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Cell-penetrating peptides (CPPs) have found numerous applications in biology and medicine since the
first synthetic cell-permeable sequence was identified two decades ago. Numerous types of drugs have
been transported into cells using CPPs, including small-molecule pharmaceuticals, therapeutic proteins,
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and antisense oligonucleotides. Improved agents for medical imaging have been generated by
conjugation with CPPs, with the appended peptides promoting cellular uptake and in some cases,
cell-type specificity. Organelle-specific CPPs have also been generated, providing a means to target
specific subcellular sites. This review highlights achievements in this area and illustrates the numerous
examples where peptide chemistry was exploited as a means to provide new tools for biology and

medicine.

1. Introduction

The plasma membrane of eukaryotic cells is a tightly controlled
barrier engineered to protect the cell from unregulated influx of
bioactive molecules. For small-molecule and protein-based drugs
that are not endogenous to the cell, traversing this membrane can
involve hijacking a natural cellular process or achieving direct
diffusion through the lipid bilayer. However, in many cases both
modes of entry are inefficient for exogenous molecules. Thus,
molecular transporters have long been sought that would facilitate
the passage of pharmaceutically-active agents into living cells.

A major breakthrough in the identification of such transporters
was realized in the late 1980s and early 1990s when a series of
short peptide sequences were identified that efficiently crossed the
plasma membrane.’ One that received a great deal of attention
was the Tat peptide, derived from the HIV Tat transactivator
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protein.* Originally, it was discovered that the full-length protein
crossed the plasma membrane,? and subsequently, small fragments
were identified that could efficiently enter cells.* These discoveries,
along with those identifying other peptides with membrane-
crossing activities,™ served as the cornerstone for a new subfield
focused on the use of cell-penetrating peptides (CPPs) as molecular
transporters.

Today, thousands of studies have been performed characterizing
and optimizing CPPs as cellular delivery agents.”** Chemists and
biochemists have developed many variations of peptide structures
that have elucidated important molecular features of CPPs that
modulate activity;** they have also used biophysical methods
to characterize mechanisms underlying cellular uptake.®*2* Re-
searchers in both the biological and medical sciences have devel-
oped numerous applications of these constructs, illustrating the
utility of CPPs in these fields.”"* A variety of intracellular cargoes
have been transported by Tat or other CPPs, including DNA,*
polymers,*® nanoparticles,*** and liposomes (Fig. 1).3 Clearly,
CPPs are a powerful tool for transporting diverse materials
across the cell membrane and have attracted the interest of an
interdisciplinary scientific community.
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Fig. 1 Applications of cell-penetrating peptides as molecular delivery
vehicles.

Harnessing the cell-penetrating properties of these peptides will
have profound implications in both basic and medical research.
The following review will focus on the applications of CPPs in
medicine and as biological tools.

2. Cell penetrating peptides: background and
mechanism of uptake

Over the last two decades, many different short peptide sequences
have been identified that are able to transport diverse types of cargo
molecules.*** Examples of commonly used CPPs are included in
Table 1. Some CPPs, like Tat and penetratin, are derived from
natural sequences, while others are artificial constructs designed
to capture the important features of natural systems. Some of the
first examples of designed sequences included the polyarginines®
and transportan.*® This class of engineered molecules is rapidly
expanding with the recent discoveries of new peptide sequences
that are permeable to mammalian cells such as protamine,®
maurocalcine,*® and M918.% The continued expansion of this field
indicates that chemical space is rich with peptide sequences that
exhibit high levels of cellular uptake.

Obtaining information about general trends governing CPP
uptake, such as the effects of peptide length, chemical properties,
and size, has important implications for the rational engineering
of CPPs. With knowledge concerning how physicochemical prop-
erties favor one mechanism of uptake over another, engineering
new peptides with a desired uptake mechanism relevant to
their application will be possible. Towards this end, numerous
investigations have been conducted to elucidate how CPPs gain
access to the interior of cells.** A variety of uptake mechanisms
appear to be operative in different systems, and in some cases, the
mechanism is cell-type or cargo-specific. It appears that CPPs can

Table 1 Cell-penetrating peptides commonly used for delivery
applications

Cell-penetrating peptide ~ Amino acid sequence

Polyarginines RRRRRRRRR (Ry)
Taty 5 RKKRRQRRR
Penetratin (Antennapedia) RQIKIWFQNRRMKWKK
Pep-1 KETWWETWWTEWSQPKKKRKV
Transportan GWTLNSAGYLLGKINLKALAALAKKIL
Nuclear localization VQRKRQKLMP
sequences SKKKKIKV
GRKRKKRT

access the cell by two distinct routes: energy-dependent vesicular
mechanisms, collectively referred to as endocytosis, or via a direct
process involving translocation of the lipid bilayer (Fig. 2).
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Fig.2 Mechanisms of uptake across the plasma membrane.

Endocytosis, which includes phagocytosis and pinocytosis, is a
regulated process used by the cell to internalize solutes and fluids
in the extracellular matrix.*! Reserved for specialized cells, such as
macrophages and neutrophiles, phagocytosis is a complex process
used to engulflarge particles.**** Pinocytosis occurs in all cell types
and can be further classified into four mechanistically diverse
pathways: macropinocytosis, clathrin-mediated, caveloae/lipid
raft-mediated, and clathrin, caveolae-independent endocytosis.*!
While the exact mechanisms of each of these pinocytic processes
differ with regard to vesicle structure and the machinery utilized,
they all share a common outcome: extracellular molecules are
encapsulated into lipid vesicles, which are internalized after
resealing of the plasma membrane.*! The fate of the solute
molecules depends on their ability to escape lipid-encapsulated
vesicles before they are trafficked back to the plasma membrane
for recycling, or fused with lysosomes. It is important to recognize
that this type of vesicular escape can limit the effectiveness of CPPs
in delivery applications, as it may keep a cargo from reaching the
desired intracellular site.

Results from a large number of studies suggest that the
mechanism of endocytic uptake for a CPP is strongly dependent
on the attached cargo.** For example, Tat has been shown
to use lipid raft-mediated endocytosis when conjugated to a
protein® and clathrin-dependent endocytosis* when conjugated
to a fluorophore. Macropinocytosis has been implicated in the
uptake of a variety of CPP—cargo conjugates,®** suggesting that
membrane ruffling aids the internalization of CPPs. Additionally,
the electrostatic interaction of CPPs with surface proteoglycans
has been shown to be responsible for the uptake of many
CPPS.4S,S(F54

CPPs can also cross the membrane bilayer directly in an energy-
independent process (Fig. 2).**5 Non-endocytic membrane per-
meation is thought to occur when the peptide has characteristics
that are compatible with the bilayer or that sufficiently perturb the
structural integrity of the membrane.**>” Peptides using a direct
mechanism of uptake would be expected to display transport that
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is sensitive to changes in membrane properties, such as fluidity
and membrane potential. Biophysical models have taken concepts
relevant to antimicrobial peptides to propose membrane structure
perturbations that would facilitate transport, with the barrel-stave,
inverted micelle, and carpet models all describing different types of
transient structures that could be formed at the membrane surface
and allow peptide entry.®*' Studies aimed at looking at the role
of extracellular counterions have also lent support to proposed
mechanisms involving direct uptake.?**’

Cellular uptake of polyarginines is sensitive to changes in mem-
brane potential and independent of temperature, suggesting non-
endocytic uptake.* In addition, translocation of Pep-1, penetratin,
and polyarginines is driven by membrane potentials.®>** For these
peptides, electrostatic interactions with cell surface molecules
and negatively charged lipids*-**6+%5 may initiate the penetration
of the bilayer. This was observed for penetratin even in the
absence of a membrane potential in model lipid vesicles where the
fluorescently labeled peptide was able to translocate across a pure
lipid bilayer via a non-pore-forming mechanism.* Furthermore,
it is anticipated that even when endocytic pathways are relevant
to uptake of CPPs, escape from the endosome by a physical
mechanism is one way the peptide could reach cytoplasmic or
other organelle targets.*

While debate about specific uptake mechanisms for CPPs is
ongoing (for a detailed review readers are referred to ref. 6), it is
now clear that the route of entry can be dependent on the identity
of an attached cargo*® (e.g. drug, fluorophore, nanoparticle,
protein) and on cell type.*” Moreover, uptake mechanism can be
misassigned as a consequence of experimental artifacts, such as
those resulting from cell fixation or omission of a proteolytic
digestion.® In addition, some pharmacological agents used to
probe specific mechanisms of endocytosis can interfere with
multiple endocytic pathways as well as other cellular properties.**
An added difficulty in the assignment of uptake mechanisms
comes from the fact that a single CPP can simultaneously exploit
multiple modes of uptake to enter cells.***™ Recently, this issue
was explored in depth for cationic CPPs; in these detailed studies
it was found that penetratin equally exploits macropinocytosis,
clathrin-mediated endocytosis, and caveolae/lipid-raft-mediated
endocytosis to enter HeLa cells.* Clearly, claims concerning
dominant uptake mechanisms for CPPs must be made with great
care.

3. Cell penetrating peptides: applications in drug
delivery

Revolutionary advances in genomics and proteomics technology
have led to the identification of molecular targets for treatment
of different disease states.”* The development of a successful drug
requires access to a target of interest; therefore, for intracellular
targets to be addressed, drug molecules must be cell-permeable.
Traversing the plasma membrane is a challenge to the delivery of
some therapeutics, with many drugs exhibiting desirable activities
in vitro not displaying the requisite amount of lipophilicity al-
lowing for membrane partitioning but simultaneously supporting
aqueous solubility.” These incongruous requirements have limited
the use of certain compounds and therefore, optimizing cellular
delivery of therapeutics is an important priority. CPPs have been

proven effective at increasing the efficacy of several therapeutics
by improving cellular uptake, and the use of CPPs as molecular
vehicles offers several advantages over other delivery vectors,
including lower toxicity and more controlled administration.””
Many studies have demonstrated successful CPP-facilitated intra-
cellular transport of therapeutics, ranging from small molecules to
large proteins or nucleic acids, demonstrating that CPP-mediated
delivery of therapeutics is a promising approach.

4. Cellular delivery of proteins by CPPs

Administering exogenous proteins presents a valuable treatment
for many disease states, but delivering these large macromolecules
into cells is a challenging objective. Since the discovery was
made that Tat was able to transport various proteins across cell
membranes,” CPPs have been shown to be effective for delivering
proteins ranging in size from 30 kDa (e.g. GFP) to 120-150 kDa
(e.g 1gG) (Fig. 3). Administration of the 120 kDa B-galactosidase
protein fused to Tat in mice resulted in the efficient penetration
of all tissues, even crossing the blood-brain barrier; importantly,
biological activity was maintained.” In vivo delivery of Fab
fragments crosslinked with Tat, penetratin and other CPPs was
shown to yield varied organ distributions and an overall increase
in organ retention, suggesting that the peptide can play a role in
tissue localization.”™

Noncovalently-associated complexes of CPPs and proteins have
proven effective for delivery. For example, the short amphipathic
peptide, Pep-1, was shown to facilitate rapid and highly efficient
cellular uptake of various peptides, proteins and even full-length
antibodies.” This approach has the significant advantage of not
requiring any chemical modification of the transporter or protein
cargo, greatly simplifying the formulation of reagents.

CPP-mediated protein delivery has been used successfully to
administer a variety of therapeutically relevant proteins, and
has significant potential for cancer and stroke treatment.®™ A
disulfide conjugate of Tat and an anti-tetanus Fab fragment was
used to reverse nerve cell damage caused by tetanus toxin.* To
treat ischemic brain damage, Tat has been fused to proteins that
bind the postsynaptic density protein, PSD-95; the conjugate was
effective in preventing excitotoxicity.® Tat conjugates with FNK,
a stabilized variant of Bcl-x, lacking the phosphorylation site,
have been prepared to prevent cell death in the brains of mice.*
The successful delivery of these proteins in an active form is
a remarkable achievement, and has shown that CPP-mediated
protein delivery is a generally-applicable tool.

CPP-mediated delivery of antibodies—large proteins that
are notoriously difficult to deliver into cells—has also been
achieved.”®**¢ Tat has been used to deliver antibodies for radio-
therapeutic applications (e.g.'"'In-labeled anti-mouse IgG)* and
for sensitizing cancer cells to cytotoxic therapies (anti-p21).% As
well, penetratin has facilitated antibody delivery in vivo where
uptake and retention in solid tumors of mice was improved.®
The fact that CPPs have enabled antibody delivery highlights how
broadly applicable these transporters are.

5. Cellular delivery of nucleic acids by CPPs

Cellular delivery of nucleic acids is another exceptionally chal-
lenging, but important, objective for the development of new
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Fig.3 Linkages of CPPs to nucleic acid and protein cargos.

therapeutics.®” Currently, the delivery of these highly negatively
charged biomolecules is typically achieved with methods that can
be plagued by cellular toxicity or poor efficiency in certain cell
types (e.g. lipofectamine or microinjection). CPPs offer qualities
that could be beneficial for a non-viral gene delivery system,
including the ability to easily functionalize the peptide structure
(Fig. 3). While CPP-nucleic acid complexes can be trapped in
endosomes, CPPs can be modified to promote endosomal escape,
preventing degradation and allowing the nucleic acid to reach
nuclear targets.®*** Additionally, peptide nucleic acids, which are
highly stable, uncharged, protease- and nuclease-resistant oligonu-
cleotide mimics, have been efficiently delivered by conjugation to
various CPPs.***

RNAI technology has also been improved with CPP-aided
delivery of siRNA.*** The crosslinking of Tat to siRNA increased
cellular uptake of the oligonucleotide without interfering with the
perinuclear localization required for RNAI activity.”® The Tat—
siRNA complex silenced gene expression to a similar extent as one
made with lipofectamine. Penetratin and transportan featuring
terminal cysteines have been covalently attached to a 5'-thiol
modified siRNA and produced expression knockdown for up to
seven days.”® As an alternative to covalent attachments, both a
polyarginine CPP and a derivative of MPG (a fusion peptide
between a hydrophobic segment of HIV-1 gp4l and nuclear
localization sequence SV-40) were used for cellular delivery of
exogenous siRNA as a non-covalent complex.”?” Even though
many examples of successful CPP-mediated internalization of

oligonucleotides exist, several studies with CPP-siRNAs revealed
that Tat and penetratin alone affected gene expression and that
penetratin—siRNA elicited an immunological response, challeng-
ing the use of these CPPs in delivery systems.”®*® While these
studies emphasize the need for caution and careful controls, the
body of work in this area suggests that CPP-based delivery systems
for oligonucleotides have great promise.

6. Cellular delivery of small-molecule drugs by CPPs

The efficacy of several small-molecule drugs has also been im-
proved using CPPs as delivery vehicles (Fig. 4).'1%1% Polyarginine
conjugates of the hydrophobic drug Paclitaxel were shown to
greatly improve the water solubility and cellular uptake of this
potent therapeutic.'"'** CPP conjugates of cyclosporine A were
shown to exhibit qualities beneficial for treatment of psoriasis
and other skin conditions.’® When topically administered, the
polyarginine aids penetration to cells in the underlying tissue, de-
livering a therapeutically useful amount of the anti-inflammatory
molecule by facilitating passage through the stratum corneum.
CPPs have delivered photoactive drugs, e.g. the pro-drug 5-
aminolevulinic acid, which is converted in the heme biosynthetic
pathway to the photosensitizer, protoporphyrin IX; the delivery
of this agent was made possible by coupling to penetratin.'®
CPPs can therefore be used to ameliorate properties of drugs—
like extreme lipophilicity or poor trafficking—that limit their
usefulness.
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Fig. 4 Small molecule therapeutics successfully delivered by CPPs.

CPPs may also be useful for overcoming cancer-resistance in
cells by diverting drugs away from efflux pathways. For example,
doxorubicin conjugated to Tat!'® and transferrin'®>!% have been
successful in exerting cytotoxic effects on doxorubicin-resistant
cell lines. CPPs have enhanced uptake of methotrexate in cell
lines resistant to this chemotherapeutic, further illustrating the
therapeutic benefit of CPP-conjugated drugs.'® While these drugs
are inherently cell permeable, CPP-mediated delivery circumvents
the effects of the efflux pumps and provides an effective means to
override resistance.

7. Enhancement of activity for peptide-based drugs
using appended CPPs

Peptide-based drugs represent another class of therapeutics that
exhibit improved activity when CPPs are used for delivery (Fig. 5
and Table 2). For this class of agents, the shared structure of the
drug and carrier simplifies synthesis, and thus this application of
CPPs is particularly straightforward.

Anti-microbial peptides (AMPs), engineered by microbes to
penetrate the cellular boundaries of other organisms, have been
manipulated to exert their activity on human cancer cells.’?"'13
Specificity for cancer cells, however, can be difficult to achieve
with these systems.'®!® The challenge in using these peptides as
cancer-killing agents lies in directing their membrane-disrupting
properties to diseased cells, leaving normal cells unperturbed.

One very promising engineered sequence, (KLAKLAK),, has
received a great deal of attention as a potential AMP-derived
therapeutic."**> Although the (KLAKLAK), peptide does not
perturb the plasma membrane, it disrupts mitochondria, inducing
apoptosis when delivered into cells.!*® However, the low activity
of the unmodified (KLAKLAK), peptide towards cancer cells
illustrates that the peptide cannot achieve therapeutically relevant
intracellular concentrations alone.'® Strategies employing CPPs to
improve uptake of the AMP have achieved increased potency.!'”!*®
A (KLAKLAK),-polyarginine construct demonstrated improved
ICs, values in comparison with doxorubicin, paclitaxel, methotrex-
ate, cisplatin, and cyclophosphamide.'” The activity of another
mitochondria-disrupting peptide, Vpr, was also improved by
conjugation to the CPP Tat.' Indeed, fusing domains that exert
biochemical activity with CPPs leads to improved drugs, and the
fact that these drugs can be generated completely via peptide
synthesis makes their preparation facile.

Peptide fragments retaining the activity of full-length pro-
apoptotic proteins are under development as anti-cancer
agents.”™'> These constructs have also been improved via con-
jugation to CPPs. Two examples of these are the BH3-helix from
the Bcl-2 family and the N-terminal domain of the pro-apoptotic
factor SMAC.'>*'* The BH3-only peptides have been investigated
as therapeutics for cancer treatment, but are unable to cross
the plasma membrane at levels that are therapeutically useful,
prompting the development of strategies to improve intracellular
accumulation.’'?? Linkage of BH3-only therapeutic peptides
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to CPPs has been shown to improve their activity.”'** The
antennapedia transduction domain fused to BH3 domains from
Bak, Bax, and Bcl-2 was used with success, even in the presence
of over-expressed anti-apoptotic Bcl-2 proteins Bcl-2 and Bcl-
XL."12¢ Thus, CPPs can be used to increase the activities of
apoptotic peptides by facilitating cellular uptake.

Another mitochondrially-targeted apoptotic factor that is of
interest as an anticancer agent, Smac/DIABLO, has been studied
as a CPP fusion.' A seven amino acid sequence from the Smac N-
terminus was linked to the Tat peptide, and potentiated apoptosis
induced by various stimuli; in concert with TRAIL, this agent
caused complete regression of an intracranial malignant glioma
xenograft model in mice, in comparison to only partial growth
inhibition by TRAIL or the Smac peptide alone.'*

Peptide-based inhibitors are useful for blocking protein—protein
interactions that are too large for small molecule interference,
but often, sequences that produce significant disruption of a
biomolecular interface in vitro do not exhibit efficient intracellular
accumulation.’ Delivery by CPPs has also been useful for this
type of therapeutic. For example, penetratin and Tat improved
uptake and activity of a peptoid inhibitor of the apotosome.'?’
Another useful peptide inhibitor, shepherdin, blocks the interac-
tion of a molecular chaperone, Hsp90, with the anti-apoptotic
regulator survivin.'”® Shepherdin linked to Tat or antennapedia
inhibited tumor cell growth in in vitro and in vivo models.'®
CPPs were also used to stimulate the uptake of a polyglutamine-
binding peptide that inhibits aggregation of misfolded proteins
responsible for neurodegenerative disorders.’” Here again, by
improving cellular delivery of these agents, CPPs are able to
improve the inhibitory properties of agents with poor intrinsic
cellular permeability.

Transcription factors are popular targets for anticancer agents,
since these control downstream response to growth factors,
apoptotic stimuli, and other cellular signals.”*® A peptide fragment
of the tumor suppressor transcription factor p53 is known to
stimulate the activity of wild type p53 and some mutant p53
cell lines.”™ Fused to the antennapedia transduction domain,
the peptide markedly inhibited growth and colony formation in
a mutant p53 cancer cell line,® and the peptide construct was
used successfully in vivo to induce apoptosis through the Fas-
FADD pathway."*>!3® Another transcription factor-targeting that
has shown promising activity once conjugated to a CPP is one
based on the natural inhibitor ARF (alternative reading frame
protein); ARF targets Foxm1 (forkhead box m1), a transcription
factor important to the development of hepatocellular carcinoma
in humans.®* The cell-permeable ARF peptide attached to nona-
arginine reduced tumor size and number in a mouse model.’**
Another example of this type of approach involved inhibition of
NEMO, a key regulator of NF-kB activation; a fusion of a peptide
inhibitor with antennapedia was generated and inhibition was
observed in cultured cells.”®® Inhibition of Stat3, a transcription
factor found to be constitutively activated in some cancer cell
lines, was achieved with a polyarginine transduction domain
linked to a peptide aptamer inhibitor."** Modulating the levels
of transcription allows control of cancer-related processes, and
facilitating the delivery of agents interacting with transcription
factors appears to be a powerful means of achieving such control.

Peptide-based inhibitors of signaling proteins have also been
improved when prepared as CPP fusions.®*"** Inhibition of
casein kinase 2 by the peptide inhibitor P15 attached to Tat was
found to induce apoptosis in a number of cancer cell lines and
slowed the growth of TC-1 tumors in vivo."*? In addition, a peptide
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Table 2 Peptide drugs delivered by CPPs

Peptide drug Target CPP carrier Model 1IC50/uM  Ref
Apoptosis targeting
(klaklak), Mitochondrial disruption ~ D-(R)7, PTD-5  HT-1080, HCT-116, HT-29, MDA-MB-468,  3-40 [99]
HeLa, PC-3, MIA PaCa-2, LL/2, MCA205,
clinical head and neck tumor isolates
HT-1080 & MCA205 xenografts [100]
Smac-derived peptide XIAP inhibition Tat SHEP, SH-SY5Y, US7MG, LN-18, LN-229, — [102]
Panc-1, MCF-7, SV- FHAS, SMA560,
human fibroblasts, human mammary
epithelial cells, PBL, Schwann cells, primary
neuroblastoma tumor cells, Human glioma
xenograft
BH3 helix Inhibition of Penetratin HeLa, PBL HL-60 overexpressing Bcl-2 15-50 [103]
pro-apoptotic Bcl-2 family
members
BJAB, & Jurkat transfected with Bcl-2 [104]
HIV Vpr peptide Mitochondrial disruption ~ Tat HUVEC 15 [101]
Apaf-1 peptoid inhibitor Activation of apotosome Penetratin, Tat U937, Saos-2 ~1 [109]

Transcription targeting
p53-derived peptide Activation of Penetratin
pS3-mediated
transcription
Inhibition of
Foxm1-activated
transcription

NF-xB activation

ARF-derived peptide D-(R)9

NEMO-derived peptides Penetratin

Signal cascade targeting

P15 peptide Casein kinase 2 activation ~ Tat

G7-18SNATE Grb7 activity Penetratin, Tat

(Grb7-derived peptide)

Go,-derived peptide GPCR receptor Penetratin

JIP-1/1B1-derived peptide ~ JNK activity Tat

MEK 1-derived peptide Inhibition of ERK Penetratin, Tat
activation

Protein folding targeting

Shepherdin Survivin activity Penetratin, Tat

Saos-2 with wt & mutant p53, HL-60, — [112-114]

HeLa, SW480, EW36 & BL41

Mouse model with induced liver tumors, — [77]
U20S clone C3, HepG2, PLC/PRF/5,
Hep3B, HMEC-1

Y79, transfected 70Z/3 & Jurkat 5-20 [115]
TC-1 HPV16-transformed cells, H-125 20-186 [117]
H-82, SiHa, CaSki, HeLa, & Jurkat

SK-BR-3, MDA-MB-231, MDA-MB-361, ~ 10 [120]
ZR-75-30, MCF-7, MC-10A, 3T3

PC12, HMEC-1 5 [119]
Insulin-producing BTC-3 cells — [121]
NIH 3T3, PC12, HeLa 0.2-1.5 [118]
HFF, HGE, WS-1, PC3, DU145, MCF-7, ~ 100 [110]

Raji, H-460, HeLa, MDA-MB-435LCC6,
HCT116, JC, mouse embryonic fibroblasts,
PMC, PC3, & MCF-7 mouse xenograft
tumor models

HT-1080 fibrosarcoma; HCT-116 & HT-29 colorectal carcinoma; M DA-M B-468 & M CF-7 breast carcinoma; PC-3 prostate
carcinoma; MIA PaCa-2 & Panc-1 pancreatic adenocarcinoma; LL/2 Lewis lung carcinoma, M CA205 murine fibrosarcoma; SHEP &
SH-SYS5Y neuroblastoma; US7MG, LN-18, & LN-229 malignant glioma; SV-FHAS astrocytes; SMA560 murine glioma; PBL
peripheral blood lymphocytes; HL-60 myeloid leukemia; BJAB; Jurkat T cell leukemia; HUVEC human umbilical vein endothelial
cells; U937 histocytic lymphoma; Saos-2 & U20S clone C3 osteosarcoma; SW480 colon carcinoma; Ew36 & BL41 Burkitt lymphoma;
HepG2, PLC/PRF/5, & Hep3B hepatoma; HMEC-1; Y79 human retinoblastoma; 7C- mouse lung HPV 16-transformed cells; H-125
& H-460 non-small cell lung cancer; H-82 small-cell lung cancer; SiHa, CaSki, & HeLa cervical carcinomas; SK-BR-3, MDAMB- 231,
MDA-MB-361, & ZR-75-30 breast cancer cell lines; M C-104 non-malignant human mammary epithelial; 373 mouse fibroblast;
PCI12; HM EC-1 human microvascular endothelial cells; fTC-3; HFF foreskin fibroblasts; HGF gingival fibroblasts; WS-/ skin
fibroblasts; PC3 & DUI45 prostate adenocarcinoma; Raji B lymphoma; M DA-M B-435LCC6 melanoma; JC mammary carcinoma;

PMC peripheral blood mononuclear cells.

inhibitor designed to block the interaction of ERK (extracellular
signal-regulated kinase) and MEK (MAPK/ERK kinase), two
members of a MAPK (mitogen-activated protein kinase) signaling
pathway involved in growth and proliferation, exhibited increased
potency when bound to Tat or antennapedia.™! Chimeric peptides
comprising a peptide transduction domain linked to an inhibitor
domain were shown to disrupt signaling mediated by NMDAR
(N-methyl-p-aspartate receptor),®® GPCR (G-protein coupled
receptor),™® receptor tyrosine kinase,’** JNK (c-Jun N-terminal
kinase),”®® and protein kinase C."*’ Fusion peptides have also
been developed that contain two additional functional domains

in addition to a transduction domain.'® Two examples of these
combined Tat with a targeting ligand for the CXC chemokine
receptor 4 as well as an anticancer peptide; a p53-activating peptide
and a cyclin-dependent kinase 2 antagonist peptide were both
successfully delivered to tumor cells in this way."** In addition,
delivery of a SPKC-specific inhibitor with Tat is currently being
investigated as a potent therapeutic agent for patients with acute
myocardial infarction. '3

While significant advances in CPP-mediated drug delivery have
appreciably improved delivery of therapeutics, further optimiza-
tion of peptide carrier systems is critical. In addition, CPP
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pharmacology and toxicity needs to be extensively examined
in vivo. The effort put forth on these fronts will be extremely
beneficial, as finding a potentially universal peptide carrier for
each class of therapeutic molecules (nucleic acids, small molecules,
peptides, and proteins) will facilitate the development of potential
clinically-relevant delivery systems.

8. CPP-mediated delivery of imaging agents

The ability to visualize internal features and physiological struc-
tures of living organisms and observe cellular functions in vivo
is vital for understanding, diagnosing, and treating disease.
For example, directly visualizing diseased tissue during surgical
procedures and identifying pre-disease states in patients will
have profound implications in medicine. In biomedical research,
assessing stem cell differentiation or following the dynamics of the
immune cells in living animals will provide a fundamental under-
standing of these biological processes. Non-invasive biomedical
imaging techniques such as fluorescence imaging and magnetic
resonance imaging (MRI) have been developed for these types of
in vivo applications. As some useful imaging agents are not able to
penetrate cells or tissues, CPPs have proven useful in this field as
delivery vehicles (Fig. 6).

Fluorescence imaging relies on tracking molecular imaging
agents and has been shown to be useful for visualizing tissues
in vivo."**"7 However, poor cellular uptake, inadequate targeting,
and the lack of photostability of fluorophores can be problematic.
CPPs have been combined with imaging labels in an effort to
optimize aspects of in vivo fluorescence imaging related to cellular
targeting.

Various fluorophore-CPP conjugates with improved stability
and uptake have been developed as imaging agents.*®* For
example, fluorescein-doped monodisperse silica particles of ap-
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proximately 70 nm in diameter were modified with Tat peptides
for cellular delivery and shown to efficiently cross the blood-brain
barrier, labeling the neuronal tissue of rats in vivo.'® Another
very elegant example of the application of CPPs for imaging was
recently reported by Tsien and coworkers (Fig. 7). A fluorescein-
peptide hairpin was designed that took advantage of the increased
number of extracellular proteases surrounding tumor tissues. The
construct consisted of a polyarginine peptide covalently attached
to a polyanionic segment, which would only be internalized upon
proteolytic cleavage of the anionic domain and—because the
protease targeted is overexpressed on cancerous cells—selectively
label tumors.

The development of semiconductor nanocrystals, or quantum
dots (QDs), has presented a robust alternative to molecular
fluorophores that may eventually dominate imaging applications.
A QD’s size and composition results in quantum confinement
of electrons, and as a consequence, these materials exhibit many
advantageous optical characteristics."® Along with a strong lumi-
nescence, QDs are characterized by a resistance to photobleaching,
remarkably long luminescent lifetimes, broad adsorption and
narrow emission profiles.”** Even with these ideal properties, QDs
are not always stable in a biological environment and have little
cellular uptake, presenting a hurdle for use in in vivo imaging.

The functionalization of QDs with CPPs has been shown to im-
prove biocompatibility. For example, Tat-modified CdS:Mn/ZnS
quantum dots were delivered intra-arterially into rats and were
able to efficiently label brain tissue within minutes.’> The Tat-QDs
not only crossed the blood-brain barrier, but were visualized with
a hand-held lamp, further demonstrating the potential of this type
of imaging agent for the visualization of diseased tissues in surgical
procedures. Other CPPs such as Pep-1,'* and polyarginines's*!**
have also been used for the cellular delivery of QDs. While non-
covalent delivery of QDs has been achieved, this is specific to

c
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Fig. 6 CPP-mediated delivery of imaging agents.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2242-2255 | 2249


http://dx.doi.org/10.1039/b719950c

Published on 15 April 2008. Downloaded by Pennsylvania State University on 17/05/2016 19:36:21.

View Article Online

Cargo

« Therapeutic
« Imaging agent

Impermeable
peptide

* Matrix metalloproteases
/\Prosta:e specific antigen

Normal cell

&

Cell-penetrating
peptide

Cancer-specific
cleavage sequence

* PLGLAG
+ CHSSKLQG

Cleavage by
target-specific

proteases

P

Cancer cell

N

-

Fig.7 Engineering cancer specificity into CPP-delivered therapeutics using protease-triggered cellular uptake.

Pep-1;'** all other CPPs appear to require chemical conjugation
to facilitate cellular uptake.

Attachment of CPPs to QDs has been carried out in mul-
tiple ways: e.g. with covalent bonding between a cysteine and
lysine residues,'** using biotin-conjugated peptides to streptavidin-
coated nanoparticles,’*'** or via a polyhistidine peptide linker
exhibiting affinity for the metals contained within nanocrystals.'*®
In addition, tioprion, a molecule with both a terminal thiol and
carboxylic acid, has been used to functionalize QDs with Tat via
a two-step process."’

CPPs have additionally been exploited for use in the delivery
of MRI contrast agents.’>**!¥ MRI avoids artifacts caused
by light scattering by relying on magnetic spin coupling of
protons in water molecules, which are enhanced with the ad-
ministration of magnetic contrast agents. However, a major
barrier associated with this imaging technique is the poor cell
permeability and non-specific localization of many agents. Conse-
quently, extracellular labeling' or microinjection are commonly
employed.'! Using CPPs to enhance the cellular delivery of con-
trast agents in MRI represents an alternative solution with many
advantages.

Superparamagnetic iron oxide nanoparticles are sensitive and
biologically compatible contrast agents for MRI.'? Weissleder
and coworkers have reported that 40 nm dextran cross-linked
iron oxide nanoparticles could be functionalized with CPPs to
increase levels of cellular internalization.'®® Superparamagnetic
nanoparticles with >10 attached Tat sequences exhibited a 100-
fold increase in cellular uptake® and were retained in HeLa cells for
up to 7 days.'®* Tat-iron oxide nanoparticles have shown significant
promise for in vivo imaging as these agents exhibit good tissue
penetration.'® In addition, they allowed for in vivo tracking of stem

cells®? and T-cell migration,'® two applications that necessitate
real-time monitoring. Importantly, CPP-modified contrast agents
did not interfere with biological function; stem cells loaded with
the nanoparticles exhibited normal differentiation’ and T-cells
demonstrated normal activation for immune response.'®

Paramagnetic cations such as gandolinium (Gd**) can be
used as MRI contrast agents. By conjugating CPPs to
the ion chelators, lanthanide contrast agents can be de-
livered into cells.”'® The macrocyclic chelators 1,4,7,10-
tetraazacyclododecane-N,N',N”,N"-tetraacetic acid (DOTA) and
diethylenetriaminepentaacetic acid anhydride (DTPA) have been
covalently linked with Tat and polyargine peptides to aid with
plasma membrane permeability.!5815167-16% Alternatively, Polyakov
et al. used a peptide-based metal chelator (e-KGC) attached to
a Tat peptide for the intracellular delivery of diagnostic metal
complexes.'™

CPP-derivatized contrast agents have been further engineered
to gain cellular specificity. To obtain access to the nuclear
compartment, a homologue of penetratin was linked to the nuclear
localization sequences of SV40T-antigen, which rapidly entered
cells after 10 minutes, achieved nuclear localization, and exhibited
a stable imaging signal for as long as 48 hours.'” To achieve tissue
specificity, an imaging construct was designed that consisted of a
Gd* complexed with terminal lysines of a PNA sequence which
was linked to a penetratin analogue via a disulfide bond."”” The
PNA sequence was complementary to the oncogene c-myc and
upon binding to the target mRNA, trapped the lanthanide ion
inside the cell. While the CPP portion was responsible for cell
permeability, the PNA allowed for tumor specificity both in cancer
cell lines and in rat adenocarcinoma. This design was improved by
using a more stable metal complex and developing a continuous
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solid-phase synthesis scheme for each portion of the contrast agent
(i.e. CPP, PNA, chelating agent).'” In addition to tissue labeling,
synthetic contrast agents featuring a PNA sequence have potential
for use in cellular and whole-body gene expression imaging.

9. Organelle-specific delivery with CPPs

In addition to facilitating transport across the plasma membrane,
applications of CPPs where other cellular barriers are crossed
can be envisioned. The ability to target specific organelles creates
opportunities to study biological processes at the subcellular
level and to deliver therapeutics to targets within cellular com-
partments. Currently, the nucleus and the mitochondria have
been successfully targeted with CPPs. As the storehouse of
genomic DNA, the nucleus is a desirable target and the necessary
destination for agents used in gene therapy.'™ The mitochondrion
is an especially interesting organelle for drug therapy given its
role in the pathology of cancer, neurodegenerative diseases, and
others where reactive oxygen species are linked with disease
progression.'>"’

One effective strategy for organelle-specific targeting is the use
of signal peptides, used by cellular machinery to identify newly
translated peptides and traffic them to the correct destination in
the cell.'®! Nuclear localization sequences (NLS), highly cationic
peptides approximately 10 amino acids in length, exhibit high
levels of cell-permeability.'”* '8t NS peptides, most notably the
NLS from simian virus 40 (SV40) large T antigen, have been used
in a number of studies to drive uptake of DNA for nonviral gene
therapy.'”* Most studies have focused on the ability of the NLS
sequences to drive localization of the DNA into the nucleus, aiding
uptake efficiency with transfection agents or microinjection,'#2-18
but there are several examples of unaided uptake of the DNA-
peptide complexes into the cell, with the cell-penetrating prop-
erties of the NLS peptides driving translocation.”®** Although
all of the studies showed an improvement in nuclear local-
ization, a smaller number demonstrated improved transfection
efficiency.”®'%¢ In some studies, the DNA was encapsulated in
polymer nanospheres™ or phage particles with NLS peptide
displayed on the exterior.*'** Antisense oligonucleotides were
also delivered successfully through NLS derivatization, blocking
translation of Bcl-2 and PKC-a in two cancer cell lines.'* The NLS
peptides have been demonstrated to guide uptake and nuclear
localization of other species, including gold nanoparticles,'*®
carboplatin-based anti-cancer therapeutics,'®® and green fluores-
cent protein (GFP).*’

Several examples of mitochondrial targeting using CPPs ex-
ist where artificial, rather than natural signal sequences, were
used. 2% Naturally occurring mitochondrial signaling sequences
can be quite long, and often require the presence of a full-length
protein for mitochondrial import. As an alternative approach,
Szeto and coworkers used tetrapeptide sequences to localize
antioxidants to mitochondria.”® The sequences included the
unnatural amino acid dimethyltyrosine (dmt), which has radical
scavenging properties. Upon induction of oxidative stress by tert-
butylhydroperoxide, cells treated with the antioxidant peptides
had decreased levels of mitochondrial reactive oxygen species
and halted the progression of apoptosis.’® No information was
collected on these compounds, however, to document their cellular

permeability or to identify critical functional groups that are
responsible for mitochondria localization.

Recently, we developed a class of mitochondria-penetrating
peptides (MPPs) with a number of unique and useful features.’”
These sequences, containing both cationic and lipophilic residues,
were designed and engineered to display levels of cellular uptake
that rival conventional CPPs, but with strong mitochondrial
localization not attainable with other sequences. Moreover, the
exact physiochemical properties leading to the organellar speci-
ficity of these mitochondria-penetrating peptides were identified,
providing an important conceptual framework for understanding
how mitochondrial localization can be achieved with synthetic
compounds (Fig. 8). By studying a panel of MPPs with different
charges and lipophilicities, we were able to observe that both of
these molecular-level properties strongly impact mitochondrial
specificity. Critical lipophilicity thresholds were identified that
control organellar localization, and it was discovered that these
thresholds are strongly dependent on molecular charge. The
MPPs represent a promising new class of CPPs that will enable
mitochondria-specific delivery of cargo.

Our laboratories have used organelle-specific CPPs to trigger
oxidative stress selectively in different subcellular compartments,
allowing the oxidative stress response induced by stress originating
at different subcellular sites to be monitored.*® The sequence F-
r-F-K was shown to localize specifically to the mitochondria of
HeLa and MRC-5 cells, while the sequence R-r-R-K was shown to
localize to the nuclei. This difference in subcellular sequestration
was used to study the cellular response to site-specific oxidative
stress (Fig. 9).2° To mediate the production of ROS, the peptides
were linked to the singlet oxygen-sensitizer thiazole orange (to).
The response of HeLa cells to the differential subcellular oxidative
stress was characterized by monitoring cytotoxicity, apoptosis
levels, gene expression, and survival signal transduction pathway
activation. Interestingly, it was found that increased levels of
apoptosis were observed when ROS were produced in the nucleus
versus the mitochondria. Additionally, it was found that different
survival pathways were activated by oxidative stress in these
organelles, with the PKC pathway activated by to-R-r-R-K
induced damage, the ERK signaling pathway by to-F-r-F-K, and
the PI3K pathway by both agents. Gene expression profiling also
revealed differences in the cellular response to mitochondrial and
nuclear oxidative stress, with upregulation of a number of growth
factors observed specifically when oxidative stress originated in
mitochondria. These studies demonstrated that oxidative stress in
the mitochondria elicits a different cellular response than when
oxidative stress is localized in the nucleus.

Summary and outlook

The multiple studies described here highlight the numerous appli-
cations of CPPs as powerful delivery agents. Cellular delivery of
many different types of cargos has been improved via conjugation
to CPPs, improving the performance of agents useful for imaging
and as therapeutics. A survey of the many examples where CPPs
have been applied to systems where enhanced cellular uptake
was desired indicates that CPPs represent a general solution and
powerful tool for the development cell-permeable agents.

This journal is © The Royal Society of Chemistry 2008
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Fig. 8 Mitochondrial targeting of CPP-like sequences.” Modulation of the lipophilicity of synthetic cell-penetrating peptides controls intracellular
localization. Synthetic octamers of the general sequence XrXKXrXK (X = phenylalanine, cyclohexylalanine (Fx), or tyrosine) localized to the
mitochondria above a lipophilicity threshold (logP —2.5) or to the nucleus and cytosol below this lipophilicity threshold.

Comparative Cellular Response

(1)
Organelle-specific
CPP-mediated
delivery of ROS
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Fig. 9 Delivery of organelle-specific oxidants.® A. CPP-mediated mitochondria- or nucleus-specific delivery of the ROS source thiazole orange
(1) enabled the induction of site-specific oxidative stress (2) and analysis of differential cellular response to nuclear vs. mitochondrially-localized oxidative
stress (3). B. Analysis of the stress response by cellular assays and gene profiling exposed differences in the response to mitochondrially (to-FrFK) or
nuclear (to-RrRK) localized oxidative stress.
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