse the membrane with a flip-flop
mechanism.®? However, this mechanism can apply only for the subgroup
of amphipathic CPPs. RRPs do not form pores in both artificial and
mammalian cellular membranes,'*** and small miscible compounds
applied simultaneously do not gain access to the intracellular milieu of
the cells upon transduction.®* Consequently, MAPs exert rather strong
toxic effects,!>1%85 whereas penetratin causes only small membrane
perturbations® and Tat and oligoarginines are well tolerated by living
cells.”’84’85
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14.3.2. Formation of Inverted Micelles

The interaction of CPPs with artificial membranes has been the subject of
several biophysical studies. The observation by 3'P-NMR that penetratin
induced micelle formation in artificial membranes led to the assumption
that CPPs might translocate biomembranes inside the hydrophilic cavity
of inverted micelles.’¢ 38 In Color Plate 14.2B the proposed mechanism
starts by strong electrostatic interactions of the CPP with the phospholipids
or glycolipids, which cause membrane perturbation. The cationic peptide
enters the lipid bilayer inside an inverted micelle and is released in the
reverse process into the cytoplasm. Further analysis of the interaction of
penetratin with artificial zwitterionic and anionic model membranes
revealed that penetratin forms a [-sheet hairpin structure and orients
parallel to the membrane.”*%° Penetratin enriches at the lipid—water
interface and is anchored by its tryptophan residues inside the lipid
bilayer. It causes a membrane curvature and after reaching a certain
threshold concentration becomes internalized. The driving force for this
event is the electrostatic field created by the differential peptide
concentration inside and outside the membrane.”® However, Tat CPP
showed weaker binding to anionic membranes than did penetratin,
presumably because no hydrophobic amino acid residue is available for
anchoring inside the bilayer.”” A biophysical study compared the CPPs
Tat, octaarginine, octalysine, and other amphipathic peptides and their
influence on artificial membranes. Tat induced a pronounced isotropic
3IP-NMR signal (indicative of micelles, very small vesicles, or cubic
phases) in zwitterionic, but not anionic, membranes. Octa-arginine and to
a lesser extent octa-lysine had the same effect, whereas other amphipathic
CPPs did not influence the line shape of the *'P-NMR signal. Moreover,
freeze-fracture electron microscopy indicated that the changes detected
by *'P-NMR were due to the formation of rodlike structures on
the membrane surface.”!

14.3.3. Adaptive Translocation

The superior transduction activity of consecutive arginines over
the corresponding lysines, histidines, and ornithines is mainly dependent
on the guanidine function of arginine.?*””#* The efficiency could be
enhanced by using polyarginines prepared from D amino acids or

e



114-chl4d-struct 9/24/2009 10:19 PM Page $

14. CPPs—Uptake, Toxicity, and Applications 339

polyguanidine peptoids with different spacers, comprising at least seven
guanidine head groups.?® Also, highly branched guanidinium-rich
oligosaccharides or dendrimers were shown to transduce readily.®*!
In a two-phase partitioning experiment with octanol and water,
fluorescent octa-arginine and less-efficient octa-ornithine moved from
the aqueous phase into the octanol layer after addition of laurylsulfate.
Because the replacement of the amino functions of arginine with one or
two methyl groups diminished the partitioning capacity, these results
suggest efficient formation of lipophilic ion pairs with abundant
negatively charged groups, for example, phospholipids, fatty acid salts,
and sulfates via bidentate hydrogen bonds,*”’ which are able to diffuse
into the interior of the hydrophobic lipid bilayer. Authors of a recent
molecular dynamics simulation with the RRP Tat stated that the inter-
action of Tat with the phosphate groups on both sides of an artificial lipid
bilayer membrane (DOPC) was crucial for translocation.”?

The driving force for RRPs to penetrate living cells was found to be
membrane-potential dependent. Incubation of living cells with iso-
tonic K*-enriched buffer abolished uptake of RRPs;>’%%% likewise,
pretreatment of cells with the membrane-potential-increasing antibiotic
valinomycin led to higher intracellular concentration of octa-arginine.®’
Hence, the model depicted in Color Plate 14.2C can be described as
formation of lipophilic ion pairs and their diffusion along the membrane
potential inside the cells. This would also imply that the transport is
monodirectional and that internalized cargoes remain inside the cell. In
addition, cargo-dependent differences in uptake can be explained
because the diffusion rate of higher-molecular-weight cargoes should be
limited, if not prevented, by structural constraints.

Likewise, several observations of CPPs themselves and Tat fused to
globular proteins suggest that the loss of tertiary structure enhances or
permits translocation over the cell membrane. This would be equivalent
to the import of cytosolic proteins into cell organelles, which also
requires unfolding of the protein to be translocated.”**> The protein
dihydrofolatereductase (DHFR) fused to the protein Tat was able to
translocate into HeLa cells, but the import failed when the tertiary
structure of DHFR was stabilized by methotrexate, a folate analogue.”®
In agreement with this observation it was shown that the activity of
a variety of proteins genetically fused to the CPP Tat depends on
the purification protocol. For Tat-fusion proteins purified under
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denaturing conditions, lower concentrations were sufficient to achieve
the same effect as their natively extracted counterparts.>'*” For instance,
the enzyme Cu-Zn superoxide dismutase fused to Tat prevented
paraquat-induced cell damage in a concentration-dependent manner
when the purification scheme included denaturation in urea but had no
effect when it was purified natively.”® The requirement for unfolding for
translocation through the membrane is more relevant for proteins fused
to CPPs than for CPPs themselves or CPPs fused to short peptides, as
the total number of residues in the latter would only permit, if at all,
the formation of short secondary structures.

14.4. Toxicity of Cell-Penetrating Peptides
14.4.1. InVitro

A number of studies have assessed the toxicity of CPPs in vitro. In
general, comparative toxicity studies support the division of CPPs into
subgroups, namely, RRPs and amphipathic peptides. Thus, the induction
of membrane leakage by amphipathic peptides could be correlated
with the hydrophobic moment.®> The assessment of the toxicity of
unmodified CPPs using a lactate dehydrogenase (LDH)-leakage,
DiBAC,(3)-(membrane depolarization), and hemolytic assay showed
rather severe toxic effects of MAP and transportan 10 as representatives
of the amphipathic CPPs, but it showed only mild effects of the RRPs Tat
and penetratin.”® Oligoarginines consisting of a minimum of 5 and
a maximum of 12 amino acids at different concentrations were analyzed,
using mouse myoblasts, for transduction and concomitant toxicological
effects. Nona-arginine was identified as the oligoarginine of choice,
combining high transduction frequencies with low short- and long-term
toxicological effects.®* Among the RRPs, toxicity decreases in the series
oligoarginine > penetratin > Tat.!?%!%! The toxicological properties can
be dramatically changed also on attachment of low-molecular-weight
cargoes, for example, labels or other peptides.'’*!%2 The toxicity of Tat
fused to the anti-apoptotic nuclear-factor-xB essential modulator
(Nemo)-binding domain peptide and to the scrambled variant increased
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the detected toxicity in several cell types 100-fold.'”> Because
the attachment of high-molecular-weight cargoes shifts the uptake mech-
anism to an endocytic pathway only, a reduction in toxicity in these cases
most likely reflects the lower amount of bioavailable intracellular CPP
cargo 3637100

14.4.2. In Vivo

As with in-vitro cell-culture systems, in-vivo data are difficult to
compare because of the variety of CPPs used and the differences
between the cargoes attached. In addition, modes of administration of
CPP cargoes to animals and the type of animal used further complicates
delineation of toxic effects. The RRPs Tat and penetratin alone were
shown to reduce p38 mRNA levels in lung tissues after intratracheal
administration.!® The RRP (RXR)4!%1% (X = 6-aminohexanoic acid)
fused to a phosphorodiamidate morpholino oligomer (PMO) cargo was
evaluated on the basis of mortality, changes in physical appearance,
animal behavior, body weight, and serum biochemistry profile and
appeared to be nontoxic below a concentration of 15 mg/kg in Sprague-
Dawley rats when administered once by intravenous bolus injection.'%®
A Grb7 peptidic inhibitor fused to penetratin was intraperitoneally
injected into BALB/c nu/nu mice every 3rd day for 4 weeks at
100 mMol/kg, and no clinically significant adverse effects as assayed by
histological changes in major tissues became apparent.'?” Unfortunately,
few studies to date add mention of toxicological observations to
the biological effect under study.

14.5. CPP-Mediated Intracellular Delivery
in Molecular Medicine Applications

The non-invasive CPP-mediated delivery of hydrophilic compounds into
living cells has tremendous potential for fundamental research as well as
for therapeutics. Furthermore, this delivery method is virtually unlimited
with respect to the size of the shuttled cargo, provided that endocytically
internalized cargoes can be released from endosomes efficiently. In this
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section, we will illustrate the versatile applicability of CPP-mediated
delivery approaches on the basis of selected examples.

14.5.1. Labeling and Imaging

CPP-mediated delivery has proved useful in labeling cells or subcellular
structures. Tat CPP coupled to magnetic nanoparticles was shown to
be taken up by CD34" cells,>>!%19 which after intravenous injection into
mice, could be tracked in vivo. Therefore, endocytic loading of nanoparticles
connected to CPPs into particular cells ex vivo is a non-invasive cell labeling
method allowing subsequent tracking of injected cells in vivo.''? Also, Tat
linked to the radiolabel **™Tc and injected intravenously into mice was
detectable in all organs, although at higher levels in the liver and the urinary
tract.'!'"!13 In addition to magnetic and radiolabel Tat species, delivery of
fluorescently labeled CPPs has been used for the visualization of tumor
xenografts in mice.!'* In the latter study, the specific label of the tumor cells
was achieved by release of the positively charged CPP from a negatively
charged linked peptide via metalloproteinases presented by the tumor cells.
Another interesting application of CPPs in animal imaging is the in-vivo
uptake via the skin of the low-molecular-weight cargo luciferin coupled to
an oligoarginine CPP transporter into living transgenic mice expressing
luciferase. Intracellular luciferin is converted by the luciferase to the photo-
emitting form oxyluciferin, which can be detected with a cooled charge-
coupled-device camera in living animals.2®

Peptides fused to CPPs have also been used to specifically label
subcellular structures in living cells. Decaarginine itself was used as
a cell-permeable marker of the nucleolar compartment in a variety of
cells,®” and Tat CPP fused to a peptide derived from human ventricular
myosin light chain 1 transduced into primary cardiomyocytes and
highlighted sarcomeric structures.'!®

14.5.2. Modulation of Intracellular Function
14.5.2.1. Drug Delivery

Only a few groups have worked on the facilitation of delivery of synthetic
macromolecules or therapeutics by CPPs. In a transport feasibility study
Tat was shown to be able to shuttle a N-(2-hydroxypropyl)methacrylamide
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(HPMA) copolymer and the anthracyclin doxorubicin into a human
ovarian carcinoma cell line.!'®!"” The same drug and benzylpenicillin
fused to the CPP SynB1 were able to cross the blood—brain barrier as
shown by an in situ rat-brain perfusion technique after intravenous
administration.!'®!!” Cyclosporin A connected to hepta-arginine applied
as a lotion entered the epidermis and dermis of murine and human skin.
Furthermore, a similar construct that releases cyclosporin A at
physiological pH inhibited inflammation in mouse contact dermatitis.?®

14.5.2.2. Delivery of Peptides and Proteins

To date the vast majority of studies using CPP-mediated intracellular
delivery evaluated the uptake of peptides or proteins into living cells
or evaluated the corresponding effects on intracellular functions, or
both. Several studies have focused on their potential use as antitumor
delivery agents, whereas others deal with their advantage to deliver
protective agents in model systems of cellular damage (ischemia,
neurodegeneration, etc.).

A peptidic inhibitor of growth factor receptor-bound protein 7,
a potential tumor therapy agent and a factor highly expressed in
metastatic pancreatic cancer, was fused to penetratin. After frequent
intraperitoneal injections into mice containing pancreatic cancer cells, it
was shown to diminish metastatic nodules to 2% of their original
number.'%” Also, the DNA replication licensing protein geminin shuttled by
a novel CPP had an antiproliferative effect in cultured cancer cells.'?
Another example of a potential antitumor approach consisted in delivery of
the apoptotic (KLAKLAK),, mitochondrial membrane-disruptive peptide
fused to hepta-arginine, which caused rapid cell death when injected
subcutaneously into tumor xenografts in mice.'?!

On the other hand, a large number of studies showed cellular
protective effects of various CPP fusions. Delivery of Tat-BH4 protein
and Tat-Bcl-xL peptides prevented apoptosis in models of sepsis,'??
irradiation,'?®> and ischemia or reperfusion.'?* Targeting the JNK
pathway with a c-Jun inhibitory peptide fused to Tat minimized
the lesion size in a rat model of ischemia. The same peptide was able
to cross the blood-brain barrier after intraperitoneal injection.!'?’
Another neuroprotective Tat fusion to an isozyme specific inhibitor of
0 protein kinase C increased the number of microvessels and improved
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blood flow in a rat model of ischemia. In addition, prophylactic
treatment reduced infarct size in hypertensive Dahl rats following an
acute stroke. Another study used delivery of a Tat-Cu-Zn superoxide
dismutase to prevent injury caused by reactive oxygen species after
transient forebrain ischemia in gerbils.'”® Besides being anti-
inflammatory, cavtratin—a chimera from penetratin and a hydrophobic
peptide derived from caveolin-1 that negatively regulates the activity of
endothelial nitric oxide synthase—reduced microvessel permeability.'?’
Intranasal delivery of a STAT6-derived peptide fused to the CPP PTDy4
reduced lung inflammation in murine models of rhinitis and asthma
and inhibited many features of allergic airway disease.!?® Strikingly,
frequent Tat-mediated intracellular delivery of the protein purine
nucleoside phosphorylase rescued the immunodeficiency and
neurodegenerative defects of the respective knock-out mice with no
apparent toxicity.'?’

Finally, uptake into living adult rat primary cardiomyocytes of
a striated muscle-specific human ventricular light chain-1 peptide fused
to Tat CPP and its localization to sarcomeric structures was measured.
This cell-permeable peptide was able to enhance muscle contractility
without affecting the intracellular Ca>*. These properties and the fact that
this peptide has targets only in striated muscle make it a novel potential
therapeutic tool to improve cardiac function,!!13

14.5.2.3. Delivery of Oligonucleotides

Although CPP-mediated pinocytic delivery is independent of cargo size,
the introduction of DNA or RNA seems to be technically more demanding.
Due to the complexation of the intrinsically basic CPP with the negatively
charged phosphate backbone of nucleic acids, the transducing moiety
becomes less available for the interaction with negatively charged membrane
constituents, which is crucial for the initiation of the internalization
event.!!4

Nevertheless, a 16-mer peptide nucleic acid (PNA) stably linked to the
CPPs Tat, transportan, and Tp10 inhibited Tat-dependent transactivation, !
and an 18-mer steric block oligonucleotide (ON) linked to the CPP Rg-
penetratin enhanced splice correction activity!*? in a HeLa cell reporter
assay.
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Use of the RNA analogue PMO replaces the phosphodiester with
a neutral phosphorodiamidate linkage and therefore results in a neutral
nucleic acid compound that is resistant to nucleases and RNase H.
Conjugated via a thioether linkage to several types of RRPs, it redirected
the splicing of targeted mRNAs in primary murine leukocytes.!® With
a similar alteration in pre-mRNA splicing, the excision of a nonsense
mutation in exon 23 was skipped in a mouse model of muscular
dystrophy, and functional dystrophin expression was restored.'*?

Another innovative approach fused Tat to the RNA-binding domain of
Ul small nuclear ribonucleoprotein as an adaptor moiety and used this
shuttle for delivery of SARNA and siRNA constructs into CHO cells.'3*
A further possibility for shuttling ONs is to use complexes of CPPs with
ON at optimized ratios, for example, to deliver siRNA!3>136 into cell-
culture systems.

14.5.2.4. Gene Therapy

CPPs are also capable of aiding viral mediated gene delivery in vitro and
in vivo. Penetratin mixed with an adenoviral green fluorescent protein
(GFP)-expressing construct markedly enhanced infectivity after luminal
application into mouse carotid arteries.'’” A recombinant Tat-M,S
(multisubunit DNA binding protein) was mixed with a therapeutic
plasmid encoding a.-galactosidase A (AGA) and injected into muscles of
AGA-knockout mice, suffering from a lysosomal storage disease. This
chimera significantly enhanced AGA expression in skeletal muscle in
comparison to injection of DNA alone.'*

14.6. Conclusions and Perspectives

A multitude of studies have demonstrated that delivery of therapeutic
molecules by CPPs resulted in functional effects in vitro and in vivo.

In vitro two different mechanisms of uptake were observed. Proteins,
DNA and RNA, peptides, and drugs connected to RRPs were taken up
by a CPP-enhanced pinocytic mechanism, but low-molecular-weight
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cargoes showed—at higher concentrations—the ability to enter living
cells in a nonvesicular mode that guaranteed immediate access to any
subcellular intracellular compartment, referred to as transduction.
Strikingly, this nonvesicular uptake does not compromise living cells at
intermediate concentrations and, at the same time, results in high
intracellular bioavailable concentrations.

The use of degradable CPP constructs (composed of L amino acids)
has the additional advantage of allowing proteolytic degradation of
the non-target-bound excess peptide, whereas nondegradable b—amino-
acid-containing CPP constructs forcibly elicits sustained effects.
Internalized degradable CPP constructs can be shielded from
the intracellular proteolytic machinery when bound to their targets,
while the remaining unbound fraction is rapidly degraded, providing a
natural control over excess CPP construct. The beauty of this system, of
course, does not apply to nondegradable compounds linked to CPPs, for
example, drugs, heavy metals, or retro-inverso and other non-L—amino-
acid-containing peptides.

Since transduction, in contrast to pinocytosis, is a rapid uptake mode
and internalized peptides are immediately bioavailable, CPP-mediated
delivery of peptides is well suited for functional studies in primary cells,
like human polymorphonuclear neutrophils or cardiomyocytes,'?%!3?
which are both short lived and resistant to transfection. The latter
involves gene expression, and consequently biological effects can be
assayed only hours to days after transfection. Illustrating
the effectiveness of transduction and the ability to perform immediate
functional measurements, a peptide derived from ventricular light chain-
1 fused to Tat increased the intrinsic contractility of isolated adult
rat cardiomyocytes directly after application of the peptide to
the medium.'*°

Although transduction is sometimes described as seemingly energy
independent, there has to be a driving force for this kind of uptake.
Macromolecular concentration gradients in and out of the cell or
the membrane potential are possible parameters, and experimental
data supports both.’”:®” This implies that transduction could proceed
in only one direction, which has not yet been experimentally
demonstrated.

Translation of in-vitro CPP transduction onto in-vivo applications is
feasible, but verification is difficult since the fixation protocols often

e
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used to check for uptake in organs lead to artificial redistribution of the
delivered substances. Nevertheless, irrespective of the mode of cellular
uptake (transduction or endocytosis) several in-vivo studies have
demonstrated uptake or biological effects, or both, of CPP-mediated
delivery of cargoes (see section above and Table 14.1).

A priori, the fast uptake and hydrophilic nature of most CPPs
should make their use more suitable for topical delivery to the target
tissue, which would also provide specificity, rather than for systemic
delivery, which would require deep penetration to reach certain
organs and cell types. However, Tat-proteins injected in vivo were
found in all organs and were even able to cross the blood—brain
barrier.’>!!'! Table 14.1 provides a summary of several recent
successful CPP-mediated in-vivo delivery experiments. How can
discrepancies between the marginal penetration of CPP cargoes and
the encouraging effects measured in animals in several studies be
explained? At least in part, it might be because most studies tackled
either inflammatory and apoptotic processes or tumor tissues.
The former are associated with enhanced tissue and membrane
permeability and the latter with high vascularization and increased
interstitial space and the absence of a lymphatic network.'4
Therefore, compromised tissue may be more easily reached by CPP
entities circulating in the bloodstream and uptake into harmed cells
would be enhanced.

The constraints of the animal experiments do not apply to the
exciting possibilities of CPP-mediated cargo delivery in ex vivo cell
applications, including labeling of cells and subcellular structures, cell-
based assays, and modulation of cellular functions. Since all cells so far
have proved susceptible to transduction by low-molecular-weight
cargoes linked to CPP, this mode of uptake can be used directly.
Application of large cargoes (e.g., proteins) that get internalized
exclusively by pinocytosis, though, will require optimization of
nontoxic strategies to release the CPP cargoes from the vesicles. With
recent developments in cell-replacement therapies, this non-DNA-
based approach will be extremely useful.

Altogether, CPP-mediated shuttling of hydrophilic compounds over
the plasma membranes of living cells provides the fascinating
possibility of exploiting the macromolecular repertoire of the cell for
molecular medicine.
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