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Abstract

The impermeable nature of the cell membrane to peptides, proteins, DNA and oligonucleotides
limits the therapeutic potential of these biological agents. However, the recent discovery of short
cationic peptides that cross the plasma membrane efficiently is opening up new possibilities for
the intracellular delivery of such agents. These peptides are commonly referred to as protein
transduction domains (PTDs) and are successfully used to transport heterologous proteins,
peptides and other types of cargo into cells. Several recent reports have used the membrane
transducing technology /n vivoto deliver biologically active cargo into various tissues. This
review discusses the structure of the most commonly used PTDs and how their ability to transduce
membranes is used to regulate biological functions. It also considers future directions and the
potential of this technology to move from the laboratory into the clinic.

Defining the function of a protein or controlling its action requires cellular expression of
mutant forms of the protein or silencing of the corresponding gene. Until recently, this was
achieved by transgene expression, either using recombinant vectors or directly introducing
proteins into cells by microinjection, electroporation or red-cell ghost fusion, all of which
are cumbersome techniques requiring specialist equipment [1-3]. Now, a new, non-invasive
technology for the direct delivery of biological material is emerging, following the discovery
that certain proteins can enter cells in an unconventional way. The TAT protein, a
transactivation factor from the human immunodeficiency virus 1 (HIV-1), was the first
polypeptide shown to gain entry into cells when added exogenously to culture medium
[4-6]. Other proteins reported to cross the plasma membrane belong to the homeoprotein
family of transcription factors [7] such as the Drosophila Antennapedia (Antp) protein [7,8].
The herpes simplex virus VP22 has also been reported to cross the plasma membrane [9],
although this result has recently been questioned [10]. The subsequent identification of short
membrane-permeable cationic peptides derived from these proteins, and synthesis of other
amphipathic peptides such as transportan [11,12], MAP [13] and KALA [14], has led to the
development of a new technology for delivering biological agents into cells. These peptides
are commonly known as protein transduction domains (PTDs) [15,16] or cell-penetrating
peptides [17-19]. Hydrophobic domains corresponding to the leader sequence of proteins
also cross membranes and have been used to introduce bioactive peptides into cells [20,21].
However, they might not be as potent as cationic PTDs and are only briefly mentioned here.

Peptides that transduce the plasma membrane

Peptides corresponding to amino acids 48-60 of the TAT protein [22] and a 16-omer
derived from the third helix of the Antp homeodomain [8] were shown to translocate rapidly
through the plasma membrane. Given that cationic residues in TAT and Antp PTDs are
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important for cellular uptake, poly-arginine (poly-R) and poly-lysine (poly-K) oligomers
were tested for their ability to enter cells [23-26]. Internalization efficiency was found to
depend on the length of the peptide backbone, and stretches of six (R6) to eight (R8)
arginine residues showed the highest internalization potential [27,28]. Other groups selected
cationic peptides from an M13 phage library displaying random, 12 amino-acid-long
sequences [29], or synthesized amphipathic peptides such as transportan (a chimera of the
N-terminal fragment of the neuropeptide galanin and of the wasp venom peptide
mastoparan) [11], MAP [13], Pep-1 [30] or KALA [14]. Naturally derived and synthetic
PTDs are all capable of cellular entry and a list of the most commonly used PTDs is given in
Table 1.

At present, how membrane-transducing proteins and peptide transporters are internalized is
not clearly understood. Initially, internalization was reported to take place at 4°C and in the
presence of endocytosis inhibitors, suggesting that these peptides do not use the
conventional endocytic pathway to enter cells [8,27,28,31]. However, recent data challenge
this view and show that internalization of TAT-, poly-R- and Antp-PTDs occurs, at least in
part, via endocytosis [31-35]. An artefact created by cell fixation, during which cell-bound
PTDs redistribute giving the impression of nuclear localization, might have contributed to
the discrepancy in results seen between earlier and recent work [10,32,36,37]. Moreover,
amphipathic PTDs, such as transportan, might use different mechanisms to enter cells
[38,39]. It will be important in the future to determine conclusively the contribution of
endocytic versus non-endocytic pathways during cell entry of individual PTDs (Figure 1).

In general, the process of membrane transduction can be divided into three steps (Figure 1).
The first step probably involves ionic interactions between the basic groups of the PTD side-
chains and negative charges on the plasma membrane. Evidence suggests a role for cell-
surface heparan sulphate (HS) proteoglycans as receptors for TAT protein because soluble
heparin or glycosaminoglycan lyases that specifically degrade HS chains hampered TAT
uptake [28,40]. Similarly, TAT protein failed to transduce cells that were genetically
defective in biosynthesis of fully sulphated HS [40], and transduction of poly-K-, Antp- and
TAT-PTDs was reduced in mutant cell lines deficient in either HS or glycosaminoglycan
synthesis [26,35]. This initial electrostatic interaction could lead to membrane penetration
via novel, currently unknown mechanism(s), or the PTD and its associated cargo could enter
cells via endocytosis (step 2). Studies on various permutations of the TAT- and poly-R-
PTDs suggested that the guanidinium headgroups of the arginine residues play a role in
facilitating cellular entry [24] and that only a subset of the headgroups in the peptide
backbone is necessary for efficient uptake [25,41]. In the third step, the internalized PTD
cargo exerts its biological function, although its potency probably depends on the route of
internalization.

Interestingly, in certain cases, proteins genetically fused to the TAT PTD had higher
biological activity when purified under denaturing conditions compared with native,
correctly folded protein preparations [42,43]. This result suggests that unfolded TAT-fusion
proteins cross the plasma membrane more effectively or, alternatively, that they acquire
physiological function more readily once inside cells than proteins in their native
conformation, which might be preferentially targeted for degradation [15]. However, this
finding might not necessarily apply to all PTD-fusion proteins; poor membrane transduction
by cationic PTDs has been reported where — although PTD proteins interacted with the cell
membrane — internalization was observed only after prolonged treatment of the cells,
presumably by endocytosis [37,44].
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Introduction of heterologous proteins using PTDs

One crucial experiment linked the TAT PTD to heterologous proteins and demonstrated that
these proteins gain entry into cells; this observation opened the way for the use of PTDs in
biotechnology. Initially, it was demonstrated that truncated TAT protein (residues 37-72)
chemically crosslinked to B-galactosidase (B-gal) or to horseradish peroxidase (HRP) was
able to transduce various cell lines and primary cells with close to 100% of the cells
becoming positive for B-gal or HRP activity [45]. When the minimal TAT sequence with
PTD activity (amino acids 47-57) was identified and genetically fused to p27iP} molecule,
purified fusion-protein induced scattering of hepatocellular carcinoma cells, revealing a
previously uncharacterized role of p27XiP in cell migration [42].

Protein transduction technology has been used to regulate the nuclear factor-xB (NF-xB)
signalling pathway. Fusion of TAT PTD to a non-degradable mutant of the inhibitor of xB a
(IxBa) protein inhibited nuclear localization of NF-xB and prevented maturation of
osteoclast precursors into osteoclasts [46]. Similar non-degradable TAT-IxBa mutants
associated with endogenous NF-xB when added exogenously to cells in culture and
inhibited its activity following stimulation of cells with pro-inflammatory cytokines [47].
Inhibition of this pathway was also achieved by a bioactive peptide delivered with the Antp
PTD; this disrupted the integrity of the I1xB kinase (IKK) complex at a step upstream of
IxBa phosphorylation [48]. Similarly, the same peptide delivered with a different PTD
(PTD-5) blocked the adverse effects of the pro-inflammatory cytokine IL-1p on islet cell
function [49]. Finally, combinations of hydrophobic and nuclear localization sequence
(NLS) peptides have been used to inhibit nuclear translocation of NF-xB [50-52].

Several other proteins in their wild-type or mutated forms have been transduced into cells
following their fusion to PTDs. Transduction of eosinophils with dominant-negative Ras
inhibited the high-affinity interaction of Mac-1 receptor to its ligand ICAM-1 [53], and
Vocero-Akbani et al. [54] enhanced anti-viral responses to HIV by transducing cells with a
modified caspase-3 polypeptide. The modified protein contained the cleavage site
recognized by HIV protease, which remained inactive in healthy cells but was cleaved in
HIV infected cells to release active caspase-3, resulting in apoptosis [54]. Other TAT- or
Antp-transduced proteins include the Cdk4/6 inhibitor p16!NK4a [55-58], p21(Waf1/Cip1)
[59] and E2F [60] — all proteins involved in the cell cycle. One recent report describes TAT-
assisted transduction of a single-chain Fv antibody that blocks the anti-apoptotic action of
Bcl-2 protein [61]. Other PTDs used to introduce proteins or peptides into cells are
summarized elsewhere [17]. Finally, PTDs have been also used to deliver drug carriers such
as liposomes [62], DNA-DNA or liposome—-DNA complexes [63,64], peptide nucleic acids
[18,65] and phage particles [66].

PTD-mediated delivery in vivo

The therapeutic potential of protein transduction technology was highlighted by several
recent reports that used the technology to deliver bioactive agents /7 vivo. The types of
cargo delivered thus far are summarized in Table 2. The first reported delivery of
heterologous proteins /n vivowas achieved by injecting TAT(37-72)—p-gal conjugates
intravenously into mice. Within 30 mins of administration, p-gal activity was detected in
several tissues, with high activity seen in liver, spleen and heart, low activity in skeletal
muscle and lung, and no activity in kidney and brain [45]. More dramatic results of -gal
delivery in vivowere reported by a p-gal fusion-protein to TAT(47-57) PTD that was
expressed in bacteria and purified under denaturing conditions [67]. Analysis of tissue
samples obtained at 4 h and 8 h post-intraperitoneal injection of TAT—f-gal into mice
showed strong enzymatic activity in liver, spleen, lung, muscle fibres and heart. In contrast
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to the chemically conjugated B-gal, denatured TAT—p-gal protein was detected in the brain,
suggesting that denatured TAT-fusion proteins show enhanced transduction of tissues
compared with proteins prepared in their native form [67].

The Antp internalization region was used to introduce the scaffolding domain (residues 82—
101) of caveolin-1 into cells to regulate endothelial nitric oxide (NO) synthase action [68].
This chimeric peptide was taken up efficiently by endothelial cells resulting in acetyl-
choline-induced vasodilation and NO production, and its administration in mice suppressed
acute inflammation and vascular leak [68]. Intravenous administration of a membrane-
permeable IxBa protein inhibited NF-xB activity and diminished infiltration of
inflammatory cells in a rat pleurisy model (Blackwell, N.M. et a/., unpublished). Another
group used purified TAT-Bcl-xL protein to transduce primary neurons in culture and to
diminish staurosporin-induced apoptosis. Intraperitoneal injection of TAT-Bcl-xL resulted
in transduction of neurons in the brain as early as 1-2 h post-injection, and in a murine
model of focal ischaemia, TAT-Bcl-xL decreased cerebral infarction by up to 40% [69].
Therefore, PTD-mediated protein transduction can be used /n vivoto regulate the activity of
crucial signalling pathways known to operate in pathological conditions.

PTD-assisted induction of DNA recombination /7 vivo was assessed by a chimera of Cre
recombinase fused to the membrane translocation sequence (MTS) from Kaposis fibroblast
growth factor (FGF-4) and the NLS from SV40 large T-antigen [70]. The NLS-Cre-MTS
fusion protein induced DNA recombination in up to 70-80% of the cells /n vitro, and
intraperitoneal injection of the protein into loxP transgenic mice induced DNA
recombination in all tissues examined, including heart, kidney, lung, spleen, liver and brain
[70]. A second study compared FGF-4 MTS (hydrophobic), SV40 NLS (basic) and TAT
PTD (basic) for their ability to promote cellular uptake of Cre and found that TAT PTD was
the most potent, resulting in >95% recombination efficiency in embryonic stem cells and
primary spleenocytes ex vivo [71]. However, in this report, intraperitoneal injection of
TAT-Cre protein failed to induce significant recombination /n vivo with only some activity
observed at the site of injection, suggesting limited diffusion of the protein to surrounding
tissues. The reason for the opposing /n vivoresults reported by the two papers is unclear.

Poor /in vivo transduction has also been reported for muscle tissue. Although efficient in
transducing cultured myoblasts, a TAT-GFP protein led only to few positive fibres when
injected intravenously or subcutaneously into mice [72]. Instead, there was strong
fluorescence of the extracellular matrix (ECM) suggesting that the poor transduction of
muscle fibres could be caused by TAT-GFP binding to ECM components [72].

In the work discussed so far, transduction of tissues /n vivo was achieved by injection of
purified PTD-protein. In an alternative strategy, TAT-p-glucuronidase — a lysosomal
enzyme that is deficient in the disease mucopolysaccharidosis VI — was expressed as a
transgene from recombinant viral vectors, and its bio-distribution examined in enzyme-
deficient mice [73]. Liver sections analysed 10 days after intravenous injection of
recombinant virus showed enzyme activity throughout the parenchyma, suggesting diffusion
of the expressed TAT-fusion protein to surrounding tissue. Enzyme activity was also
detected in tissues such as spleen, kidney, heart, lung and skeletal muscle [73]. By contrast,
two other groups reported lack of intercellular transport of virally expressed TAT-GFP
fusion protein either /n vivoor in vitro[74,75], and TAT PTD did not enhance the
immunogenicity of another protein when it was expressed de novo as TAT-fusion protein
[74]. These contradictory results could be attributed to the production of variable levels of
protein or that the protein partners fused to TAT PTD (pB-glucuronidase versus GFP) have a
role in determining how well the protein is secreted from producing cells or taken up by
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neighbouring cells. Nevertheless, these differences highlight that generalizations should be
avoided.

Pre-incubation of recombinant virus with Antp PTD facilitated gene delivery /n vitroand in
vivo. In cultured cells, viral transduction was increased by 5-10-fold, as determined by GFP
expression [76]. In mice with hind limb ischaemia, the angiogenic potential of the vascular
endothelial growth factor delivered by a viral vector was increased approximately threefold
in the presence of Antp peptide [76]. Therefore, cell-permeable peptides can enhance viral
cell entry, thus improving the efficacy of therapeutically relevant genes /n vivo.

Membrane-transducing peptides could improve the absorption of drugs with poor tissue
penetration such as cyclosporin A (CsA), which is ineffective as a local anti-inflammatory
agent owing to its poor absorption by the skin. CsA-arginine heptamers (r7-CsA) penetrated
the epidermis and dermis, reached dermal T-lymphocytes, and inhibited cutaneous
inflammation [77]. Such conjugates also penetrated human skin, which is significantly
thicker than mouse, suggesting the potential use of r7—CsA as a topical anti-inflammatory
drug in the clinic [77]. In another report, magnetic nanoparticles coated with TAT PTD
transduced haematopoietic CD34* cells and neural progenitor cells [78]. The particles were
retained intracellularly for several days to enable monitoring of the labelled cells /7 vivo
[78]. Localization and retrieval of cell populations could facilitate analysis of stem-cell—
organ interactions, thereby advancing the therapeutic use of stem cells.

Future prospects

Considerable in vitroand in vivo experimental data are now available to establish protein
transduction technology as a useful tool in biological research. With the completion of the
human genome project, protein transduction technology has the potential of becoming a
useful tool in determining the function of newly identified proteins by providing a non-
invasive and efficient alternative to DNA transfection. However, for this to become reality,
it will be important to better understand the process of cell entry, which might differ among
the various PTD subgroups.

Given that certain considerations are addressed, this technology could be useful in the clinic
as well as in the regulation of signal transduction pathways that are involved in pathological
disorders. Today, viral vectors are used to introduce genes into cells, but with the drawbacks
of simultaneously introducing unwanted and/or harmful genetic material and having
inadequate control over expression levels of the transgene. By contrast, PTD-mediated
delivery offers temporal and reversible regulation of a biological process by directly
controlling intracellular levels of inhibitors. Administration of inhibitors can be stopped and,
if necessary, resumed later to avoid detrimental side-effects.

There are several unanswered questions and possible limitations to the use of PTD
technology in /in vivo applications. A major disadvantage is lack of targeting specificity.
Therefore, for each case, it will be important to establish not only that the PTD-chimera has
a beneficial effect on diseased cells but also that it has no adverse effects on healthy tissue.
Alternatively, cells in some organs or tissues might be less amenable to transduction as has
been reported for brain and muscle [45,72]. As mentioned earlier, another limitation is our
incomplete knowledge of the mechanisms used by PTDs to gain entry into cells. Further
research is needed in this area because understanding the molecular aspects of this process
could open the way for the synthesis of simpler and possibly more potent membrane
transducers. Immunogenicity of the PTD itself or its cargo could be another obstacle to the
routine use of this technology in the clinic and thorough studies are needed to assess the
extent of this problem. Finally, it is important to understand the pharmacokinetics of /n vivo
protein transduction.
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Despite these drawbacks, membrane-transduction technology could offer an easy alternative

fo

r manipulating intracellular biological processes /n vitroand in vivo. But can this

technology deliver in the clinic? The answer to this question might not be far off.
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Figure 1.

A three-step model of membrane transduction by cationic peptides. Step 1: electrostatic
interactions between the positively charged protein transduction domain (PTD) (red +) and
negative charges on the cell membrane (black —) promote binding of PTD to the cell surface.
Step 2: the PTD penetrates the plasma membrane through an as-yet unknown mechanism,
towing its attached cargo. Alternatively, the PTD—cargo complex is endocytosed by the cell.
Step 3: intracellular delivery of the PTD—cargo complex.
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Table 1

Commonly used PTDs?

Amphipathic

KALA (synthetic)

Protein PTD amino acid sequence?
Cationic

HIV-1 TAT (47-57) YGRKKRRQRRR
Drosophila Antennapedia (43-58) RQIKIWFQNRRMKWKK
Poly-arginine (R7) (synthetic) RRRRRRR

PTD-5 (synthetic) RRQRRTSKLMKR

Transportan (chimeric, galanin fragment plus mastoparan) GWTLNSAGYLLGKINLKALAALAKKIL

WEAKLAKALAKALAKHLAKALAKALKACEA

aAbbreviations: HIV-1, human immunodeficiency virus 1; PTD, protein transduction domain.

b. . . R
Single-letter amino acid designation.
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Table 2

Types of cargo delivered using protein transduction technology?
PTD used Cargo Tissue investigated Refs
TAT, Antp Peptides Endothelium, inflammatory cells [48,68]
TAT, Antp, poly-arginine, PTD-5  Proteins Multiple (heart, liver, spleen, lung, kidney, muscle, etc.) [45,67,70-72]
TAT Liposomes Tumour cells (in vitro) [62]
TAT Nanoparticles Stem cells [78]
TAT, poly-arginine, transportan Nucleic acids E};t{?)ehum, lung carcinoma (/7 vivo) and tumour cells (i [14,63-65]
TAT, Antp Recombinant virus Endothelium, muscle [76]
TAT Recombinant phage Cell lines (/n vitro) [66]
Poly-arginine Small chemical compound ~ Skin [77]

aAbbreviation: Antp, Drosophila Antennapedia protein; PTD, protein transduction domain.
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