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Abstract: There is a pressing need for more effective and selective therapies for
cancer and other diseases. Consequently, much effort is being devoted to the development
of alternative experimental approaches based on selective systems, which are designed to
be specifically directed against target cells. In addition, a large number of highly potent
therapeutic molecules are being discovered. However, they do not reach clinical trials
because of their low delivery, poor specificity or their incapacity to bypass the plasma
membrane. Cell-penetrating peptides (CPPs) are an open door for cell-impermeable
compounds to reach intracellular targets. Putting all these together, research is sailing in
the direction of the design of systems with the capacity to transport new drugs into a target
cell. Some CPPs show cell type specificity while others require modifications or form part
of more sophisticated drug delivery systems. In this review article we summarize several
strategies for directed drug delivery involving CPPs that have been reported in the
literature.
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1. Introduction
Figure 1 summarizes different strategies for drug delivery involving CPPs.

Figure 1. Strategies used to achieve cell selectivity.
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2. Cell-Penetrating-Homing Peptides

Cell-penetrating peptides (CPPs) [1-8] have been harnessed to translocate a wide range of
molecules such as proteins, plasmids, peptide nucleic acids, short interfering RNA (siRNA), liposomes
and nanoparticles across the cell membranes [9—11]. While CPPs provide a means through which cell-
impermeable compounds can reach intracellular targets, conventional CPPs, like TAT or Rg, can not
deliver chemotherapeutic agents with cell specificity. Herein lays one of the major drawbacks of CPPs,
their lack of cell specificity. This limitation hampers one of the most promising applications of CPPs;
their use in the delivery of drug- and imaging agents would have a major relevance if they were able to
target specific cells or tissues.

Each healthy or diseased tissue contains organ- or disease-specific molecular tags on its vasculature
that constitute a vascular ‘zip code’ system [12]. The number of “homing peptides” that recognize
specific types of cells is increasing every day. The advantage of these peptides is their capacity to
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recognize specific phenotypes and thus home onto a desired location. Furthermore, some of these
peptides not only recognize the targeted cell but also have the capacity to translocate across its cellular
membrane. These are the so called “cell-penetrating-homing peptides” (Table 1). The key feature of
these peptides is that their sequences hold the target molecular address. Consequently, they offer great
potential as vectors for drug delivery purposes, as they show the desired selectivity and the capacity to
introduce cargos into a specific cell target. Cell-penetrating-homing peptides are usually small (no
longer than 25-30 amino acids) non-immunogenic molecules and they show low cytotoxicity. Most of
cell-penetrating homing peptides have been described using in vivo biopanning using phage display
peptide libraries. The phage-display peptide library method was first developed by Parmley and Smith
in 1988 [13]. This technique consists of the creation of a library of filamentous phages (such as M13)
that express random peptides at the N-terminus of a protein (i.e. pIll) that is located at surface of the
virus. The phage display peptide library is screened by biopanning. The following three general
screening methods are currently used: (a) biopanning against purified cell surface membrane
proteins [14]; (b) panning against intact cells [15]; and (c) in vivo selection by intravenous injection of
phage-display libraries [12,16]. The bound phages are then eluted, amplified in E. coli and repanned a
second time. The whole screening process is usually repeated a third time, in order to increase the
affinity for the desired target. The amino acid sequence of the peptide displayed on each phagemid
clone can be determined by DNA sequencing. This phage-display technology allows the detection of
differentially expressed molecules and also differentially modified molecules. In addition, this
technique does not require any previous knowledge of the molecular composition at the site
of interest [12].

Table 1. Examples of some homing peptides and their cancer target [17].

Peptide Homes to

AGR (CAGRRSAYC) TRAMP (prostate)

LyP-2 (CNRRTKAGC) K14-HPV16 (skin) tumor
K14-HPV16/E2 (cervix) tumor

REA (CREAGRKAC) TRAMP (prostate)

PPCI1 (prostate)

M12 (prostate)

DU145 (prostate)
LNCaP (prostate)
K14-HPV16/E2 (cervix)
KRIB (osteosarcoma)
MMTV-PyMT (breast)
LSD (CLSDGKRKC) C8161 (melanoma)
KRIB (osteosarcoma)

One of the first was described to target tumor cells. It was in 1988 [18] when the internalization
properties of RGD (Arg-Gly-Asp) peptides were first reported. These peptides recognize integrins, a
family of cell-surface receptors that mediate the interaction of cells with the extracellular matrix, and
are important for the migration and invasion of tumor cells. Integrin o,8; is overexpressed on
neoendothelial cells and frequently on tumor cells [19]. Sancey ef al. have recently developed a
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peptide-like constructs (RAFT-RGD) which targets integrin o83 in vitro and in vivo [20]. It is based in
a regioselectively addressable functionalized template (RAFT) cyclo-decapeptide scaffold developed
by M. Mutter [21], able to present four cyclic RGD pentapeptide motifs (Figure 2). RAFT is a cyclic
decapeptide (KKKPGKKKPG) with two orthogonally addressable domains pointing on either side of
the cyclopeptide backbone. On the upper side, RAFT-RGD peptide has four copies of the cyclic
RGDfK homing peptide while on the opposite face it has a fluorescent dye. The tetrameric RAFT-
RGD was reported to have a ten-fold higher affinity for its soluble receptor integrin a3 than the
monomeric cCRGD. Moreover, RAFT-RGD was rapidly internalized in small vesicles after 10 minutes.
In fact, RAFT-RGD was proved to induce integrin o3 internalization. The observation that
internalization is enhanced by RAFT-RGD allows it to be defined as a CPP. This research group
revealed that the internalization of this peptide is through clathrin-mediated endocytosis. This finding
contrasts with the trafficking route followed by the B; integrin, which was shown to preferentially use a
caveolae-dependent pathway. In summary, this selective peptide can be used for targeting o,Bs3-
integrin-expressing tumors and/or their microvasculature [20].

Figure 2. Chemical structure of RAFT-RGD [20].
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The neovasculature homing motif NGR was isolated from peptides upon screening of cyclic peptide
libraries against the B&5 integrin [22]. This motif specifically binds to cells expressing
aminopeptidase N (CD13), [23] a membrane-bound metallopeptidase that has multiple functions as a
regulator of various hormones and cytokines, protein degradation, antigen presentation, cell
proliferation, cell migration and angiogenesis. CD13 is barely expressed by the endothelium of normal
blood vessels, and is up-regulated in angiogenic blood vessels [23]. Therefore, NGR-containing
peptides can target endothelial cells and pericytes not only in tumors, but also in other pathological
conditions, such as inflammation [24]. Various compounds and particles have been coupled or added
synthetically to NGR peptides in order to increase their specificity towards neovasculature. The first
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example of an NGR peptide coupled to an anti-cancer drug was the conjugation of CNGRC peptide to
doxorubicin [25]. This conjugate showed reduced toxicity and improved efficacy against human cancer
xenografts in nude mice, compared with free doxorubicin. Liposomal formulations of doxorubicin can
be targeted to tumors by coupling with linear peptides containing the CNGRC sequence [26,27].
Another example of the use of CNGRC as delivery vector is the complex formed by this cell-
penetrating homing peptide and the mitochondrial disrupter peptide D(KLAKLAK),. This peptide
induces mitochondrial membrane disruption, rather than damaging eukaryotic plasma
membranes [28-30]. This research group succeeded in demonstrating the apoptotic effect of the
peptide construct in breast carcinoma xenografts in mice [28].

Special mention is given NGR-TNF, the result of the conjugation of this CNGRC peptide to the N-
terminus of tumor necrosis factor o (TNF). This conjugate (named NRG-TNF) is currently being tested
in Phase II clinical studies. Not only has this drug improved anti-tumor activity but the administration
of only picograms of this complex (but not of TNF alone) exerts synergistic antitumor effects with
various chemotherapeutic agents, such as doxorubicin, melphalan, cisplatin, paclitaxel and
gemcitabine. The modus operandi of NGR-TNF is through the alteration of drug-penetrating
barriers [31-35]. The biologic activity of other cytokines and anti-angiogenic molecules, such as IFNy,
IFNa2a, endostatin and tumstatin fragment has been improved by coupling to NGR
peptides [36-39]. Targeted delivery of ultra-low doses (picogram range) of a recombinant [FNy-
CNGRC conjugate (IFNy-NGR) to tumor vasculature overcomes major counter regulatory
mechanisms and delays tumor growth in mice [39].

Bieker et al. [40] recently generated the fusion protein tTNF-NGR (the extracellular domain of
tissue factor (truncated tissue factor, tTNF) and the peptide GNGRAHA, that contains the NGR motif),
which targets tumor endothelial cells. tTNF-NGR inhibits tumor growth in mice by thrombotic
occlusion of tumor vessels without any major side effects. It has also been reported to inhibit tumor
perfusion in the first patients treated with this molecule [40]. With all these examples, NGR-containing
peptides provide a good tool for tumor targeting of drugs and drug delivery systems.

F3 peptide is a 31 amino acid sequence derived from the nuclear protein high mobility group
(HMG) protein 2 (HMGN2) [41]. HMGN?2 is a highly conserved nucleosomal protein thought to be
involved in unfolding higher-order chromatin structure and facilitating the transcriptional activation of
mammalian genes [42]. The authors of the following work aimed to find markers shared by tumor
vasculature and endothelial progenitor cells in the bone marrow. To do so they screened cDNA
libraries displayed on phages, first on bone marrow cells ex vivo and then in tumor-bearing mice in
vivo. F3 accumulates in the nuclei of tumor endothelial cells and tumor cells and has the capacity to
carrying a cargo to the nuclei of the target cells. It recognizes a minor population of progenitor cell-
like bone marrow cells, and it also binds to endothelial cells in tumors [41]. In addition, F3 appears to
recognize a variety of tumor types; it binds not only the bone marrow subpopulation and tumor
endothelial cells, but also systemically injected F3 recognizes a minor population in healthy skin and
the gut. This peptide may be useful in targeting therapeutic agents into tumors. Furthermore, the
capacity of F3 to carry a cargo into the cell nucleus makes it a promising tool for drug targeting
applications, as multiple anti-cancer drugs exert their effect in the nucleus [41,43].

In Texas, Hong and Clayman described the isolation of a 12-mer peptide, HN-1
(TSPLNIHNGQKL) [44] able to translocate selectively across the cell membranes of human head and
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neck squamous cell carcinoma (HNSCC). The lack of specificity in current approaches to treat
HNSCC produces dose-limiting toxicity, which has impeded the development of curative systemic
approaches and also significant improvement in survival [45]. The authors of that study consider HN-1
as a potential shuttle of drugs into this kind of tumor. HN-1 is non-toxic, non-immunogenic in mice,
and stable in vivo. Moreover, it protects its cargo during transit and accumulates efficiently within the
tumor in 48 h [44]. This peptide may serve not only in cancer therapy, but also as a tumor diagnostic
agent or imaging agent or it may even provide tumor-specificity to gene transfer approaches [44].
HN-1 is a novel peptide and the authors propose that its internalization is receptor-mediated. However,
where is the limit between receptor-mediated endocytosis and specific adsorptive endocytosis of a
CPP? Logically, all cell-penetrating homing peptides “recognize” some kind of molecule on the
surface of the target cell. This recognition could lead to the classification of these peptides not as CPPs
but as other kinds of peptides that are internalized into cells as a result of the interaction of a cellular
receptor. We do not aim to discuss the tag of each peptide or their classification. We will consider
homing cell-penetrating homing peptides as those peptides with the capacity to selectively recognize
one or various types of cells and transport any kind of cargo across their cell membrane.

Pep42 is a cyclic 13-mer oligopeptide (CTVALPGGYVRVC) that specifically binds to glucose-
regulated protein 78 (GRP78) and internalizes into cancer cells. Given these properties, Pep42 is a
promising vector for tumor cell-specific chemotherapy [46,47]. GRP78 was discovered in the late
1970s as a cellular protein induced by glucose starvation [48]. GRP78 expression is maintained at low
basal levels in major adult organs such as the brain, lung, and heart, and is strongly induced in
tumors [49]. In these cells, the overexpression of this intracellular chaperone and member of the heat
shock protein 70 (HSP70) family provides a protective cellular response against stress conditions.
Indeed, GRP78 is specifically overexpressed on the cancer cell surface. Normal GRP78 expression is
maintained at low levels but is upregulated in a stress environment and induced in the tumor
environment. Furthermore, in human cancer, higher expression of GRP78 has been related to greater
pathological grade, recurrence and poor patient survival in breast, liver, prostate and colon
cancers [49,50]. Pep42 is also internalized by receptor-mediated translocation (and clathrin-mediated
endocytosis is its main mechanism of uptake); however, it has been referred to as a CPP [46,51]. Those
authors demonstrated that Pep42 specifically recognizes GRP78 present on the cell surface of
melanoma Me6654/2 cells, and after this recognition it is internalized. This targeted molecule is
present only in cancer cells, as it has been previously shown that a number of human primary and
cancer cell lines overexpress this glucose-regulated protein [49]. To assess the drug delivery properties
of this new peptide, the authors conjugated Pep42 to a range of molecules with distinct biochemical
properties and mechanisms of action. For instance, once again they chose the amphipathic apoptosis-
inducing peptide D-(KLAKLAK),. As seen above, this peptide exerts its action at the mitochondrial
membrane. The other drug chosen was hematoporphyrin, a photosynthesizer that is active in the
lysosomal compartment. These two drugs are imported to cells only in the presence of Pep42 [47]. A
year later, Yoneda et al. evaluated Pep42-prodrug conjugates containing a cathepsin B-cleavable
linker, in order to increase the release of drug inside the cancer cells, thereby facilitating endosomal
release [51]. Their approach takes advantage of the presence of cathepsin B inside cell lysosomes. As
previously described, Pep42 binds GRP78 receptor and is internalized with it. After the endosomal
pathway, both molecules end up in the lysosomal compartment of cells. These researchers synthesized
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Pep42-drug conjugates containing cathepsin B cleavable linkers (Val-Cit motif in this case, which is
highly stable in plasma and rapidly cleavable by cathepsin B [52]), and as drugs they chose the well
known anticancer agents Taxol and doxorubicin. They did not perform in vivo assays, but the in vitro
results in SISA-1 (ostesarcoma cells, a GRP78-expressing cell line) are very promising. The delivery
system induced higher cell death compared to treatment with the drug only [51].

This mitochondrial cytotoxic peptide, D-(KLAKLAK), was also coupled to the heptapeptide
SMSIARL [53], isolated from an in vivo phage display peptide library, and specific target for the
prostate vasculature. When this peptide was coupled to D-(KLAKLAK), only prostate tissue was
destroyed. In prostate-cancer-prone transgenic TRAMP (transgenic adenocarcinoma of the mouse
prostate model, [54]) this chimeric peptide postponed cancer development, thereby suggesting a
potential alternative to the surgical approach used to treat this disease [53].

Azurin is a cupredoxin protein secreted by the microorganism Pseudomonas aeruginosa. Two
peptides (amino acids 50 to 77 of azurin, p28 (LALSTAADMQGVVTDGMASGLDKDYLKPDD)
and amino acids 50 to 67 of azurin, p18§(LGLSTAADMQGVVTDGMASG)) have been described as a
potential CPPs [55,56]. These peptides penetrate cancer cells without disrupting the cell membrane.
Although still not fully understood, the uptake mechanism of p18 and p28 is energy-dependent and
saturable. This mechanism involves caveolae and the Golgi complex, as nocodazole (which disrupts
caveolae transport) and inhibitors of cholesterol mobilization inhibit the penetration of these peptides.
The authors propose that the internalization of p18 and p28 follows more than one mechanism. But the
main advantage of these peptides is that they preferentially enter cancer cells. The authors of that study
showed an enhanced internalization rate in several tumoral cell lines in vitro compared with the
corresponding non tumoral ones. In addition, these peptides inhibit cancer cell proliferation through
cytostatic and cytotoxic mechanisms, as Azurin itself inhibits the growth of several human cancer lines
in vitro [57-59]. Together, these peptides are not only capable of preferentially internalizing cancer
cells, but can also exert a toxic effect on them and thereby prevent their proliferation.

Laakkonen together with Ruoslahti and coworkers have been intensively studying cell penetrating
homing peptides [60,61]. They have performed in vivo biopanning using phage display peptide
libraries to identify peptide ligands against vascular markers selectively expressed in tumor
endothelium or lymph vessels. After several rounds of biopanning, some peptides have been selected.
These are targeted to a specific site (homing to desired location) but some also have the capacity to
internalize the targeted cells. In addition, some of these peptides are also able to destroy the targeted
cell. LyP-1 is a nine-amino acid cyclic peptide (CGNKRTRGC) which was isolated in a screen using
human MDA-MB-435 breast cancer xenografts [60]. Like F3, it recognizes a marker present in tumor
cells and tumor endothelial cells. Furthermore, and unlike most vascular cell penetrating homing
peptides, LyP-1 also recognizes tumor-associated lymphatic vessels. It recognizes the lymphatic vessel
markers lymphatic vessel endothelial hyaluronic acid receptor-1 (LYVE-1, a transmembrane
hyaluronic acid receptor) and podoplanin (a glomerular podocyte membrane protein), and also the
vascular endothelial growth factor receptor 3 (VEGFR-3). LyP-1 accumulates in the nucleus of
targeted cells, both in primary tumors and their metastatic lesions after intravenous injection, localizing
preferentially in hypoxic areas. The homing of LyP-1 peptides is tumor type-specific; it accumulates in
some tumors but not in others. In addition to MDA-MB-435 tumors, it homes to a transgenic prostate
tumor (TRAMP) (Lakkonen, Bernasconi and Ruoslahti; unpublished observations), transgenic breast
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carcinoma (MMTV-PyMT) and, to lesser extent, KRIB osteosarcoma xenografts, but not to C8161
melanoma or HL-60 leukemia xenografts [61]. To further describe this extraordinary cell-penetrating
homing peptide, it is mandatory to stress its capacity to trigger apoptosis of the cells to which it binds.
Treatment of tumor cells with LyP-1 causes cell death. This effect is specific because cells that do not
bind LyP-1 are not affected. The mechanism through which LyP-1 kills cells remains unknown, but the
pro-apoptotic effect seems to be directed against tumor cells that are under stress, as LyP-1 colocalizes
with a tissue hypoxia marker in vivo, and serum starvation enhances LyP-1 binding and internalization
by cultured tumor cells in vitro [60]. Lymph vessels are highly relevant in tumor metastasis. Given that
LyP-1 destroys the most deadly parts of tumors [12,17], this peptide could provide an extraordinary
therapeutic strategy to target metastasis in the early stages of the process.

Combining the positive selection of a peptide-bearing phage library on poorly differentiated colon
carcinoma cells (HT29) with negative selection of the phage library on well-differentiated colon
carcinoma cells (HCT116), Kimberly et al. [62] described a nine-amino acid, disulfide-constrained
peptide, CPIEDRPMC (RPMrel). This peptide has been reported to target colon tumor tissues from
four patients, without binding healthy colon tissue or other tissues such as lungs, lung sarcoma, liver,
liver sarcoma or stomach. Furthermore, the authors report the efficacy of this novel peptide in
transporting the mitochondrial toxin D(KLAKLAK), to these tumor colon cells, thereby inducing
apoptosis and thus killing the cells [62]. Identification of a peptide that selectively enters colon cancer
cells is very promising for developing new colon cancer diagnostic tools and therapeutic agents, such
as RPMrel-D(KLAKLK),. Colorectal cancer causes 655,000 deaths worldwide per year, and it is the
third most common form of cancer and the third leading cause of cancer-related death in the western
world. RPMrel could lead to the development of new direct targeting agents to fight against
this disease.

Another example of a cell-penetrating homing peptide targets dorsal root ganglion (DRG)
neurons [63]. Diseases affecting these neurons are rare, but are included in the differential diagnosis of
peripheral sensory neuropathies [64]. In fact, neuropathic pain is a common symptom in various
disorders. Although several pharmaceutical agents have been used to treat neuropathic pain, most are
not specific and have limited efficacy. DRG neurons are classified as either large or small. J. Oi ef al.
isolated three peptides that recognize specific, defined sizes of DRG neurons [63]. Furthermore, these
peptides have the capacity to internalize the targeted cells, and therefore the potential to become
powerful tools for studying the subpopulations of DRG neurons and/or developing carriers of
therapeutic agents against diseases involving specific subtypes of these neurons. The sequences of
these peptides are the following: DRG1: SPGARAF; DRG2: DGPWRKM; and DRG3: FGQKASS.
Interestingly, DRG1 and DRG3 internalize mostly in small neurons, while DGP2 shows preference
towards larger ones. Experiments showed that DRG1 and DRG3 recognize distinct molecules in the
surface of small DRG neurons. These results provide a powerful tool that will facilitate future research
into the structural basis of neuronal cellular subpopulations and, more importantly, the generation of
new molecular delivery systems that target DRG neurons in vivo [63].

Proline has unique properties among the 20 genetically encoded amino acids. Its pyrrolidine ring
confers the molecule great rigidity, which leads to steric hindrance in peptidic backbones. Moreover,
the conformation of the amide bonds cannot be stabilized by hydrogen bonds. Peptides containing a

certain amount of proline in (polyprolines) adopt a well defined secondary structure, polyproline II
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(PPII), in pure water. PPII is a left-handed extended helix of 3.0 residues per turn (in contrast to the
3.3 residues which comprises the right-handed PPI formed by polyprolines in the presence of aliphatic
alcohols). This architecture allows for the precise orientation of hydrophilic and hydrophobic moieties
along different faces of the helix, and makes the structure soluble in aqueous media. Several proline-
rich CPPs have been described to date [7,8,65]. However, there are two examples of cationic
polyproline helices that have the capacity to internalize cells in a specific way: P11LR [66] and
P11/LRR [67,68]. These peptides display a rigid type II polyproline helix backbone functionalized to
contain six cationic moieties (believed to be essential in cell internalization) and two distinctive
hydrophobic groups. Geisler et al. assayed the internalization of these two CPPs in seven cell lines (six
cancerous and one non-cancerous) and described the selectivity of each for some of these cell
lines [68]. For instance, P11LRR preferentially enters MCF-7 (breast cancer), and is slightly
internalized also in KB 3-1 (HeLa derivative) and HT1080 (connective tissue cancer). However, it
presented no internalization into the other cell types. P11F/LRR was most effectively internalized by
KB 3-1 cells and to a lesser degree by MCF-7 cells compared to P11LRR. Several cytotoxicity assays
were also performed. These indicated that P11LRR displays minimal cytotoxicity to the cell lines,
while P11F/LRR is slightly more toxic [68]. Again, these CPPs show cell type preference for
internalization. This finding was again exploited in the future design of directed drug delivery systems.
In this case, both peptides were rationally designed [66] and not obtained from a direct in vivo
observation, such as phage display biopanning. The selectivity shown by these proline-rich peptides
should, in our opinion, be validated by in vivo experiments, to further develop their capacity to select
the desired target in an in vivo context, which may differ greatly from in vitro observations.

As described above, phage display technology is a revolutionary tool to discover new highly
specific peptides. This technique allows the selection of peptides with binding specificity to certain
cells. In addition, in vivo phage display allows the binding of the peptides in a true physiological
environment, in which diverse phenotype markers are expressed. Further screening of new phage
libraries will undoubtedly lead to the discovery of highly selective peptides for certain diseases or even
different stages of the same disease. Furthermore, some of these peptides would have the capacity to
penetrate those cells, thereby providing the possibility to carry drugs or imaging agents, in order to
directly target the affected area and thereby prevent the side effects caused by the non-specific drugs
currently used. These cell-penetrating homing peptides are the minimal expression of a targeted drug
delivery system [16,17,61,69].

3. Cell-Targeting Peptide Coupled to a CPP

Identifying a cell-specific peptide with cell-penetrating properties is not always easy. The capacity
of a carrier to translocate across the cell membrane calls for many specific properties. The major
drawback of the “classic” CPPs, such as TAT, Penetratin, and polyarginins, is their lack of specificity.
However, they are powerful non-immunogenic tools to deliver cell-impermeable drugs to cells, such as
cancer cells. Non-specific CPPs have been widely studied and their efficiency is improved almost
yearly , and new CPPs are continually emerging. Many of these peptides are based on larger peptides
or proteins present in nature, whose activity consists of breaking cellular membranes or penetrating
cells [70,71]. Hence, their efficacy is high, an essential property for drug delivery systems. But having
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a strong internalization capacity commonly clashes with high specificity. Research in this field should
make maximum use of all this knowledge. The following strategy for targeting CPPs is the design of a
fusion peptide containing a cell-penetrating domain coupled to a targeting sequence, like for instance,
a homing sequence.

With this in mind, Ming Tan and coworkers designed a novel CPP-based CPP specific for ErbB2-
overexpressing breast cancer cells [72]. The ErbB2 gene is a member of the epidermal growth factor
receptor family and is overexpressed in about 30% of breast cancer [73]. Current therapies for ErbB2-
overexpressing cells are urgently required. This phenotype has been shown to increase the metastatic
potential of human breast cancer and confers an increased resistance to some chemotherapeutic
agents [74,75]. Once activated, ErbB2 activates STAT proteins (signal transducers and activators of
transcription proteins). Once phosphorylated, STATs translocate into the nucleus, binding to STAT-
specific DNA response elements, and thereby regulating gene expression [76]. It was found that ErbB2
activates STAT3, and this activation may contribute to ErbB2-induced transformation and tumor
progression. Hence, specifically targeting STAT3 in ErbB2-overexpressing breast cancer cells that
contain activated STAT3 may inhibit ErbB2-mediated malignant phenotypes. TAT peptide is one of
the most studied CPPs and has been widely studied and conjugated to a variety of cargos to transport
them into cells [77-79]. In this study, Ming Tan ef al. conjugated an ErbB2 extracellular domain-
binding peptide with a TAT-derived CPP in order to achieve target specificity of delivery [72]. They
synthesized a less efficient version of TAT (YGRKKRRQR, called P3) as starting point for inducing
cell specificity. This new version of TAT peptide was not as potent as the original TAT peptide;
consequently, it did not internalize cells in such an efficient manner. This is an advantage for directing
the system to the desired area, as it is not unspecifically internalized, and enters only the target cells.
The addition of AHNP (a 12-amino acid anti HER-2/neu peptide mimetic which binds to ErbB2 with
high affinity) at the C-terminus of this TAT-derived peptide rendered the translocation profile of the
peptide ErbB2 selective both in vitro and in vivo. They also showed how this construct (P3-AHNP)
efficiently and selectively delivered a STAT3-inhibiting peptide, named STAT3BP, and even
selectively inhibited the growth of ErbB2-overexpressing cells in vitro [72,74]. Compared with ErbB2
low-expressing MDA-MB-435 xenografts, i.p. injected P3-AHNP-STAT3BP preferentially
accumulated in 435.eB xenografts, which led to a greater reduction of proliferation and increased
apoptosis and targeted inhibition of tumor growth [72]. This study confirms that the “modular
approach” (Figure 3) in designing cell-specific CPPs is feasible. Replacing the “directing” moiety in
each case (with any other molecular marker) may lead to a personalized therapy in which the “vehicle
peptide” delivers the desired drug to the targeted cell.

Figure 3. “Modular approach” design for targeted drug delivery systems [72].

CPP MOIETY HOMING DRUG
SEQUENCE

PEGA (CPGPEGAGC) is a cyclic homing peptide that has previously been shown to accumulate in
breast vasculature as well as in premalignant breast tissue and primary breast tumors [80]. It is thought
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that this peptide binds aminopeptidase P, a protein highly expressed in the membrane of breast tumor
cells in mice [23]. PEGA is not a CPP. Langel’s group in Sweden, together with Myrberg from La
Jolla, combined this tumor-specific homing peptide with the pVEC CPP. pVEC
(LLIILRRRIRKQAHAHSK) is a well studied CPP derived from the murine sequence of the cell
adhesion molecule vascular endothelial cadherin, amino acids 615-632. This CPP shows good
internalization rates within several cell lines [81]. The combination of these two peptides showed
internalization in tumor cells in vivo [82]. These researchers evaluated the specificity of the PEGA-
pVEC construct by intravenously injecting the peptide labeled with fluorescein into MDA-MB-435
tumor-bearing mice. This peptide was detected in tumors but not in control tissue. Furthermore,
conjugation of the peptide also with the nitrogen mustard (chlorambucil, Cbl, a cytotoxic agent that
acts by alkylating and cross-linking DNA) produced higher efficacy of this drug for killing cells in
vitro. Cbl is thought to be taken up by the cells by passive diffusion. A combination of this drug with
the described chimera peptide resulted in an enhanced activity of this drug compared to its activity
when administrated alone. This effect suggests that the new specific peptide construct could be useful
in directed drug delivery to breast tumor tissue [82].

Two years later, in 2009, the chimeric peptide described above was improved. The system once
again combined a breast tumor homing peptide with pVEC CPP. In this case, the homing peptide was
CREKA, identified in breast tumors in MMTV-PyMT transgenic mice by using in vivo phage
display [69]. This peptide recognizes clotted plasma proteins, homing selectively to tumor blood
vessels and stroma. There, it binds to fibrin-like structures, but does not show internalizing properties.
These researchers again combined the chimeric targeted carrier with the cytotoxic agent Cbl. This
formulation showed enhanced internalization properties compared to the previous one (PEGA-pVEC),
and was more convenient to synthesize. This system has improved characteristics and could also be a
useful tool for directed drug delivery.

As these examples demonstrate, the combination of two or more peptides to achieve targeted
delivery is already a reality. With these data in our hands, the range of possibilities is enormous. The
conjugation of a homing peptide with a CPP to help in the translocation across the cellular membrane
leads to a simple but efficient (and usually non-cytotoxic) drug delivery system. The number of
homing peptides, as discussed above, increases yearly. In addition, the development of in vivo phage
display technology could lead into a new “personalized” way of designing drug delivery systems.

For instance, Laakkonen and Ruoslahti have addressed new homing peptides that specifically
recognize tumoral vasculature, tumoral cells or that are even able to distinguish between different
stages of cancer [17]. For this purpose, they have worked extensively with phage display peptide
libraries for in vivo screening, and have described several peptides of interest. Table 1 summarizes
some examples within the lymphatic vasculature of several tumors. Combinations of targeting peptides
and a CPP may provide a new approach to design specific drug delivery vectors. The level of
specificity achieved would be selected by the type of tumor-homing peptide, which could be custom-
design for each patient before the treatment.

Several types of cancer overexpress certain surface molecules, including HER2 receptor in breast
cancer, luteinizing hormone-releasing hormone receptor in most ovarian carcinomas, and CXC
chemokine receptor 4 (CXCR4) receptor in multiple tumor types [83,84]. More than twenty types of
cancer (for example breast cancer, ovarian cancer, glioma, pancreatic cancer, prostate cancer, cervical
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cancer, colon carcinoma, and renal cancer) overexpress CXCR4 [85,86]. In 2005, Steven F. Dowdy’s
group [87] took advantage of these significant differences in the expression of tumoral cells versus
healthy tissue to construct two chimeric peptides consisting of the CXCR4 receptor ligand, DV3 [88],
bound to two proven transducible anticancer peptides, a pS3-activating peptide (TATp53C'; [89]) and a
cyclin-dependent kinase (cdk) 2 antagonist peptide (TAT-RxL; [90]). Thus, both anti-cancer peptides
(named DV3-TATp53 and DV3-TAT-RxL) were specifically directed to the targeted cells (those
overexpressing the CXCR4 receptor) and exerted their toxic effect without affecting
non-tumoral cells [87].

By screening a random cyclic phage display library, Perea et al. identified a novel cyclic peptide,
P15 (CWMSPRHLGTC), which abrogates CK2 phosphorylation by blocking the substrate [91]. This
protease is considered a critical cancer target as it is frequently upregulated in many human
tumors [92]. Direct inhibition of CK2 has been shown to induce apoptosis in vitro [93,94]. Therefore,
CK2 phosphorylation constitutes a biochemical event that is a suitable target for the development of
cancer therapeutics. P15 was fused to the TAT CPP to enhance the cellular uptake of the system. P15-
Tat induced apoptosis, as evidenced by rapid caspase activation and cellular cytotoxicity in a variety of
tumor cell lines. Furthermore, direct injection of P15-Tat into C57BL6 mice bearing day 7-established
solid tumors resulted in substantial regression of the tumor mass [91].

Other examples of homing peptides can be found in the literature. For example, TLTYTWS peptide
specifically binds to collagen IV modified by matrix metalloproteinase-2, (MMP-2) a essential
protease involved in the process of angiogenesis [95]. This peptide is tumor-specific and inhibits
angiogenesis in an in vivo assay in a concentration-dependent manner. It also significantly reduces
endothelial differentiation in vitro. Peptides like this one, and all the other examples reported here, are
potent candidates to specifically home to a wide range of tissues. Combining this homing capacity with
that of CPPs may allow CPPs to be specifically directed to a desired location.

Tao Jiang et al. [96] took advantage of matrix metalloprotease (MMPs) oversecretion in cancer
cells to create their targeted drug delivery system. MMPs are extracellular proteases that play a crucial
role in extracellular matrix degradation, tissue invasion, and metastasis [97]. CPPs are known to enter
cells as a result of their cationic nature, as they interact with the negatively charged cell surfaces [98].
The following system acts as a “dormant system” which is activated only upon reaching the desired
tissue, in this case MMP-overexpressing cancer tissue. The positive charges of the CPP are initially
masked by a polyanionic sequence. Upon reaching the tumoral tissue, overexpressed MMPs cleave the
specific sequence that connects the CPP and the anionic sequence (Figure 4). Once the linker is
cleaved, the acidic inhibitory domain drifts away, and the cationic CPP is free to carry its cargo into
cells. This is a very interesting approach that benefits from an extracellular fate that occurs only in
tumoral cells. The protease sequence could be designed in function of the kind of tumor or disease to
be treated [96].
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Figure 4. Schematic diagram of dormant CPP [96].
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4. CPPs Coupled to a Targeting Drug

Until now we have addressed homing approaches based on peptide sequences, either inherent to the
CPP sequence or provided by an adjacent homing peptide. This chapter will focus on another way of
targeting a drug delivery system. In this case, the specificity is achieved by the drug, which has an
effect only on the desired target.

p53 is a protein known as the “guardian of the genome”, a transcription factor that is encoded by the
TP5 3 gene in humans. It regulates the cell cycle and functions as a tumor suppressor protein. p53 is
the most frequently mutated gene in human cancer [99], and most of these mutations occur in the
central DNA-binding region of the protein. This domain is regulated by its C-terminal sequence.
Previous studies have reported that the addition of a chemically modified p53 C-terminal peptide
(aa 363-393) restores in vitro sequence-specific DNA binding function to mutant p53-273 (Arg to
His). Furthermore, intranuclear microinjection of this peptide into human colon cancer cells SW480
carrying an endogenous p53 mutant restores transcriptional activation of a p53-responsive reporter
construct [100]. These results are very promising. But again, the bottleneck is the cellular uptake of
this chemically modified p53 C-terminal peptide, which, due to its chemical structure, does not have
the capacity to translocate across the cell membrane. Selivanova et al. designed a p53 C-terminal
peptide (aa 361-382) fused to Antennapedia CPP to facilitate cellular uptake. They demonstrated
inhibition of growth and induction of apoptosis in colon carcinoma cells with mutant
p53 [101]. Fine’s team also reported that this construct (p53p-Ant) induced rapid apoptosis but this
case in breast cancer cell lines carrying endogenous p53 mutations. The peptide was not toxic to non-
malignant breast or colon cells. In a second study, this team showed that the same chimeric peptide
induced apoptosis in human and rat glioma cells in vitro and in vivo [102—-104]. They further studied
the signaling mechanisms by which this protein acted in the cell. However, from the perspective
concerning this review, the key feature of the system is the combination of two elements to target a
desired cell and exert a pharmacological action. This strategy could be applied in the future treatment
of cancers that have mutations in the DNA-binding domain of p53.
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A similar approach was developed by Dowdy and coworkers for the treatment of HIV [105]. They
designed what they have called a “Trojan horse” strategy to kill HIV-infected cells by exploiting HIV
protease. In this case, the combination of TAT CPP with procaspase-3 (Casp3) protein leads to a new
strategy to kill only HIV-infected cells, while leaving uninfected cells unharmed. The protein used was
a modified procaspase 3 protein, TAT-Casp3, which transduces about 100% of infected and uninfected
cells. However, Casp3 is modified and has the endogenous cleavage sites substituted by HIV
proteolytic cleavage sites. Thus, TAT-Casp3 is activated only by HIV protease in infected cells,
thereby resulting in apoptosis, whereas in uninfected cells it remains in the inactive zymogene form.
These results are proof of concept for this kind of “intelligent” drug delivery system and could be
applied to treat other diseases caused by pathogen proteases, by fine tuning the proteolytic cleavage
sites of proteases involved in each disease, like hepatitis C virus, cytomegalovirus and malaria [105].

Most solid tumors grow in an environment that differs completely from that of healthy tissues. For
instance, the pH surrounding tumoral tissue is lower and usually the tumoral mass has low pO,. As a
result of the hypoxic conditions, the tumor is refractory to radiotherapy and anticancer chemotherapy.
Tumoral cells that do not receive the proper amounts of oxygen try to adapt to their poor environment
and undergo several changes. For example, under aerobic conditions, the expression of HIF-1
(hypoxia-inducible transcription factor 1) is barely detectable. Upon hypoxia, the expression of this
protein is greatly increased, thereby inducing and activating glucose metabolism and glucose transport,
and producing angiogenic and growth factors. HIF-1 is also involved in the prevention of apoptosis
and activates genes involved in metastasis and tumor invasion [106]. Given all these data, HIF-1 could
be considered a good target in cancer treatment. HIF-1 is a heterodimer formed by an o and a
subunit. These subunits have several domains. In particular, there is a unique oxygen-dependent
degradation domain (ODD), which is responsible for the regulation of the oxygen-dependent
degradation of the HIF-la protein. This protein stabilizes HIF-1 in a hypoxic environment and
degrades it immediately under normal oxygen conditions [107]. The objective of the following work
was to design a drug able to destroy HIF-1-expressing cells. To do so, Masahiro Hiraoka’s group
designed a PTD-ODD-Procaspase-3 (TOP3) fusion protein drug [107]. ODD stabilized the fusion
protein only in hypoxic conditions, while at normal pO, the complex was degraded. The ODD
regulatory mechanism is dependent on the ubiquitin-proteasome system, which is located in the cell
cytoplasm, so a PTD (protein transduction domain) was required to translocate the fusion protein into
the cells. In this case, to translocate the system into the cell cytoplasm they used TAT peptide, which
has been widely reported to transport proteins into cells [108]. Procaspase 3 (Casp3) is the functional
part of the complex. When TOP3 is in HIF-1 expressing cells it is stable, and Casp3 is activated
(initiator caspases are activated in hypoxic cells), thus leading to cell death. However, when the cell
does not express enough HIF-1, the ODD domain leads to the ubiquitin degradation of the construct,
thereby preventing the activation of Casp3 and thus triggering cell death. This final fusion protein
product, TOP3, was systemically administered to mice bearing human pancreatic tumor xenografts. It
suppressed tumor growth and reduced tumor size without any apparent side effects [107]. Given these
observations, the specific imaging and targeting of HIF-1 active cells is feasible and may provide a
novel approach to treat this kind of difficult cell in some tumors.

Hsp90 is an ATPase-directed molecular chaperone that oversees the control of protein folding
quality during the cellular stress response, and whose client proteins are usually signaling molecules
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involved in cell proliferation and cell survival [109]. This chaperone is thought to play a key role in
cancer, as it is commonly upregulated in tumors and may contribute to the correct folding of proteins
synthesized under stress conditions, thereby helping the cell to adapt to unfavorable environments
caused by tumor growth [110]. Furthermore, survivin is an essential regulator of cell proliferation,
differentiation and apoptosis. This protein is overexpressed in cancer tissues, and it interacts with
Hsp90 in order to maintain its correct conformation [111]. The following strategy to direct inhibit
tumor growth and progression is based on the disruption of survivin-Hsp90 interaction, by means of a
“target drug” that enters cells by a CPP [112]. Fortugno et al. identified a survivin sequence (K79-
K90) that blocks the interaction between survivin and Hsp90 in vitro [111]. Working on this sequence,
Janet Plescia and coworkers succeeded in minimizing the number of amino acids required to block this
interaction, and created sepherdin (K79-L87), a molecule that interacts specifically with Hsp90, and
also with the capacity to disrupt Hsp90-survivin complex. They also demonstrated that intracellular
delivery of sepherdin induced tumor cell death. For this purpose, they fused the N terminal of the
Antennapedia CPP, and showed 100% internalization in HeLa cells. They further demonstrated that
this fusion protein was able not only to inhibit the interaction of Hsp90 and survivin (and thus inhibit
the activity of this pro cancer protein) but also to bind the ATP pocket of Hsp90, thereby destabilizing
all Hsp90 client proteins. This new peptidic drug had the capacity to disrupt two crucial cell survival
pathways and thus has become a promising drug for cancer treatment. One of the most interesting parts
of this work is the capacity of the fusion protein to induce apoptosis only in tumoral cells. This is the
main objective of “targeted cancer therapy”, and was achieved by this group. Sepherdin did not reduce
the viability of non-transformed cells; however, it effectively killed cancer cells [112]. This fusion
protein was further tested in vivo, in human cancer models (prostate carcinoma PC3 cells grown as
superficial tumors in immunocompromised mice). The administration of sepherdin when the tumor
was palpable resulted in the almost complete ablation of tumor growth and did not affect other tissues
such as lung, spleen or liver. In addition, sepherdin killed tumor cells far more rapidly and more
potently than other Hsp90 antagonists currently used in clinical applications [112]. Consequently,
sepherdin is considered a potential new specific drug for cancer treatment.

Prion diseases are also referred to as transmissible spongiform encephalopathies (TSE). They occur
in humans and animals and primarily affect the central nervous system. The hallmark of these diseases
is the presence of microscopic vacuolization of the brain tissue, called spongiform degeneration
(meaning that the tissue deteriorates and develops a spongy texture), and the presence of an abnormal
protein, called scrapie prion protein (PrP*), prion or abnormal prion protein. Diseases involving PrP*,
unlike other known infectious diseases, are believed to result from a change in the conformation or
shape of a normal protein called cellular prion protein (PrP®), which is present in large amounts in the
brain as well as in other tissues. The conformation of PrP* makes it largely resistant to cellular
degradation, and the accumulation in the brain is considered to cause neurodegeneration and
death [113]. Interestingly, PrP° has several domains within its structure. It has some residues (1-22)
that constitute a very hydrophobic signal sequence promoting entry into the endoplasmic reticulum
(ER), and are usually cleaved before the protein reaches the cell surface, where is usually located in
lipid raft regions. Residues 23-30 are positively charged, and form one of two independent nuclear
localization signal-like segments of this protein. The basic segment of the prion protein has been
described as a CPP [114] and confers solubility to the hydrophobic signal sequence. The prion protein-
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derived CPPs (PrP-CPPs) comprise the N-terminal signal peptide in mouse (residues 1-22) and
residues 1-24 in bovine PrP, coupled to sequences 23-28 and 25-30, respectively (mPrP1 and bPrP1).
These peptides transport hydrophobic cargos across cell membranes in a lipid raft-dependent
macropinocytosis mechanism [115]. Lofgren and coworkers studied the capacity of various CPP to
prevent PrP® conversion to PrP*° [116]. This team found that peptides derived from the N-terminus of
the unprocessed prion protein antagonizes prion infection. They worked in vitro using, GT1-1 cells,
which are murine neuronal hypothalamic cells. These cells were infected with brain homogenate thus
generating chronically prion-infected cell lines (Sc-GT1-1a and Sc-GT1-1b). mPrP;_,5 and bPrP; 3
strongly reduced PrP*® expression in both prion-infected cell lines, but did not affect PrP¢ expression
in non-infected GT1-1 cells [116]. Further research has been done to study the mechanisms by which
these CPPs reduce PrP* expression. However, the main conclusion of this work is that these CPPs
show selective anti-prion activity, thus opening up an avenue for the development of new drugs against
prion diseases.

We would like to add a final comment in this section of the review. We have described several
strategies in which a CPP sequence helps a “target drug” to reach the intracellular compartment. One
such approach involves taking advantage of specific proteases or overexpressed proteins. However,
when considering “specific” drugs, mention of nucleic acid-based therapy is inevitable. Gene therapy
is the maximum expression of a “target drug”, as it is sequence-specific. Various oligonucleotide
derivatives have demonstrated remarkable potential for therapeutic application as gene
regulators [117]. siRNA delivery is currently the focus of intensive research effort. It can specifically
bind (after dicer processing) to mRNA sequences, thereby altering splicing sites and leading to
modified proteins that may be useful in the treatment of diseases. However, nucleic acids are strongly
negatively charged and are thus unable to cross the cell membrane. Descriptions of covalent and non-
covalent strategies have been reported in which CPPs help siRNA to penetrate cells [10]. Many groups
have demonstrated effective downregulation of gene expression by CPP-based siRNA delivery,
although endosomal release continues to be a bottleneck and attempts to solve it are in course [10].
Some examples of CPP-siRNA as a potential delivery strategy are reviewed in the following
studies [117-125]. The field of nucleic acid delivery is rapidly improving and undergoing further
development. In fact, several chemical modifications have been performed to increase the stability of
these molecules and reduce their size, thereby achieving improved binding specificity. For instance,
peptide nucleic acids (PNAs) [123,126—128] are now widely used as phosphoramidate morpholino
oligonucleotides (PMOs) are [129-132]. It is clear that complexing or conjugating oligonucleotides to
CPPs is an efficient and non-toxic way to achieve intracellular delivery of pharmaceutical agents with
significant biological activity. However, the main bottleneck of this delivery system is the endosomal
escape. Further research effort should address this limiting step.

5. Directing CPPs by Means of Physical Changes in the Environment

In this section we will focus on a different way of directing a drug delivery system. In this case, the
system finds its specific location by a physical change in the target environment. Thus, to avoid
unspecific uptake the CPP domain of the system is initially hidden until it reaches the target area. After
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reaching the desired tissue, this domain is “woken up” and fully activated to promote efficient
internalization. Some examples of this kind of strategy are described below.

Sethuraman and coworkers designed a delivery system named “smart micellar
nanoplatform” [133,134], which takes advantage of the low pH usually found in the tumor
environment (pH below 7, as a result of lactic acid production in tumors [135-137]. This “smart
micellar nanoplatform” has several components, which are shown in Figure 5. The core of the micelles
is composed by poly(r-lactic acid) into which any chemotherapeutic agent can be incorporated. The
core is decorated with polyethylene glycol (PEG) molecules that have TAT attached to them. TAT
molecules electrostatically interact with polysulfonamide (PSD) molecules (negatively charged at
pH = 7.4). Thus, TAT molecules are shielded and as a result the system cannot penetrate cells. When
this system reaches the tumor site, the TAT micelles are exposed to the surroundings because PSD
molecules become protonated and lose their negative charge. TAT then helps target the drug-loaded
micelle to the tumoral cells, where the cytotoxic effect occurs. This system was tested in vitro using
MCEF-7 cells at a range of pH. Micelles loaded with fluorescent molecules penetrated cells only in an
acidic environment, thereby proving the effectiveness of this intelligent system [134]. Nevertheless,
further testing of this approach using cancer drugs and in vivo assays is required to evaluate its
specificity and feasibility.

Figure 5. Schematic model for the drug delivery system proposed by Sethuraman and
coworkers [133,134]. At pH 7.4 the sulfonamide is negatively charged, masking the
positively charged TAT cell-penetrating peptide. But when the pH decreases in the vicinity
of the tumor, the sulfonamide loses charge and detaches, thereby exposing TAT for
interaction with the tumoral cells.
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In 2006, Torchilin’s group developed another strategy to target tumoral cells based on the decrease
of pH in the tumoral tissue [138]. They worked with liposomes as pharmaceutical nanocarriers, whose
surface holds several moieties (Figure 6). Until the complex reaches the low pH environment, TAT
peptide is hidden by long-chain PEGs. Some of these chains also hold a ligand that helps to achieve the
concentration of the complex at the target cells. Given that the long-chain PEGs are attached to the
complex by means of pH labile bonds (hydrazone bonds), they are released from the complex in
response to a lowering of the pH of the media. The TAT peptide is then exposed, and interacts with the
cell surface, thereby contributing to the internalization of the liposome and the drug it holds [138].
This correct function of this system has been confirmed in vitro in NIH 3T3 fibroblasts at pH 8.0 and
pH 5.0. One year later, the same team tested a similar drug delivery system in vivo. For this purpose,
the pH-sensitive complex was administered directly into the tumor tissue by intratumoral injection
[139]. This work represents a significant step towards the development of “intelligent” drug delivery
systems, and is a striking example of a multifunctional drug delivery system.

Figure 6. Interaction of the multifunctional pH-responsive pharmaceutical nanocarrier with
the target cell [138]. A decrease of pH in the tumor environment induces the hydrolysis of
the hydrazone bond, thereby exposing the CPP, which helps the delivery system to enter
the tumoral cells.
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One approach to treat primary tumors is by exposing them to high temperatures. Ablative therapies
using temperatures above 43 °C of sufficient duration directly kill cells [140]. The application of mild
hyperthermia (40—43 °C) is under clinical development as an adjunct with various established cancer
treatments, such as radiotherapy and chemotherapy [130]. The following drug delivery system is
temperature-sensitive and temperature is used to enhance the system selectivity to the target area. In
conjunction with regional or local hyperthermia, temperature-sensitive delivery systems enhance their
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accumulation and penetration capacity in heated regions that contain the malignancy. To date, several
temperature-sensitive peptides have been described [141-144]. They have been designed to change
structures within a narrow thermal window around 40 °C. The transition between different secondary
structures produces dramatic changes in peptide properties, and these changes should be reversible, as
the peptide must return to its original state upon cooling to normal temperature. In 2005, Gene L.
Bidwell and Drazen Raucher provided an example of a temperature-sensitive drug delivery system
involving a CPP [145]. They designed an elastin-like polypeptide (Val-Pro-Gly-Xaa-Gly),o coupled to
Penetratin and to a peptide derived from helix 1 of the helix-loop-helix region of c-Myc (H1), known
to inhibit c-Myc transcriptional function (Pen-ELP-H1). Elastin-like polymers are soluble in aqueous
solution below their transition temperature (T;). However, when the temperature is raised above their
T, they undergo a phase transition and become insoluble, forming aggregates. In this case, heated
MCF-7 cells showed notably greater uptake of the polypeptide compared to the same peptide in non-
heat treated cells or compared to a non-responsive control peptide. This observation is attributed to the
aggregation that takes place at high temperatures. Moreover, this aggregation effect is reversible. They
also showed the cellular effect of peptide H1 [145,146]. The growth rate of HeLa and OVCAR-3 cells
was slowed by this construct, thereby demonstrating the potential of this peptide in future treatment of
tumors in vivo. The many favorable properties of the ELP sequence make it a good candidate drug
delivery vector, as it has proved thermoresponsive properties, it is soluble at normal temperature and,
in addition, it is expressed in bacteria. Large amounts of the ELP can be easily purified, and they can
also be genetically modified in order to insert cell-penetrating sequences or therapeutic peptides or
proteins. Applying high temperature to a tumoral mass could theoretically lead to an enhanced
concentration of the delivery system in the region, thereby minimizing the side effects and improving
cancer therapy.

In the following example the target tool of the system consists of a low-voltage electrical
pulse [147]. The authors of that study proved that the internalization efficacy of TAT peptide coupled
to glycogen synthase kinase-3 (GSK-3) was highly enhanced by the application of a low-voltage pulse
(130-140V, depending on the cell line), without harming the cells. This study is preliminary; however,
it demonstrates another way to target systems into cells [147]. Further studies could apply low-voltage
pulses in regions containing malignant cells in order to increase drug delivery.

We wish to make reference to a final strategy in which a drug delivery system takes advantage of a
“physical” characteristic that is present only in the area to be directly targeted. In this case, the
“physical” target is not an inherent property of the disease, but this delivery system is topically applied
in the affected area (this system is used to treat inflammatory skin diseases). The drug consists of a
polyarginine CPP conjugated to cyclosporine A (CsA) [148]. Skin diseases are usually treated with
systemically administrated drugs, which may involve side effects. Topically administered drugs could
be very useful for the treatment of skin diseases; however, the poor absorption as a result of the lack of
skin permeability continues to be the main drawback of this approach. In this study, the use of CPPs
enhanced drug absorption by the skin. Orally administered CsA is highly effective against a wide
range of inflammatory skin diseases, such as psoriasis or atopic dermatitis [149,150]. CsA was
conjugated to a heptamer of arginine through a linker designed to release the active drug at physiologic
pH within tissue. This approach facilitated the penetration of CsA into mouse and human skin, the
solubility of CsA was enhanced in water and effects of reduced inflammation were observed. These
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observations demonstrate the efficacy of CPPs to enhance skin absorption of agents, thus opening a
new avenue in the field of skin disease treatment [148]. In fact, this treatment (PsorBan®™) is currently
in clinical trials and phase I trials were successful [122].

The literature provides other examples in which a CPP enhances drug absorption when applied
locally. For instance, McCusker and coworkers described an original strategy for the treatment of
allergic airway diseases [151]. They sought to inhibit STAT-6 protein, a key point target in the
treatment of this disease as it is involved in the regulation of airway inflammation, mucus production
and airway hyperresponsiveness [152]. However, targeting STAT-6 is complicated because of its
intracellular location. This group designed a specific inhibitor peptide (STAT-6-IP) bound to TAT
CPP. When delivered directly to the lungs of murine models, STAT-6-IP inhibited Ag-induced
inflammatory responses, thereby inhibiting chemokine expression, mucus production and eosinophil
influx into the lungs. Again, local application of a disease treatment consisting of a CPP coupled to a
specific drug is a promising new therapeutic approach for the treatment of disease, in this case allergic
rhinitis and asthma [151].

6. CPPs as Part of More Complex Drug Delivery Systems

The last section of this review addresses more complex drug delivery systems that target a specific
location and that include a CPP, to increase the cellular uptake of the system. Some of these examples
have been previously described, such as the a pH-sensitive drug delivery system system designed by
V.P. Torchilin’s group [138].

In 2003, Heckl and coworkers published a new strategy to visualize prostate cancer using magnetic
resonance imaging (MRI). Their objective was to develop a novel MRI contrast agent with the
capacity to accumulate specifically in tumoral cells for relatively long periods [153]. Gadolinium
(Gd*") is a commonly used extracellular imaging agent for MRI, but it is not suitable for intracellular
imaging. Assays using Gd*" as an intracellular agent by means of microinjection into the cells [154], or
conjugation with a CPP (TAT in this case [155]) had been reported. Apart from the lack of specificity,
the main problem of these strategies is the rapid influx and efflux of the particles. To achieve a longer
permanence of the Gd*-complex in the cells, they constructed a Gd**-complex bound to a PNA and
connected it to Antennapedia CPP. The PNA was directed against the c-myc mRNA. This mRNA is
highly expressed in tumoral cells [156]. They hypothesized that PNA coupling to c-myc mRNA would
increase the life of the Gd**, thereby providing this agent with specificity for MRI imaging. They
verified the increased internalization of the complexes, on the basis of the presence of the CPP. Gd**
complex transport through the cell membrane using a CPP may provide an alternative approach for in
vivo and in vitro application. They also observed that both in vitro (HeLa cells) and in vivo (prostate
adenocarcinoma) the Gd** particles were retained longer than the Gd**- Antennapedia particles without
the c-myc PNA. The authors have been cautious in the interpretation of their results and have not
directly related the presence of a complementary PNA for a highly expressed protein in the cells with
the longer retention time of the particles inside the cells. They suggest that the longer retention of the
complex may be due to a given property of the tumoral membrane cells. Thus, the slower efflux of the
c-myc-specific Gd*" complex would be independent of PNA design. Although further research in this
field is required, these are promising results for specific intracellular imaging of tumors [153].
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Liposomes have been widely studied for drug delivery in the treatment of many diseases, such as
cancer and HIV [157-159]. In addition, cationic liposomes conjugated with DNA (lipoplexes) have
been also investigated in preclinical and clinical trials because they have an in vitro transfection
efficacy comparable to that of viral vectors [160]. The main drawback of these systems is, again, their
lack of specificity. Despite having considerable potential, this approach still requires further
development. Torchilin’s group has recently described a new strategy to target lipoplexes to ischemic
cells [161]. The aim of the lipoplexes is to treat myocardial ischemia and myocardial infarction, two
diseases in which gene therapy still holds a huge potential. There are enough data supporting that the
overexpression of some genes in cardiac fibers protects them against ischemic injuries. For instance,
overexpression of the fibroblast growth factor-2 in the heart increases resistance to ischemic injury in
an isolated mouse heart model [162]. Shortly after this study, the gene transfer of HSP 70 was reported
to protect cardiac functions under ischemia and reperfusion [163]. Improved myocardial perfusion and
functional recovery have also been observed after gene transfer of VEGF, FGF and HGF [164,165].
Given all this information, directed gene delivery to cardiac cells would be a very good approach to
treat this disease. Ko and coworkers have designed a new multifunctional drug delivery system as
proof of concept for directed gene delivery into cardiac cells [161]. The system consists of cationic
liposomes carrying pDNA encoding for green fluorescent protein (GFP) modified with TAT CPP (to
increase cellular uptake) and the highly specific anti-myosin monoclonal antibody 2G4 (mAb 2G4).
This antibody has demonstrated an excellent capacity to recognize and bind ischemic cells with
damaged plasma membranes when intracellular myosin becomes exposed to the extracellular space
[166]. Thus the lipoplexes concentrate in the desired area, and afterwards are internalized in the cells,
thereby allowing gene transfer. Despite the solubility problems usually associated with intravenous
injections of lipoplexes [167], the system described above has increased solubility because of the
addition of some PEG3400-PE molecules to the system. This system was tested in vitro (cell culture
with rat cardiomyocytes) and in vivo in an EMI model in rats and showed preferential accumulation of
the construct in the ischemic areas of the infarcted rat heart [161]. These are promising results for the
targeted delivery of genes; however, it would be interesting to see the effect of loading the therapeutic
gene instead of GFP. Nevertheless, the field is undergoing certain improvement and in the near future
these kinds of multicomponent systems are expected to be established as effective drug delivery
systems in the treatment of many diseases.

The following strategy uses human serum albumin (HSA) as a natural carrier polymer. HSA has
many advantages, such as long circulation times, high biocompatibility, high biodegradability and the
possibility of being easily chemically modified [168,169]. In this case, the drug was SB202190, a
p38MAP kinase inhibitor. Targeting p38MAP kinase is a current strategy widely studied for the
treatment of chronic inflammatory diseases, as p38MAP kinases are responsible for activating
endothelial cells in these diseases. These cells in turn secrete cytokines and chemokines that further
promote leukocyte recruitment and infiltration [170]. The system also includes the cyclic RGDfK
peptide, known to bind with high affinity and specificity to a,83 integrin, and previously defined as a
CPP. This peptide confers selectivity and penetrating properties to the complex. a,B; integrin is
overexpressed on angiogenic endothelium, which is part of the pathology of chronic inflammatory
diseases such as rheumatoid arthritis and Crohn’s disease [171]. This non-toxic drug delivery system
interfered with the inflammatory signaling cascade in vitro, thereby showing its potential for the
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treatment of inflammatory diseases. One year later, this same group published another HAS-based
drug delivery system which also carried RGD CPP to target angiogenic endothelial and tumor cells
and, in this case, Auristatin as an anti-cancer drug. In vitro results are encouraging [172], but in both
cases further studies are required to evaluate the suitability of the systems for in vivo applications.

There are several examples of drug delivery systems in which CPPs are used to increase the
penetrability of the system into cells. In these cases, the specificity of the system is again through
siRNA, which acts only in those cells expressing amounts of mRNA complementary to that siRNA.
Some of these examples are reviewed in [173].

7. Future Directions

One of the major drawbacks in the field of drug delivery is the way of bypassing the cell membrane.
Many potential therapeutic agents, such as nucleic acids, proteins and hydrophilic drugs, are not useful
because of they are unable to enter cells, where they exert their therapeutic action. Several approaches
have been developed to overcome this problem. For example, viral vectors are highly efficient for
intracellular delivery [174,175], but they have disadvantages as they can induce a specific immune
response and they are quite complicated structures. Further development is required to elucidate the
biology underlying virus—host interactions. In addition, the in vivo transduction efficiency of viral
vehicles requires improvement. The development of non-viral vehicles represents an easier, less
expensive and safer alternative to viral vectors. Non-viral vehicles are simpler systems that can be
fully controlled, and are mainly non-immunogenic. However, limitations such as low transfection
efficiency and insufficient distribution to target cells in vivo have to be overcome. One of the most
important features to be improved in the field of non-viral delivery systems is cell specificity. Many
non-viral vectors are available for drug and gene delivery [118,176—-179]. Recently different efforts in
the direction of chemical modified viral vectors have proposed strategies such as chemo-virus and
chimeric systems [180,181].

It is already more than 30 years since Frankel and Pabo described TAT in 1988 [182]. From then
on, many cell-penetrating sequences have been reported, and many others have been improved. In
addition, the capacity of these sequences to deliver a wide variety of cargos to cells, such as small
peptides, proteins, DNA, siRNA, PNAs, and organic moieties, both in vivo and in vitro has been
demonstrated. However, the main drawback of CPPs is that, despite their good cell-penetrating
capacity and the fact that they are non-immunogenic and barely toxic, they do not show cell
selectivity. The cellular uptake mechanism of CPPs is still not fully understood. There is a consensus
that the first contacts between CPPs and the cell surface occurs through electrostatic interactions
between the cationic peptide and the negatively charged cell surface [118]. Therefore the lack of
specificity is a major issue to be solved before CPPs can be used for drug delivery.

In this review, we have attempted to summarize examples of novel drug delivery systems. These
systems share two main properties: they target a specific cell or tissue and their structure carries a CPP.

Many of the strategies described have proved successful in in vivo experiments and therefore
numerous clinical and preclinical studies of CPP-based delivery strategies are currently under
evaluation. PsorBan® is a cyclosporine-poly-arginine conjugate for the topical treatment of
psoriasis [122]. Orally administrated cyclosporine A (CsA) is effective against a broad range of
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inflammatory skin diseases, including psoriasis. However systemic administration of this molecule has
considerably side effects such as nephrotoxicity. Topical application of CsA would minimize side
effects and would contribute to the treatment of these diseases. But topical application of CsA shows
low effectiveness, due to a poor absorption. However, the conjugation of a CPP (heptaarginine) with
CsA through a linker designed to release the active compound at tissue’s pH enhances its topical
absorption, inhibiting cutaneous inflammation [148]. PsorBan” entered phase II trials in 2003
(CellGate, Inc.). Other CPP-based strategies for drug delivery are currently also undergoing clinical
trials. For instance, KAI-9803 is being tested by Kai Pharmaceutical [183] as a TAT-protein kinase C
inhibitor peptide modulator of protein kinase C for acute myocardial infarction and cerebral ischemia.
In 2007, this peptide entered in phase II. Avi Biopharma is working on clinical development of CPPs
for the in vivo steric block splicing correction using 6-aminohexanoic acid spaced oligoarginine [(R-
Ahx-R)4]. It consists on a Morpholino oligo conjugated to the mentioned CPP [(RXR)4 XB CPP]. The
goal of this construct is to prevent eventual blockage of a transplanted vein after cardiovascular bypass
surgery [131,184]. Several companies (e.g. Traversa Inc., and Panomics Inc.) are currently evaluating
CPPs in preclinical and clinical trials [118]. In addition, there are a great number of molecules
conjugated to CPPs which are already in pre-clinical phases, getting optimized for future clinical
trials [118,185]. In summary, CPPs are a reality for drug delivery. Inducing cell selectivity into CPP-
mediated strategies will be the next step to improve current drug delivery systems, in order to decrease
side effects and the amount of drug required to achieve a given intracellular target. The innovative
range of strategies described in this review may soon enter clinical trials, which may contribute to
furthering the field of drug delivery.
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