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Abstract Crossing biological barriers represents a major

limitation for clinical applications of biomolecules such as

nucleic acids, peptides or proteins. Cell penetrating pep-

tides (CPP), also named protein transduction domains,

comprise short and usually basic amino acids-rich peptides

originating from proteins able to cross biological barriers,

such as the viral Tat protein, or are rationally designed.

They have emerged as a new class of non-viral vectors

allowing the delivery of various biomolecules across bio-

logical barriers from low molecular weight drugs to

nanosized particles. Encouraging data with CPP-conju-

gated oligonucleotides have been obtained both in vitro and

in vivo in animal models of diseases such as Duchenne

muscular dystrophy. Whether CPP-cargo conjugates enter

cells by direct translocation across the plasma membrane or

by endocytosis remains controversial. In many instances,

however, endosomal escape appears as a major limitation

of this new delivery strategy.
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Introduction

Crossing biological membranes is essentially limited to

low molecular mass uncharged drugs and to biomolecules

having the appropriate membrane transporter or receptor.

The clinical potential of many biomolecules has therefore

remained poorly exploited despite a crucial need for new

drugs with increased specificity and lower side effects than

current low molecular mass drugs for the treatment of

devastating diseases such as cancers or infectious diseases.

For example, nucleic acids- and peptide-based drugs have

led to few clinical applications, despite their enormous

potential and now highly effective enzymatic and chemical

synthesis methods.

The concept of cell penetrating peptides (CPP) has

emerged from serendipitous observations by virologists

on the HIV-1 Tat trans-activating factor [1] and by

neurobiologists on the Drosophila Antennapedia tran-

scription factor [2]. In both cases, the purified protein was

able to promote its biological effects when added to cell

cultures, thus implying an unexpected ability to be deliv-

ered intact within cells. The group of Prochiantz for the

Antennapedia protein [3] and our own group for the Tat

protein [4] were able to assign membrane translocation to

short basic amino acids-rich peptides, also named protein

transduction domains (PTD). Interest in CPPs rapidly

increased when it became evident that they were able to

act as vectors for the delivery of chemically conjugated

biomolecules such as peptides or oligonucleotides (ON).

In addition, initial experiments made on both CPPs led to

the proposal of an unusual and yet to be fully explained

mechanism of receptor- and energy-independent translo-

cation across the plasma membrane. The long awaited non-

viral vector thus seemed available to allow delivery of

biomolecules in nearly all cell types without relying on
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endocytosis and its associated problems. However, the

reality turned out to be more complicated than initially

expected and CPP mechanisms of internalization are still

controversial.

Somewhat surprisingly, interest in the physiological

relevance of these phenomena, e.g., the ability of a protein

to be shuttled into cells, has received less attention than its

applications in the drug delivery area. Recent studies by the

group of Prochiantz have proposed a role for homeopro-

teins in signaling during the development of the central

nervous system [5].

As expected, the search for other CPPs has been

exploding and is still going on either by screening natural

proteins for PTD domains or by rational design, and a few

representative examples of the most widely used CPPs are

given in Table 1. Besides Penetratin or Tat 48–60, which

can be considered as bona fide PTDs, chimeric CPPs such

as MPG [6] or Transportan (Tp) [7] have been proposed in

which domains isolated from different proteins have been

joined together. For example, Divita and his colleagues

have proposed a series of MPG peptides in which a

hydrophilic domain (e.g., the nuclear localization signal of

SV40 large T antigen) has been appended to the hydro-

phobic fusion domain of the HIV-1 gp41 protein, thus

leading to an amphipathic peptide [8]. Other peptidic

vectors have been designed from structure–activity studies

(SAR) on already known CPPs. For example, extensive

SAR studies by Wender and his colleagues have pointed to

the key role played by arginine side-chains in Tat 48–60,

thus corroborating and extending our own data. Interest-

ingly, the replacement of arginine residues by lysines was

detrimental, thus pointing to special properties linked to the

guanidinium side chains of arginines. These observations

led these authors to propose oligoarginines as alternatives

to Tat 48–60. This same group has also proposed com-

pletely synthetic transporters named peptoids in which

guanidinium groups were grafted onto non-peptidic back-

bones [9].

Altogether, many CPPs have now been proposed and are

still being suggested. It should be noted that most CPPs

described so far were designed to be covalently conjugated

to the cargo to be transported, except the MPG family.

Nevertheless, Tat 48–60, Penetratin, oligoArg and Tp10

(a Transportan derivative) remain the most widely studied

CPPs.

The following sections will overview the large range of

cargoes delivered by CPPs with emphasis on ON delivery

and a detailed description of promising pre-clinical data

gathered recently in murine models of Duchenne muscular

dystrophy (DMD). The last section will summarize the still

controversial issues of CPP cellular internalization.

CPPs as versatile delivery vectors for biomolecules

The crucial need for non-viral delivery vectors able to

improve the bioavailability of biomolecules, and the

apparent receptor-independent mechanism of cellular

internalization of CPPs, quickly led to substantial interest

in CPPs amongst the scientific community. Hundreds of

publications have explored the potential of CPPs to pro-

mote the internalization of biomolecules from low

molecular weight drugs to nanosized particles (Table 2).

Initial publications describing Penetratin [3] and Tat 48–60

Table 1 A few classical CPPs

Name Origin/design Sequence References

Protein transduction domains

Penetratin (pAntp) Antennapedia Drosophila melanogaster RQIKIWFQNRRMKWK [3]

Tat 48–60 HIV-1 transactivator (Tat) GRKKRRQRRRPPQ [4]

Chimeric CPPs

Transportan Galanin ? Mastoparan GWTLNSAGYLLGKINLKALAALAKKIL [7]

MPG HIV-1 gp 41 ? NLS SV40 GALFLGFLGAAGSTMGAWSQPKKKRKV [6]

Synthetic CPPs

Oligoarginine From the key role of Arg residues in Tat (R)n, 6 \ n \12 [78]

[79]

MAP Model amphipatic peptides KLALKLALKALKAALKA [80]

Second generation CPPs from SAR studies

(R-Ahx-R)4 From oligoarg SAR RAhxR RAhxR RAhxR RAhxRAhxB [36]

Pip2b Penetratin derivatives (R-Ahx-R)3-IHILFQN-dRRMKWHKBC* [41]

Stearylated-TP10 Transportan derivatives Stearyl-AGYLLGKINLKALAALAKKIL [43]

* dR denote D-isomer of arginine
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[4] already pointed to the possible use of CPPs as vectors

for the delivery of chemically conjugated antisense ON and

peptides. CPP conjugation or complexation now appears as

one of the most promising strategies for the delivery of

antisense ON and siRNAs, as will be reviewed in detail in

the following sections.

CPPs have also been used frequently for the delivery of

bioactive peptides in cell-based assays and in murine

models of human diseases such as cancers or ischemic

stroke. Many studies have been devoted to the regulation of

apoptotic cascades to counteract apoptosis-inhibitory

pathways which limit the efficacy of anticancer drugs or, in

contrast, to prevent caspase activation as a strategy to limit

ischemic injuries in various tissues [10]. As an example,

several groups took advantage of the 16 amino acids BH4

peptide which is shared by several anti-apoptotic proteins

of the Bcl-2 family. Tat-BH4 constructs were found to be

effective to down-regulate apoptosis in cellular assays [11]

and to reduce injuries after ischemia–reperfusion in the

Langendorff perfused heart model [12]. Likewise, Tat

CPP-conjugated PKCd peptidic inhibitors reduced infarct

size after local or systemic administration in rat [13] or

porcine [14] models of acute myocardial infarction. These

encouraging data in pre-clinical studies have prompted the

development (KAI Pharmaceuticals) of PKCd-based

inhibitors as drug candidates for the treatment of myocar-

dial infarction in patients, and clinical trials have been

started.

Being able to deliver peptides intracellularly in vitro in

often difficult-to-transfect primary cells such as b-pancre-

atic islets or in vivo in animal models has numerous

applications for the validation of intracellular targets, to

unravel details of the complex network of protein interac-

tions and ultimately to develop peptide-based drugs. Much

knowledge has still to be acquired, however, in terms of

CPP pharmacokinetics, ADME and toxicology [15].

Importantly, CPPs also allow the cellular internalization

of otherwise non-permeant macromolecules such as pro-

teins. It was first demonstrated [16, 17] that fused

constructs between the Tat CPP and b-galactosidase could

be delivered inside cells both in vitro and in vivo after

intraperitoneal injection in mice. This landmark publica-

tion opened the way to the protein transduction technology,

thus widely broadening potential clinical applications of

proteins to intracellular targets. CPP-based delivery of

proteins (with Tat 48–60 as CPP in most cases) has now

been exploited by many groups for both fundamental

studies or for pre-clinical studies aimed at fighting neuro-

degenerative diseases, cancers or ischemic strokes to cite

just a few (see [18, 19] for reviews). Applications are also

envisaged to improve the bioavailability of therapeutic

proteins such as insulin which have to be administered

intravenously or sub-cutaneously. A series of reports

demonstrate the potential of CPPs in improving the intes-

tinal bioavailability of insulin [20].

As often the case, however, biologists rediscovered and

exploited a phenomenon that nature had already been using

to transfer information between cells. Pioneering work by

the group of Prochiantz on a model of axonal guidance has

indeed revealed that many homeoproteins include a PTD

motif (as in the Antennapedia Drosophila protein) which

allows their transduction from cell to cell and provides an

entirely new protein-based network of regulation [21].

Table 2 Examples of intracellular delivery of different cargoes by

CPPs

CPP Cargo References

Large size cargoes

Proteins

Tat Heterologous proteins [16]

Tat Tumor associated proteins and

peptides

[81]

Nucleic acids

Tat Gene markers encapsulated in k
phage

[82]

Various CPP Potential for CPP to deliver

DNA

[83]

Imaging agents

CPP for in vivo molecular

imaging applications

[84]

Tat Paramagnetic labels [85]

Tat Technetium and rhenium [86]

Nanocarriers

Tat Pharmaceutical nanocarriers [87]

Solid lipid nanoparticles [88]

Gold nanoparticles [89]

Polymeric micelles [90]

Liposomes

Tat, penetratin Liposomes [87, 91]

Tat Liposomes [92]

Small size cargoes

Oligo arg Taxol [93]

Oligo arg Cyclosporine A [94]

Oligoguanidinium Various small molecules [22]

Oligonucleotides

Arg rich peptides PMO, PNA [42]

[95]

Various CPP PMO, PNA [96]

Peptides

Tat, transportan,

MAP, penetratin

Pentapeptide [97]

Tat Peptidic inhibitor of

Leishmania GP 63

[98]

Tat Von Hippel Linau tumor

suppressor peptide

[99]
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Aside from nucleic acid- and peptide-based biomole-

cules, CPPs have improved the pharmacological properties

of several low molecular weight drugs. For example,

oligoArg conjugates of cyclosporine A were shown to be

transported across the striatum corneum and to foster a

local anti-inflammatory response upon topical application,

thus providing a more selective effect than oral adminis-

tration [22]. In the anti-tumoral drug field, CPP conjugation

of Taxol was found beneficial in increasing the aqueous

solubility of the drug and, importantly, overcoming mul-

tidrug resistance which is a frequent cause of resistance in

cancer therapeutics [23].

To close this brief panorama of the variety of trans-

ported cargoes, CPP-derivatized nanosized particles have

been proposed for both imaging and therapeutic applica-

tions [24]. Dextran-coated superparamagnetic iron oxide

(ON705)
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Fig. 1 Splicing redirection assay. a A mutated b-globin gene intron

carrying a cryptic splice site has been inserted in the coding sequence

of a luciferase reporter gene and the construct has been stably

transfected in HeLa pLuc 705 cells. Abnormal splicing does not allow

the complete removal of the intron and no functional luciferase is

produced. The nuclear delivery of a steric block ON analogue (ON

705) and its binding to the mutated site redirects the cellular splicing

machinery towards complete elimination of this intron, leading to the

production of the correctly spliced luciferase mRNA and to the

production of active luciferase protein. b Luciferase up-regulation by

PNA conjugates at low and high temperatures. HeLa pLuc 705 cells

were preincubated for 30 min at 4 or 37�C before treatment. Cells

were then incubated with 1 lM R6Pen-ss-PNA or R6Pen-sc-PNA in

OptiMEM for 1 h at low or high temperatures and washed twice with

PBS buffer. Luciferase quantification was processed after 23 h

supplementary incubation in DMEM at 37�C. These two PNA

conjugates differ in the nature of the linker between the peptidic and

the oligonucleotidic parts of the conjugates (reducible disulfide—ss—

or stable thioester—sc—covalent bond). c RT–PCR analysis of

splicing redirection. Total RNA was purified from the same cellular

lysates and amplified by RT–PCR. The correctly spliced mRNA can

be distinguished from the aberrant one for each conjugate at the two

temperatures
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particles like cross-linked iron oxide (CLIO) were taken up

more efficiently when derivatized with Tat CPPs than the

unmodified particles [25]. Applications in magnetic reso-

nance imaging and in magnetic separation of cells have

been proposed. Along the same lines, grafting CPPs to

liposomes or lipoplexes was shown to improve the delivery

of liposome-encapsulated drugs or plasmid DNA [26] .

CPP delivery of oligonucleotides

An early publication by Langel and coworkers [27] has

demonstrated the in vitro and in vivo delivery of a 21-mer

antisense peptide nucleic acid (PNA) targeting the type 1

galanin receptor mRNA when conjugated to Transportan

through a reducible disulfide bridge. Remarkably, the

expected phenotypic responses were elicited in the central

nervous system after systemic administration, thus attesting

to passage across the blood brain barrier. Somewhat sur-

prisingly, very few publications have been recorded since

then in the antisense ON area, although delivery had been

identified as a major roadblock for most clinical applica-

tions [28] and our own efforts towards this goal remained

unsuccessful for a long time.

Most groups are now using the splicing redirection

assay described by Kole and coworkers [29] (Fig. 1) to

assess the nuclear delivery of steric block ONs. The assay

is easy to implement, sensitive, sequence-specific and,

importantly, provides a positive readout over a low

background with a large dynamic response range. Since

the chemical conjugation of negatively charged ON ana-

logs to basic amino acids-rich and therefore cationic CPPs

turned out to be difficult, most recent work has focused

on neutral PNA or phosphorodiamidate morpholino olig-

omers (PMO). These DNA mimics have favorable

pharmacological properties including poor sensitivity to

nuclease degradation and high affinity for the targeted

RNA sequence. Since they cannot recruit RNase H, they

only act as steric-block agents, in contrast to RNase

H-competent ON such as unmodified DNA or phop-

horothioate (PS) ON.

Several groups reported splicing redirection by PNA

oligomers appended with a short oligo Lys tail [30]. In

contrast to these encouraging data, we found no such

activity with PNAs conjugated to oligo Lys unless endo-

somolytic agents such as chloroquine were added [31].

Similar data were reported for Tat- or Penetratin-PNA

conjugates, in keeping with a segregation in endocytotic

vesicles [32]. Discrepancies between these two sets of data

might have been partly due to differences in CPP–PNA

concentrations. Indeed, luciferase expression was observed

at 5–10 lM CPP–ON concentrations, but these high con-

centrations did lead to cell membrane permeabilization and

to the uptake of ON–CPP conjugates by a non-endocytotic

mechanism [30].

In keeping with a strong limitation due to endosomal

sequestration, various endosomolytic drugs and endosome-

disruptive peptides (such as influenza hemagglutinin-

derived peptides) had a positive impact on CPP delivery of

nucleic acids. Unfortunately, however, most of the existing

endosomolytic treatments are too toxic to be envisaged in

vivo.

A notable exception is photochemical internalization (or

PCI) which capitalizes on the production of reactive oxy-

gen species upon irradiation. Both PNA–CPP-based gene

silencing [33] and splicing redirection [34] have been

described in vitro with this promising strategy.

In a search for more active CPPs than Tat, oligoArg or

Pen, we capitalized on a RXR family of synthetic CPPs

first proposed by P.A. Wender and his colleagues. In

these Arg-rich CPPs, arginine residues have been inter-

spersed with non-natural linkers of various lengths based

on the assumption that not all guanidinium side chains

would be required for heparan sulfate binding at the

cellular membrane[35]. Their extensive structure–activity

(SAR) studies concluded that 6-aminohexanoic acid (Ahx)

is the optimal spacer in terms of cellular uptake. Inter-

estingly, the inclusion of non-natural uncharged amino

acids in the structure should increase CPP metabolic

stability and reduce their net charge, thus improving their

pharmacological properties. Both (R-Ahx-R)4-PMO [36]

and -PNA [37] lead to potent and sequence-specific

splicing redirection activity in HeLa pLuc 705 with EC50

in the micromolar range in the absence of endosomolytic

agents.

However, it should be pointed out that a large pro-

portion of the conjugated material remained sequestered

in endocytotic vesicles, thus leaving room for improve-

ments. Extensive SAR studies with a series of (R-X-R)n-

PMO conjugates differing in terms of charge spacing, in

linker hydrophobicity, in stereochemistry, or in the

number of (R-X-R) repeats did not lead to more efficient

CPPs when this splicing redirection assay was used as end

point [38]. In parallel with these in vitro SAR mechanistic

studies, (R-Ahx-R)4-PMO conjugates have been taken to

pre-clinical studies by H. Moulton and her colleagues

(AVI Biopharma) in murine models of severe viral

infections ([39] and references therein) and of Duchenne

muscular dystrophy.

Similar studies have been carried out on R6Pen CPPs in

which Penetratin has been appended at its N-terminus with

Arg residues. These R6Pen-PNA conjugates were found to

be active at submicromolar concentrations in the splicing

redirection assay [37] or in a Tat-dependent trans-activa-

tion assay [40] whilst Penetratin itself was poorly efficient.

Further optimization with regard to improved resistance to
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serum proteases has led to new PNA internalization pep-

tides (Pip) [41] now undergoing pre-clinical evaluation.

In conclusion, neutral PNA and PMO can be delivered

to cell nuclei when covalently linked to arginine-rich CPPs,

while few well-documented examples of successful deliv-

ery of negatively charged ON have been reported

(reviewed in [42]).

A few promising strategies capitalizing on the non-

covalent complexation of negatively charged oligo- or

polynucleotides (steric block ON, siRNA, plasmid DNA)

with CPPs have been described recently. As an example,

Mae et al. [43] have engineered N-terminally stearylated

versions of Transportan 10 (TP10) which turned out to be

very efficient in the splicing redirection assay. Luciferase

expression levels were largely increased when compared to

PMO or PNA conjugates described so far and were close to

the levels achieved with cationic lipids, such as lipofect-

amine. Likewise, stearylation largely increases the splicing

redirection activity of (RAhxR)4 and allows the delivery of

charged ON analogs in a non-covalent strategy (T. Lehto,

R. Abes et al., unpublished observations). Ongoing mech-

anistic studies using a liposome leakage effect are pointing

to improved endosomal escape as a plausible explanation

for this increased activity (F. Said Hassane et al., unpub-

lished observations).

Along the same lines, Dowdy and coworkers [44] have

engineered a peptidic delivery vector allowing the efficient

and non-toxic delivery of siRNA in a large collection of

cell types including difficult-to-transfect primary cells.

Their PTD–DRBD construct comprises a dsRNA binding

domain (DRBD) fused to a Tat-based PTD. The DRBD

entity binds siRNA with high affinity and masks its nega-

tive charges while the fused Tat CPP allows the

intracellular delivery of the PTD–DRBD siRNA complex.

Along the same lines, the complexation of a MPG deriv-

ative called MPG-8 to a siRNA targeting cyclinB at a 20:1

Fig. 2 Restoration of muscle

and cardiac dystrophin

expression in adult mdx mice

following single 25 mg/kg

intravenous injection of

(R-Ahx-R)4-Ahx-bAla-PMO

(reproduced from Fig. 1 from

Ref. [54], with permission).

a Immunostaining of muscle

tissue cross sections to detect

dystrophin protein expression

and localization in normal

(C57BL6) mice (top) untreated

mdx mice (middle) and peptide-

PMO treated mice (lower)

showing near normal levels of

dystrophin in the treated mice.

TA Tibialis anterior muscle.

b RT–PCR to detect exon

skipping efficiency at the RNA

level demonstrating almost

complete exon 23 skipping in

the peripheral skeletal muscles

and ca. 50% in heart in treated

mdx mice. This is shown by the

shorter exon-skipped bands

(indicated by the box numbered

22–24 for exon 23 skipping).

c Western blotting for

dystrophin expression in

peripheral skeletal muscles

showed ca. 100% dystrophin

restoration in all skeletal

muscles except the diaphragm
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ratio prevented tumor growth in mice after systemic

administration [45].

These examples represent encouraging, easy to imple-

ment and versatile strategies for the delivery of charged

steric block ON and siRNA, respectively. Importantly,

they are as efficient as commercially available cationic

lipid formulations while being less cytotoxic. Whether they

might represent a solution to ON’s poor availability will

have to await more extensive in vivo experimentation.

Exon skipping by CPP–PMO conjugates for treatment

of Duchenne muscular dystrophy

The first clinical trial involving a CPP–PMO conjugate for

the treatment of DMD is planned for 2010 (AVI 5038,

www.aviobio.com). DMD is an X-chromosome linked

muscle disease caused by mutations in the dystrophin gene.

DMD patients suffer from severe and progressive muscle

wasting, whereas the milder Becker muscular dystrophy

(BMD) is caused by in-frame deletions that result in

expression of a shortened but partially functional dystro-

phin protein. ONs have been shown to induce targeted

‘exon skipping’ to correct the reading frame of mutated

dystrophin mRNA such that shorter dystrophin forms are

produced with activity similar to that of BMD [46]. Phase I

clinical trials in the UK and in the Netherlands involving

intramuscular injections of a 30-mer PMO (UK) [47] or a

20-mer 2’-O-methylphosphorothioate ON (Netherlands)

[48] are now continuing to intravenous delivery.

In an mdx mouse model of exon skipping, dystrophin

production is assessed following local intramuscular

administration or systemic delivery [49–52]. A key thera-

peutic requirement is for generation of sufficient

dystrophin in all muscle types, including heart, following

systemic injection. For example, seven i.v. administrations

of unmodified 25-mer PMO led to varying levels of dys-

trophin in a range of muscle types but were unable to

generate significant dystrophin in mdx mouse heart, even

with repeated dosage of 100 mg/kg [53]. CPP attachment

to the PMO has made dramatic improvements to dystro-

phin production in mdx mice. A single i.p. injection of

(R-Ahx-R)4Ahx-bAla-PMO (R-PMO) at 25 mg/kg into

neonatal mdx mice resulted in near-normal levels of dys-

trophin production in diaphragm and lower levels in other

skeletal muscles, except heart [54]. More recently, Yin

et al. have shown that single i.v. delivery at 25 mg/kg of

R-PMO (also known as P007-PMO) in adult mdx mice

gave near-normal levels of dystrophin production in a

range of muscle types as well as significant production in

heart compared to control C57BL6 mice (Fig. 2a) [55].

Exon skipping was almost complete in most muscle types,

as shown by RT–PCR analysis, and dystrophin protein was

readily detected by western blotting (Fig. 2b, c). Such

levels were also sufficient to obtain demonstrated physio-

logical benefit.

The current CPP of choice for clinical studies appears to

be a variant of the R-peptide, (R-Ahx-R-R-bAla-R)4Ahx-

bAla (B-peptide). Although B-PMO is slightly less effec-

tive than R-PMO [55], other studies have shown how

multiple doses of B-PMO delivered intravenously into mdx

mice are extremely effective in all muscles including heart.

For example, 12 mg/kg for 4 days treatment led to high

exon skipping in heart, diaphragm and quadriceps that

persisted for several weeks [56]. Remarkably high levels of

dystrophin production could be obtained with six biweekly

injections of B-PMO at 30 mg/kg, and mdx mice treated

just twice at this dose showed significant improvement of

cardiac function [57]. Encouragingly, there was no sign

shown of any immune response to B-PMO or toxicity in

treated mdx mice.

Since DMD patients are likely to require long-term and

continuous treatment with CPP–PMO, preclinical toxicol-

ogy, safety and tolerability studies with B-PMO will act as a

paradigm for the use of this class of Arg-rich CPPs in a

clinical setting. Use of improved CPPs as PMO conjugates

may allow further dosage reductions. For example, a hybrid

of B peptide with a muscle-specific peptide MSP conjugated

to PMO has been shown to be more active in mdx mice than

B-PMO [58], and encouraging preliminary results have been

obtained with the Pip peptide series (serum-stabilized

derivatives based on Arg-extended Penetratin) in conjuga-

tion with PNA [59] and with PMO (H. Yin, A. Saleh, M.J.

Gait, and M.J.A. Wood, unpublished results). The DMD

model is acting as a spearhead for development of CPPs as

ON conjugates to enhance ON cell delivery and in vivo

activity and justifies development of several ON drugs tar-

geting the most common clusters of DMD mutations as well

as other genetic diseases in coming years.

CPP mechanism of cellular internalization

Initial data from most groups have proposed a receptor-free

and non-endocytotic mechanism of internalization for

CPPs and their cargo conjugates. Arguments in favor of

this mechanism included energy independence, absence of

effects of endocytosis inhibitors, fast accumulation in

nuclei, and absence of labeling of endocytotic vesicles.

While for a large part based on experimental artefacts as

will be seen later, paradoxically this view has contributed

to the enthusiasm raised for CPPs. Indeed, CPPs were

thought to provide a strategy avoiding problems known to

be associated with non-viral delivery vectors such as

entrapment in endocytotic vesicles and cargo degradation

by lysosomal enzymes.
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Cell fractionation experiments performed in collabora-

tion with the group of P. Courtoy (UCL, Bruxelles) had

already complicated the widely accepted view of a direct

Tat translocation through the plasma membrane followed

by nuclear accumulation. Indeed, a Tat peptide radioac-

tively labeled by an additional iodinated-Tyr residue was

found essentially associated with the plasma membrane

fraction. No radioactivity could be detected in nuclei and a

small proportion only was found associated with endocy-

totic vesicles (P. Courtoy, E. Vives and B. Lebleu,

unpublished observations).

Independent further studies on Penetratin [60] and on

Tat 48–60 [61] clearly pointed to artefacts due to the strong

basic character of these peptides. First, even supposedly

mild fixation procedures used for fluorescence microscopy

did lead to a rapid redistribution of membrane-associated

material [62]. Secondly, CPPs such as Tat or Penetratin

strongly bind to the plasma membrane and cannot be

removed by conventional washing protocols used in FACS

analysis to discriminate membrane-bound from internal-

ized material. These experimental artefacts could be

avoided by fluorescence microscopy analysis on live

unfixed cells and by modifying the protocol of cell treat-

ment before FACS analysis. We favor the inclusion of a

brief proteolytic (pronase or trypsin) treatment to degrade

membrane-bound material [61, 63], but other protocols

such as the quenching of membrane-bound fluorochrome

have been proposed [64]. Implementing these protocols

gave rise to experimental data in line with an active process

of cellular internalization involving endocytosis [63].

These data were rapidly corroborated by many groups for

basic CPPs and their conjugates with various cargoes. As

an example, Tat-conjugated liposomes were first thought to

be internalized by direct translocation [65] while more

recent data plead for an endocytotic mechanism [66].

However, conflicting data continue to be produced even

in conditions which should avoid the artefacts described

above. As an example, an endocytosis-independent inter-

nalization of Tat peptide using physical (low temperature)

or genetic (cell mutants incapable of performing caveolin-

or clathrin-mediated endocytosis) tools has been described

[67].

A possible explanation for this endless dispute has been

provided recently in a comprehensive and careful study by

Brock’s group [68]. They propose the possible involvement

of both endocytotic and non-endocytotic mechanisms with

the former being predominant at low CPP concentrations

and the latter at higher ones. Discrepancies between pub-

lished data would then become explainable since the

threshold value (generally above 5 lM) for the non-endo-

cytotic mechanism varies with CPPs, with conjugated

cargoes, and with cell types. While intellectually satisfac-

tory, this model still raises questions concerning the

mechanism through which an elevated local concentration

of basic CPPs causes direct translocation. Whether obser-

vations made at high CPP concentration are relevant to

drug delivery is also questionable since CPP delivery aims

at allowing cargo delivery at the lowest possible

concentration.

Uncertainties have also been raised concerning cell

surface determinants implicated in CPP-cargo recognition.

Here again, arginine-rich CPPs have been the most care-

fully studied. Our own preliminary Ala scan on Tat 48–60

pointed to the important role of arginine residues in cell

uptake [69]. Extensive structure function studies on the Tat

peptides convincingly established the key role played by

the guanidinium head groups of arginine in cell uptake and

gave rise to oligoArg CPPs and to oligoguanidine peptoid

derivatives [22]. These guanidinium groups are known to

form bidentate hydrogen bonds with anions such as sulfates

or phosphate groups. Whether initial binding involves cell

surface proteoglycans or membrane lipid polar heads also

remains a matter of dispute. Initial studies have favored

interaction with lipids, but they essentially relied on lipid

model systems whose relevance to the plasma membrane

remains uncertain. Recent studies from several groups have

pointed to the role of sulfated proteoglycans such as hep-

aran sulfates. Amongst the strongest arguments in favor of

their role is the observed reduced uptake of arginine-rich

CPPs such as Tat and its conjugates in mutant CHO cells

deficient in the expression of cell surface glycosamino-

glycans (GAG) [70]. Whether GAG-bound CPPs are

shuttled from this primary binding site to other membrane-

associated binding sites (polar head groups of lipids for

example) remains unknown to our knowledge. Likewise,

the fate of GAG-bound CPPs within endocytotic vesicles

has not been unraveled. Intriguingly, our recent SAR

studies on a series of (R-Ahx-R)n-PMO conjugates do

indicate that too high an affinity for heparan sulfates is

detrimental to biological activity. Our working hypothesis

is that internalized CPP-cargo conjugates need to dissociate

from proteoglycans before being shuttled through the

membrane of endocytotic vesicles.

Whether endocytosis is involving one or several specific

pathways is also a matter of debate. Three major pathways,

e.g., macropinocytosis, clathrin-coated pits-mediated

endocytosis, and lipid rafts-mediated endocytosis have

been proposed. Divergent data remain even considering a

single well-characterized CPP such as Tat 48–60 and its

cargo conjugates. We have investigated the uptake of

fluorochrome-tagged Tat and Tat-PNA conjugates using a

panel of pharmacological agents affecting preferentially

each endocytotic pathway and specific markers for these

routes. Clathrin-dependent endocytosis appeared as the

major pathway used for Tat and Tat-PNA conjugates in

HeLa cells. Co-localization of Tat and transferrin, a known
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marker of clathrin-coated pits-mediated endocytosis, in

acidic cytoplasmic vesicles was also observed [63]. Similar

conclusions have been drawn for Tat by Potocky et al. [71]

and importantly for the full size Tat protein [72]. More

recently, we capitalized on a functional assay (e.g., the

splicing redirection assay) to assess the mechanism of

internalization of Tat-PNA conjugates. Similar conclusions

concerning the clathrin-dependent endocytosis were

reached, thus confirming that the delivery of splice-cor-

recting ONs to the nuclei was mediated by this pathway.

Similar tools (e.g., endocytosis inhibitors and endocy-

tosis markers) have, however, led other groups to different

conclusions. A Tat-GFP fusion protein was found to co-

localize with caveolin-1 and its uptake was inhibited by

cholesterol depletion and cytochalasin D treatment in

keeping with a lipid raft/caveolae route of internalization

[73]. The involvement of macropinocytosis has been

established in a series of recent publications [74, 75] using

genetic and pharmacological tools. Importantly, this con-

clusion was reached when monitoring either Tat-Cre

recombinase fusion protein localization or recombination

of a reporter gene. Co-localization with dextran beads and

inhibition by actin polymerization inhibitors were observed

in line with a lipid raft-dependent pathway.

These discrepancies may be attributed in part to the poor

specificity of the inhibitors used in these studies and to

shared components between endocytotic pathways [19].

Other parameters are probably to be considered, such as the

possibility for a CPP construct to use several of these

endocytotic pathways. Whatever the case, all studies are

consistent with an endocytotic pathway and consequently

point to the obstacle of endosomal escape being limiting

for delivery. Further complications arise from the fact that

endocytosis as a whole as well as its various pathways vary

with cell types and with physiological conditions. As an

example, organized MDCK (Madine-Darby canine kidney)

cells, a well-studied model of epithelial cells, take up Tat

poorly in parallel with a reduced endocytotic activity.

However, exposure to inflammatory cytokines strongly

increases CPP uptake [76]. Such variations might be

exploited for a preferential delivery of CPP-conjugated

drugs to inflamed tissues.

As pointed out repeatedly in this review, efficient

crossing of the endosomal membrane now appears as a

major challenge in CPP delivery of drugs. Hopefully,

ongoing and future SAR studies will provide a better

knowledge of molecular features required for CPP-medi-

ated membrane destabilization and will help in the design

of more efficient analogs. Improving translocation across

the endosomal membrane without concurrently increasing

cytotoxicity might, however, be difficult to achieve.

Targeting CPPs to allow a preferential release of the

transported drug is another challenge, but this issue is only

starting to being considered. An interesting strategy for

tumor-targeting has been proposed by the group of R. Tsien.

They have engineered leashed-constructs in which the

oligoArg CPP is masked by a negatively charged peptide.

Since both peptides are linked by a metalloprotease (MMP)-

cleavable linker, they will dissociate preferentially in the

vicinity of MMP-secreting tumors [77].

Whatever the limitations, CPPs have already proved to

be very useful tools to promote the cellular internalization

of biomolecules, which would otherwise not been taken up

significantly. They have considerably broadened the spec-

trum of biomolecule applications in vitro and in vivo in

animal models of several diseases. It is too early, however,

to speculate on their clinical usefulness.
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