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Cell-penetrating peptides (CPPs) are peptide vectors that can traverse
through the plasma membrane barrier without breaching the integrity of the
cell, and deliver various cargoes inside cell. The range of cargoes that can be
delivered intracellularly by CPPs encompasses a broad variety of hydrophilic
molecules, such as peptides, proteins, antibodies, imaging agents, DNA and
even nanosized entities, including polymer-based systems, solid nanoparticles
and liposomes. Multiple studies have focused on CPPs such as transactivating
transcriptional activator peptide (TATp), penetratin, VP22, transportan and
synthetic oligoarginines because of their high inherent potential as intra-
cellular delivery vectors. However, the TATp remains the most popular CPP
used for a variety of purposes. This review article attempts to bring together
the available data on TAT-mediated intracellular uptake of a broad range of
molecules and nanoparticles. It also considers potential practical applications
of this approach.
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1. Introduction

Cell-penetrating peptides (CPPs) are a group of peptides, which usually contain a
cluster of basic residues that have been recognised as promising drug delivery vec-
tors over the last decade. The CPPs are gaining increasing attention as they possess
the remarkable property of translocating across the hydrophobic cell membrane,
which forms a formidable barrier to the entry of hydrophilic and high molecular-
weight drugs. As a result, different therapeutic moieties, which are mostly
hydrophilic in nature and/or are of high molecular weight, can be tagged to CPPs
and transported across the cell membrane to exert their pharmacological actions at
the subcellular level. This process of traversing across the biological barrier is called
protein transduction and is confined to a domain of < 20 amino acids, termed as
protein transduction domain (PTD) or CPP. CPPs are rich in basic residues and
are either derived from corresponding transducing proteins or are synthesised. The
original concept of protein transduction was formed in 1988 when Green [1] and
Frankel 21 independently demonstrated that the transactivating transcriptional
activator (TAT) protein encoded by HIV-1 was efficiently internalised by cells
in vitro, resulting in transactivation of the viral promoter. Such transactivation was
observed at nanomolar concentrations in the presence of lysosomotropic agents,
and TAT was subsequently detected in the nuclei. It was then speculated that TAT
may serve as a delivery vector, ferrying various biological molecules within the
cells. Subsequently, several other proteins and peptides were found to display the
translocation activity, which encompasses: penetratin [3]; VP22 [4]; transportan [s;
model amphipathic peptide (MAP) [e]; signal sequence-based peptides [7; and syn-
thetic arginine-enriched sequences. Examples of the latter include: polyarginines
18] and arginine-substituted CPPs of R,-TAT type; RNA-binding peptides, such as
HIV-1 Rev (34 — 50) peptide and flock house virus coat (35 — 49) peptide; and
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DNA-binding peptides, such as c-Fos (139 — 164), c-Jun
(252 - 279) and yeast GCN4 (231 — 252).

Penetratin is a CPP derived from the homeodomain of
Antennapedia (Drosophila homeoprotein). Homeoproteins are
transcription factors that comprise a stretch of 60 amino acids
(called the homeodomain), which is involved in the DNA bind-
ing. The homeodomain was shown to traverse through the
mammalian nerve cells and accumulate in their nuclei (9. More
specifically, the translocation ability was narrowed down to a
16-mer peptide, termed as penetratin (Antp PTD; 43 — 58 resi-
dues, RQIKIWFQNRRMKWAKK), present in the third helix of
the homeodomain [31. VP22 is a herpes virus type 1 protein
associated with the transport between cells, where it also ends
up in the nuclei [4). Transportan is a chimeric CPP composed of
galanin and mastoparan. Inside the cells, transportan is taken up
into the nuclei and concentrates in subnuclear structures, prob-
ably in the nucleoli [s1. MAP is a synthetic 18-mer peptide capa-
ble of transporting various cargoes across the cellular
membrane. It has presented the highest uptake and cargo deliv-
ery efficiency among other CPPs [10]. Signal sequence-based
peptides comprise membrane translocating sequences that accu-
rately direct the preprotein towards the respective intracellular
organelles. Such sequences, when coupled to nuclear localisa-
tion signals, can be directed to accumulate in the nuclei of the
cells 1113. To identify the specific regions of the TAT peptide
(TATp) that are responsible for translocation, synthetic peptides
rich in arginines were prepared, such as arginine-substituted
TAT (Ry-TAT), and p-amino acid substituted TAT (p-TAT) [g].
Such peptides were internalised with similar efficiencies as the
TATp. In addition, various arginine-rich peptides (such as
RNA-binding peptides derived from proteins HIV-1 Rev, flock
house virus coat, and DNA-binding peptides from c-Fos, ¢c-Jun
and yeast GCN4) displayed translocation properties. Nonethe-
less, TATp remains the most frequently used CPP for drug
delivery purposes, and will be the main subject of this review.

2. Transactivating transcriptional activator

HIV-1 is a retrovirus that encodes for the TAT protein [12].
TAT is a small nuclear polypeptide of 101 amino acids,
encoded by two exons, with the first 1 — 72 residues encoded
by the first exon and the residues 73 — 101 by the second. The
frequently used 86-amino acid TAT is a truncated version of
the naturally occurring full-length (101 amino acids) protein,
generated as a result of tissue-culture passaging. The
101-amino acid TAT is divided into five domains: domains
1 - 4 encoded by the first exon are responsible for the com-
plete transactivation. Domain 1 (amino acids 1 — 20) is an
N-terminal acidic domain; domain 2 (amino acids 21 — 40) is
rich in cysteine residues essential for transactivation; domain 3
(amino acids 41 — 48) includes the Arg- Lys-Gly- Leu-Gly-Ile
motif; and domain 4 (amino acids 49 — 72) is an important
domain with the basic Arg-Lys-Lys-Arg-Arg-GIn-Arg-Arg-Arg
motif, which is associated with the direct RNA-binding [13]
and nuclear localisation of the protein [14]. The RNA-binding

property is specifically related to arginine residues. The
arginine-rich region binds to the three-nucleotide bulge in
transactivation responsive RNA [15], where the side chains of
the arginine residues form hydrogen bonds with the phos-
phates near the RNA loops and bulges, and stimulates the
transcription [16). TAT-mediated transactivation occurs prima-
rily due to the enhancement of the transcriptional elongation
step [17].

2.1 TAT transduction domain

With the introduction of the 86-mer TAT as a translocating
protein, studies were performed to exploit its potential as a
delivery vector for intracellular delivery of a variety of cargo
molecules [18]. Different shorter sequences of TAT protein were
investigated for their transduction properties using circular
dichroism and energy minimisation, which elucidated that the
TAT(38 — 45) domain can form a a-helical structure, possesses
amphipathic characteristics, and is responsible for the cellular
uptake [19]. In contrast, the nuclear localisation signal is present
in the basic cluster extending from the residues 49 — 57, which
does not overlap with the helical structure. To gain an insight
regarding the specific determinants responsible for the translo-
cation and transactivation, synthetic peptides were prepared
with deletions in the a-helical domain and the basic cluster
domain, and investigated for their translocation ability [20]. Sur-
prisingly, it was found that the a-helical domain is not required
for the intracellular delivery, whereas the whole basic cluster of
residues 48 — 60 is responsible for membrane translocation.
Any deletion or substitution of basic residues in TAT (48 — 60)
reduced the cellular uptake property. The translocation was as
rapid as 5 min at concentrations of 100 nm. In another study,
in an attempt to determine the minimum length required for
transduction, the TAT (48 — 57) region was studied by deletions
at the Nand C termini [217. The deletion of Gly48 did not
affect the transduction efficiency; however, the deletions of
Lys50,51, Arg55 — 57 and GIn54 markedly reduced transduc-
tion efficiencies. The minimal transduction domain was thus
assigned to TAT(49 — 57). This domain is highly rich in posi-
tively charged residues. These authors have found that the sub-
stitution of this domain with polylysine (9-lysine residues) or
polyarginine (9-arginine) did not affect the transduction ability,
and both polylysine polyarginine domains transduced to
cytosol and nuclei to the similar extent as TAT(49 — 57). There-
fore, the positive charge in the transduction domain contributes
to the transduction ability of TAT protein. The commonly
studied transduction domain of TAT (TAT PTD) extends from
residues 47 — 57. YGRKKRRQRRR, which contains six
arginine and two lysine residues [22].

3. Role of arginine residues in translocation

As the CPPs such as TAT(49 — 57) and penetratin(43 — 58)
are rich in arginine residues, the effect of arginine substitution
and chain length of arginine residues on the transduction
efficiency was examined by synthesising analogues of the
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TAT(48 — 60) peptide with p-amino acids (p-TAT), or by
substituting (49 — 57) residues with 9-arginines (Rg-TAT) [8].
Both p-TAT and Rg-TAT were internalised and localised into
the cytosol and nucleus with efficiencies similar to the
TAT (48 — 60) peptide. In contrast, and opposite, to what was
found in [21], these authors discovered that lysine-rich pep-
tides were poor transducing peptides. In any case, these data
suggested that the arginine residues are important in the
translocation process. To determine the optimum number of
arginine residues required for efficient transduction, synthetic
peptides with 4 — 16 arginine residues (R, — R;s) were
examined. Synthetic peptide R, showed very little transduc-
tion, R; and Ry showed the maximum internalisation and
accumulation in the nuclei, whereas R; showed reduced
transduction compared with Rg. Thus, oligoarginine with
eight arginine residues seem to be the optimal vector for
efficient translocation s).

On the similar lines, Mitchell et al. [231 studied homopoly-
mers rich in cationic amino acids, such as arginine, lysine,
ornithine and histidine, for their cellular uptake ability. It was
found that the polymers of arginine were more effective than
homopolymers of lysine, ornithine and histidine at the same
chain length, suggesting the importance of namely arginine
residues for translocation. Similarly to the findings in s,
changing the chain length within arginine homopolymers
affected the transduction ability. Again, arginine oligomers
with six or more residues were more effective than those with
less than five residues, with the translocation efficiency
increasing up to 15 amino acids. In addition, the chirality of
amino acid did not affect the cellular uptake as both p- and
L-arginine polymers entered the cells effectively. This sug-
gested that the peptide backbone does not participate in
hydrogen bonding with the receptor during the transport.
Further exploration of the structural components required for
the cellular uptake revealed that the guanidinium headgroup
of arginine is a critical component for translocation. Citrul-
line, an isostere of arginine, differs from arginine in having a
urea rather than guanidine on its side chain. The heptamers of
citrulline showed very poor staining of the cells compared
with the heptamers of arginine, emphasising the role of gua-
nidinium in translocation. The high pK, value of the guani-
dine group imparts a high charge to arginine moieties at
physiological pH. The arginine residues can then strongly
interact with the plasma membrane, forming very stable
bidentate hydrogen bonds with the anions as phosphate and
sulfate on the plasma membranes.

The importance of guanidinium groups of TAT(49 — 57)
has also been highlighted in [241. The authors of this study
showed that the truncated and alanine-substituted derivatives
of TAT(49 — 57) are less efficient at internalisation than
TAT (49 - 57); thereby suggesting that all the cationic residues
of TAT(49 — 57) are required for the efficient translocation.
Nevertheless, charge alone is not important for translocation.
The oligomers of arginine, 9-mer of L- and p-arginine, were
more efficient than TAT(49 — 57) at cellular uptake, again
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emphasising that the guanidinium groups of TAT(49 — 57)
play an important role in enhancing cellular uptake than
either the charge or backbone structure. Based on these stud-
ies, these authors attempted to design polyguanidine peptoid
derivatives that are superior to TAT (49 — 57), resistant to pro-
teolysis, and convenient to prepare. The peptoid derivative,
with a six-methylene spacer between the guanidine head
group and backbone, displayed significantly enhanced uptake
compared with TAT(49 — 57) and p-arginine oligomer). The
study suggested that the proper spacing between guanidine
moieties is essential for the interaction with the plasma mem-
brane and, hence, cellular uptake. This hypothesis was con-
firmed in [25), where these authors prepared a series of
decamers containing seven arginines and three non-arginine
residues. The decamers with spacer groups within were found
to be better in cellular uptake than hepta-arginine itself.

4. Mechanisms of internalisation by
translocation

There has been no unified perspective regarding the intern-
alisation mechanisms of CPPs. Over the years, different
mechanisms have been suggested by different authors. Earlier
studies proposed that the TAT protein was internalised by
adsorptive endocytosis [26]. The TAT protein was shown to
bind nonspecifically to the cell surface, with > 107 sites per
cell. It showed punctuated staining on the cell surface, with
subsequent localisation to the cytoplasm and nuclei. The
binding did not involve any specific receptor; however, it was
blocked in the presence of heparin or dextran sulfate and at
low temperature. A few years later, the rate of translocation of
CPPs was found to be independent of temperature [5,20,27].
The TAT(48 — 60) peptide, penetratin (43 — 58 of Antenna-
pedia), and transportan were efficiently taken up at 4 and
37°C, suggesting that endocytosis is not involved in the
internalisation. The studies suggested a model for the inter-
nalisation of the TATp and penetratin, according to where
direct ionic interaction between the basic residues of the
CPPs and the negative phospholipid headgroups of the
plasma membrane occurs. This leads to the local invagina-
tion of the plasma membrane, followed by the formation of
inverted micelles and, ultimately, the release of the peptide
inside the cell. Similarly, arginine-rich peptides were also
found to be internalised at 4°C (s]. The internalisation of the
TAT (48 — 60) peptide and other arginine-rich peptides was
found to be dose-dependent, saturable and was inhibited in
the presence of the excess amount of the peptide [2¢]. The cel-
lular uptake of these peptides was not affected by endocytosis
and metabolic inhibitors; however, the uptake was inhibited
in the presence of heparan sulfate, suggesting the electrostatic
interaction between the CPPs and negative charges of
heparan sulfate are involved for translocation. Collectively, it
was suggested that the arginine-rich peptides share a com-
mon internalisation mechanism, which is independent of
classical endocytosis.
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Later, the receptor-independent mechanism was indicated
to be the result of the artifacts due to the fixation of the cells
[291. The study described that the cell-fixation procedure pro-
duces altered images due to the artifactual redistribution of
the peptides into the nuclei. The peptides adhere strongly to
the negatively charged cell membrane through their dense
positive charges, and cannot be removed by routine washings
unless trypsinised. The authors of this study, therefore,
observed the uptake of peptides in live unfixed cells, and
found that the cellular uptake of TAT(48 — 60) and Rq pep-
tides was inhibited by low temperature or by the depletion of
the cellular pool of ATP. Fluorescence microscopy studies on
live cells demonstrated the punctuate distribution of the pep-
tides, and suggested endocytosis as a major mechanism for
peptide uptake by the cells.

There are two types of the endocytic uptake of the CPPs
that have been proposed: the classical clathrin-mediated endo-
cytosis and the lipid-raft mediated caveolae endocytosis.
Clathrin-mediated endocytosis involves the formation of
clathrin-coated membrane pits that pinch off the membrane
to form vesicles for subsequent processing [30]. This type of
endocytosis was suggested in [29], where the TATp showed the
colocalisation with the classical endocytic marker, transferrin.
This was substantiated further in [313, where TAT PTD and
Antp PTD showed uptake only at 37°C. In addition, the
internalisation required the expression of negatively charged
glycosaminoglycans on the cell surface for interaction with
CPPs, which was followed by endocytosis. Studies also sug-
gested that the PTDs do not provoke a ‘real translocation’,
but are only responsible for cell surface adherence, which sub-
sequently results in their endocytosis and accumulation in
endosomes [32-34]. In fact, direct electrostatic interaction
between the positive residues of CPPs and the negative resi-
dues of the cell-surface proteoglycans or glycosaminoglycans
(e.g., heparan sulfate and heparin) is required in internalisa-
tion, regardless of the mechanism of cellular uptake [31,35-37].
Contradictory studies suggested the lack of correlation
between proteoglycans and the transduction process [ss].

Another proposed mechanism for internalisation is caveo-
lae-mediated clathrin-independent uptake. Caveolae uptake
involves the formation of flask-like uncoated invaginations
(50 — 70 nm), principally composed of a subclass of deter-
gent-resistant membrane domains enriched in cholesterol and
sphingolipids, called lipid rafts [391. This type of uptake was
suggested in [40,41]. Unlike the rapid uptake of transferrin, a
marker for clathrin-mediated endocytosis, the internalisation
of TAT-cargo was very slow, reaching the plateau after several
hours; and the colocalisation of TATp with the markers of
caveolar uptake. The cellular uptake was not inhibited by
nonionic detergents, a feature of lipid rafts, but was affected
in the presence of drugs that either disrupt lipid rafts or alter
caveolar trafficking.

A different mechanism has been proposed for the transport
of guanidinium-rich CPPs conjugated to small molecules
(molecular weight of < 3000 Da) [42,43). The guanidinium

groups of the CPPs form bidentate hydrogen bonds with the
negative residues on the cell surface; the resulting ion pairs
then translocate across the cell membrane under the influence
of the membrane potential. The ion pair dissociates on the
inner side of the membrane, releasing the CPPs into the
cytosol. Nevertheless, the number of guanidinium groups is
critical for translocation, with approximately eight groups
being the optimum number for the efficient translocation.

A recent mechanism proposed for CPP conjugated to large
cargoes (molecular weight of > 30,000 Da) is nonclathrin, non-
caveolar endocytosis, called macropinocytosis. Macropinocyto-
sis is a nonspecific form of cellular uptake, caused by large
vesicles, known as macropinosomes, which are generated from
actin filaments [44]. It has been shown in [45) that TAT-Cre
fusion proteins were internalised by the lipid-raft dependent
macropinocytosis. As a majority of fusion proteins remained
entrapped in macropinosomes, the TAT transduction domain
was conjugated to a fusogenic peptide (the N-terminus domain
of the influenza virus haemagglutinin protein HA2), to trigger
the release of the TAT fusion protein from endosomes, and
thereby enhance their nuclear transport. A very recent study
also demonstrates the macropinocytosis mechanism for small
PTD peptides (1000 — 5000 Da) [46,47].

Therefore, it seems that more than one mechanism works
for CPP-mediated intracellular delivery of small and large
molecules. Individual CPPs, or CPP conjugated to small
molecules, are internalised into cells via electrostatic interac-
tions and hydrogen bonding, while CPP-conjugated to large
molecules occur via the energy-dependent macropinocytosis.
However, in both cases, the direct contact between the CPPs
and negative residues on the cell surface is a requisite for
successful transduction.

As the majority of the studies believe in endocytosis as a
major mechanism for transduction, an important moment is
the escape of CPPs from the endosomes and their translocation
to the nuclei. Studies suggest that endosomal acidification
prior to the disruption is required for CPP escape [48]. Another
study suggested that the TAT fusion proteins enter cells via the
endosomal pathway, circumvent lysosomal degradation and
then sequester in the periphery of the nuclei [49). Overall, the
efficiency of the nuclear translocation process is limited.

5. Transactivating transcriptional activator as a
transduction vector for hydrophilic cargoes

Ever since the discovery of the TAT and its ability to traverse
across the plasma membrane, different studies have exploited
TAT to deliver various cargo molecules intracellularly, both
in vitro and in vivo for therapeutic applications. The plasma
membrane poses a strong hydrophobic barrier for the transport
of molecules > 500 Da. As a result, many therapeutic drugs
cannot reach their intracellular targets unless they enter cells
via the endocytic pathway associated with intensive drug deg-
radation inside the lysosomes. Such drugs, when conjugated
with CPPs, may overcome the plasma membrane barrier and
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be transported intracellularly. CPPs such as TAT, penetratin,
VP22 and transportan have been used for intracellular delivery
of proteins, genes and even nanoparticles such as liposomes
[50-54]. As the TATp remains the most popular and frequently
used CPP for intracellular drug delivery, various examples of
certain TAT-driven delivery systems, which have revealed
potential in different fields of cancer therapy, gene therapy,
nanomedicine and diagnostic imaging will be considered in
this Section.

5.1 Protein delivery
As previously mentioned, full-size TAT protein was found to
enter the cells when present in the surrounding tissue culture
media [1,2]. The ability of the TAT protein to deliver the car-
goes within the cells was first examined in 1994 [18). TATp
(residues 1 — 72 or 37 — 72) were conjugated to different pro-
teins, such as B-galactosidase, horseradish peroxidase, RNase A
and domain 111 of Pseudomonas exotoxin A. TATp was able to
deliver the cargo molecules within different types of cells
in vitro. When tested in vivo with the TAT(37 — 72)-conjugate
with B-galactosidase, the protein was delivered to different tis-
sues such as the heart, liver, spleen, lungs and skeletal muscle.
Thus, it was confirmed that TATp can deliver different sized
molecules inside the cells. In addition, the truncated TATp
(37— 72), which carried the basic domain, was capable of
transducing molecules across the cell membrane. Subsequently,
Nagahara et al. developed full-length TAT fusion proteins
from a bacterial expression vector, pTAT-HA, which has an
N-terminal 6-histidine leader followed by 11-mer TAT PTD,
a haemagglutinin (HA) tag and a polylinker [s5]. TAT fusion
proteins ranging in size from 15 to 115 kDa were able to trans-
duce mammalian cells in vitro with ~ 100% efficiency. The
transduction was observed quickly, within 10 min, and was
concentration dependent. The TAT fusion protein technology
could deliver a broad range of proteins that regulate apoptosis,
cell cycle progression and differentiation [se,57). To assess this
technology for invivo transduction of small peptides, the
11-mer TAT-PTD was labelled with fluorescein isothiocyanate
(FITC) and injected intraperitoneally into mice [58,59]. The
TAT-FITC peptide transduced all blood and splenic cells with
high efficiency. Interestingly, the peptide was also able to cross
the formidable blood-brain barrier and reach cells within the
brain. The in vivo delivery of large proteins was also examined
by the intraperitoneal injection of FITC-labelled TAT-B-galac-
tosidase fusion protein. Strong [-galactosidase activity was
found to be present in the liver, kidneys, lungs and heart. Sim-
ilar to the TAT-FITC peptide, TAT—p-galactosidase fusion
protein also transduced brain cells through the intact blood—
brain barrier. The study thus suggested that it is possible to
transduce mammalian cells with a much larger cargo molecule
(B-galactosidase), ~ 200-times larger than the molecules that
normally cross the plasma membranes.

Among many other applications, proteins are administered
to generate cytotoxic T lymphocytes to degrade pathogen-
derived peptides. However, exogenous proteins cannot
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traverse through the membranes of antigen-presenting cells
for MHC class | presentation. Again, proteins can be intro-
duced intracellularly using the TATp. A conjugate of TATp
(49 — 57) with the model protein ovalbumin resulted in the
production of ovalbumin-specific cytotoxic T lymphocytes,
killing the target cells [e0,61]. TAT-mediated antigenic protein
delivery is useful for therapeutic or prophylactic
vaccine design.

TAT-mediated protein delivery is also useful as a therapeu-
tic approach in disorders such as oxidative stress, inflamma-
tory conditions and ischaemia. TATp has allowed for the
delivery of therapeutic enzymes required during oxidative
stress. The fusion proteins of TAT and superoxide dismutase
(TAT-SOD) and catalase (TAT—CAT) transduced HeLa cells,
which were under the oxidative stress. The TAT fusion pro-
teins replenished the antioxidant enzymes SOD and CAT,
increasing the viability of the cells [62,631. The transduction
efficiency of SOD was further augmented when it was fused
to TAT PTD at its N and C termini [64]. Another potential
therapeutic application of TAT-mediated delivery is to regu-
late the inflammation in conditions such as rheumatoid
arthritis. Chronic inflammation is the result of the activation
of the transcription factor NF-xB via cytokines. Methods that
regulate the cytokines or NF-xB can help pacify the inflam-
mation. The fusion protein of TAT PTD-super-repressor
IkBa. resulted in the delivery of super-repressor IkBa. within
the cells, where it binds to NF-kB and inhibits its activation
mediated by cytokines [s5). This study therefore provided a
novel way of regulating pathological conditions.

Another area where TAT-transduction has shown potential
is in the prevention of cell death associated with disorders
such as infarction and stroke. Timely delivery of protein ther-
apeutics provides cytoprotection, preventing apoptosis during
ischaemia. The administration of the TAT-ARC (apoptosis
repressor with caspase recruitment domain) fusion protein in
the isolated heart model before the global ischaemia and
reperfusion, decreased the infarct size after hypoxia [es]. It also
prevented cell death arising from oxidative stress. Similarly,
apoptosis of neurons during the cerebral ischaemia was pre-
vented by the delivery of antiapoptotic protein, Bcl-xL fused
with TAT PTD, to neurons [67]. The fusion protein decreased
the cerebral infarction in a dose-dependent fashion. The study
provided the first proof of transducing a neuroprotectant in
experimental cerebral ischaemia.

The intracellular delivery of proteins mediated by TATp is
not organelle specific. The proteins can stay in the cytosol or
can be delivered to nuclei. In contrast to other findings, the
authors in [es,69] showed that TAT fusion protein can be trans-
duced into the mitochondria. However, for the fusion protein
to stay inside the mitochondria for a longer duration for mito-
chondrial therapeutics, the TAT fusion protein was appended
to the mitochondrial targeting sequence. Thus, the protein
delivery can be made organelle specific by attaching a signal
sequence to TAT fusion proteins, thus enabling the modul-
ation at subcellular levels. It has recently been suggested that
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by appending the mitochondrial targeting signal to the N ter-
minus of the TAT—exonuclease fusion protein, the protein
delivery can be directed into the mitochondria of breast cancer
cells 70]. The protein delivery inside the mitochondria of the
cancer cells then helps to regulate the mitochondrial function
and, thus, facilitating cancer cell death.

Another growing application of the transduction technol-
ogy is in the field of cancer therapy, where the transduction
methodology seems to circumvent the problems encountered
with the conventional chemotherapeutic regimens, such as
nonspecificity and exclusion of drugs by efflux transporters in
multi-drug resistant cells. The TAT transduction domains of
Antennapedia and TAT have been linked to the tumour sup-
pressor peptide p53, which enhanced the accumulation of
p53 in the tumour cells and activated the apoptotic genes for
the selective killing of tumour cells both in vitro and in vivo
[71-73]. The TATp has also been used to deliver proteins that
modulate the cell cycle and cause the arrest of tumour growth
[55,74]. Another approach to selectively kill tumour cells is to
transduce dendritic cells with tumour antigens to generate
cytotoxic lymphocytes that eradicate tumours. The TAT
transduction domain was used to transduce dendritic cells
with ovalbumin, a recombinant model tumour-associated
antigen. The transduced dendritic cells generated cytotoxic
lymphocytes against tumours [75]; immunisation with trans-
duced dendritic cells imparted an antitumour immunity and
inhibited lung metastases in a 3-day tumour model [76].

5.2 Antibody delivery
The intracellular delivery of antibodies by conventional meth-
ods of electroporation or microinjection disrupts the cellular
membrane, and so decreasing the cell viability [77,78). In con-
trast, CPPs have shown enhanced delivery of antibodies
within cells without compromising the cellular structures. The
poorly internalised antitumour antibody Fab fragments (after
conjugation to the peptide analogues of the 37 — 62 sequence
region of the HIV TAT protein) displayed an enhanced cell
surface binding, followed by internalisation of the Fab frag-
ments [79]. TAT(37 — 72) peptide conjugated to antibodies
was also used to provide neuroprotection against toxins.
Because of the very slow degradation of the tetanus toxin
(TET) in nerve cells, anti-TET antibodies are required for the
neutralisation of TET. The conventional method of electro-
poration for the delivery of antibodies cannot be used in a
clinical situation. However, the conjugate of TAT(37 — 72)
peptide and antitetanus F(ab"), fragments was readily taken up
by chromaffin cells, leading to the neutralisation of TET [so].
A novel method for the intracellular delivery of antibodies
comprises the use of genetically engineered TAT fusion protein.
The TAT fusion protein was conjugated to the Fc fragment of
IgG, and the conjugate was studied for the cellular uptake by
flow cytometry and confocal microscopy [s1]. The TAT-anti-
body conjugate delivered the antibody into the cytosol of the
cells with no delivery to the nuclei. The intracellular delivery of
the antibodies proceeded in a time- and dose-dependent fashion.

In another study, the TAT—antibody conjugate was explored
for its ability to specifically target the tumours in in vivo condi-
tions [821. TATp with p- and L-amino acids showed similar
transduction in vitro. However, when the biodistribution stud-
ies on p-amino acid-containing TAT (44 — 57) peptide-anti-
body conjugates were performed in tumour-bearing mice, the
conjugate displayed markedly reduced tumour-targeting activ-
ity compared with the unmodified antibody. The study raised
some concerns about the potential of CPPs for the delivery of
drugs in vivo.

5.3 Gene delivery

Gene therapy is a promising field for treating human diseases
by delivering a functional copy of the desired gene into the
target area. Viral vectors are very efficient in gene delivery into
cells; however, their use is restricted due to the problems of
the immune response and insertional mutagenesis [83,84]. The
alternatives include nonviral vectors such as cationic lipids
and polycation-based delivery vectors, which are compara-
tively safer than the viral vectors, despite their low efficiency
for gene delivery [s5-87]. In addition, nonviral vectors lack the
endosomal-escape ability and nuclear-translocation property.
Because PTDs direct the cargoes to the nuclei, they were
investigated for their potential as gene-delivery vectors [ss].
TATp, when attached to the surface of phage (TAT—phage),
efficiently delivered the gene into the cells with no toxicity.
The process of gene transport does not occur by classical
endocytic route [se]. Historically, this study has opened the
possibility of TAT-mediated gene delivery in vivo. The trans-
fection efficiency (gene-delivery efficiency) with TATp—DNA
complexes was superior compared with the standard nonviral
gene-delivery vectors [90]. Further studies revealed that TATp
(14 mer) delivered the polyanions, such as DNA and glycos-
aminoglycans, to the nuclei of mammalian cells [3s). The
transfection was time, concentration and temperature
dependent. TATp was assumed to interact electrostatically
with the cell-surface proteoglycans for traversing across the
plasma membrane. However, in another study investigating
the mechanism of TAT-mediated gene delivery, the authors
have found that TATp interacts with DNA electrostatically to
form complexes, and these complexes enter the mammalian
cells by endocytosis [91].

One of the approaches used in gene delivery targets the
suicide gene therapy with the ‘bystander effect’, which
involves Killing the cells adjacent to the target area, and so
producing an additive cytotoxic effect. TAT PTD efficiently
transfected the cells in vitro with thymidine kinase, enhancing
their sensitivity to the acyclovir or ganciclovir drug 92,93]. The
bystander effect was also augmented.

5.4 Nanoparticulate delivery

The applications of TAT-mediated delivery extend to nano-
particle delivery inside cells. The concept of TAT-mediated
nanoparticle delivery was first realised in 1999 when dextran-
coated superparamagnetic-iron oxide nanoparticles (size
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~ 40 nm), conjugated to TATp (48 — 57), showed signifi-
cantly higher uptake in lymphocytes in vitro than in the con-
trol TAT-free particles [94]. The technique showed potential
for magnetically labelling cells in order to allow for their mag-
netic separation or MRI. In vivo, TATp effectively transduced
iron nanoparticles into haematopoietic and neural progenitor
cells for stem cell analysis [95], and into T cells for MRI [ge].
Contrary to nuclear translocation of TATp, particulate
TATp—iron conjugates were observed in the cytoplasm, and
not in the nuclei [977. As superparamagnetic nanoparticles
were shown to be useful magnetic resonance contrast agents
for imaging, and also useful for cell labelling and cell tracking,
the conjugation of such nanoparticles with TATp provides a
better signal from the treated cells for MRI [gs].

Similarly, gold nanoparticles were also modified with TATp
199]. As with iron conjugates, these particles did not reach the
cell nuclei in experiments with NIH3T3 and HepG2 cells.
The uptake of the particles was found to proceed by endocyto-
sis. TATp (48 — 57) was also conjugated to FITC-doped silica
nanoparticles for bioimaging purposes [100]. This type of con-
jugate showed efficient transduction both in vitro and in vivo,
as well as an attractive ability to deliver therapeutic agents to
the brain without compromising the blood-brain barrier.

A new application of TAT is in the labelling of cells with
guantum dots. Quantum dots are gaining interest over standard
fluorophores as they do not suffer from bleaching problems,
and they also allow concurrent imaging of the multiple species
in vivo. Recently, quantum dots were encapsulated in PEG-PE
micelles, tagged in turn with a TAT-PEG-PE linker [101].
TATHIabelled quantum dots were readily taken up by mouse
endothelial cells in vitro and subsequently intensively labelled
them. In vivo, it became possible to monitor the behaviour of
bone marrow-derived progenitor cells loaded with quantum
dot-loaded TAT micelles within the tumour vasculature.

Lipid-based nanoparticles, when modified with dimeric
TATp, showed an enhanced gene delivery to cells in vitro and
in vivo, as compared with a standard polyethylenimine carrier
r102]. Shell crosslinked (SCK) nanoparticles (nanocaged struc-
tures) derivatised with TAT PTD displayed a surface pro-
nounced binding and transduction in CHO and HeLa cells
r103]. To improve the transduction efficiency of SCK, different
ratios of TAT PTD:SCK were investigated [i04). The con-
structs were then examined invitro and invivo for bio-
compatibility estimation [i05). Although the constructs
resulted in inflammatory responses in vitro, in vivo evaluation
proved their application to be quite safe. Such TAT
PTD-functionalised SCKs can, therefore, be used as scaffolds
for antigens used for vaccination.

TAT-mediated nanoparticulate delivery is also becoming
established in the vaccination field to elicit a better immune
response. When TAT(1 — 72)-coated anionic nanoparticles
were used to immunise mice, it generated antibodies and
T helper type-1 immune response to TAT [106]. In another
study, TAT microspheres were used for vaccination [107].
Anionic microspheres of different compositions, size and

Gupta & Torchilin

Figure 1. The uptake of TAT-modified rhodamine-labelled
liposomes by cells in culture. H9C2 cells (murine myoblasts)
were incubated in the presence of various liposomal preparations
for 1 h at 37°C. A, B) Plain (TAT-free) liposomes.

C, D) TATp-modified liposomes. A, C) Bright field microscopy.
B, D) Fluorescence microscopy with rhodamine filter.
The dramatic enhancement of TAT-liposome uptake can be easily
seen (red fluorescence inside cells in D).

TAT.  Transactivating  transcriptional  activator;  TATp:  Transactivating
transcriptional activator peptide.

surface charge density were prepared, and all of them
adsorbed biologically active TAT protein in a reversible mode.
The microspheres were delivered by TAT intracellularly and
were not toxic, both in vitro and in vivo.

TATDp has also been exploited for the intracellular delivery
of lipid-based pharmaceutical nanocarriers, such as lipo-
somes. It was shown that relatively large 200-nm plain and
pegylated liposomes could be efficiently delivered by surface-
attached TAT PTD into different cells, including mouse
Lewis lung carcinoma cells, human breast tumour BT20
cells and rat cardiac myocyte H9C2 cells [108]. Cells treated
with liposomes, in which the TAT p—cell interaction was hin-
dered either by direct attachment of TATp to the liposomes
surface or by the presence of long-chain polymer grafts on
the liposome surface shielding the TAT moiety, did not show
internalisation of the liposomes. However, TAT-liposome
preparations allowing for the direct contact of the TATp
with the cell surface displayed a significantly enhanced
uptake of TAT-liposomes (Figure 1). The translocation of
TATp-liposomes into cells thus requires a direct unhindered
interaction of TAT PTD with the cell surface or its certain
specific components (e.g., proteoglycans).

Intracellular trafficking studies with TATp-liposomes
revealed that they remained intact in the cell cytoplasm for
some time following the translocation; within 2 h they
migrated into the perinuclear zone (Figure 2) and gradually
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Figure 2. The association of TAT-modified liposomes with
the perinuclear zone. BT20 cells (human breast carcinoma) were
incubated with rhodamine-labelled TAT-liposomes for 1 h at 37°C.
The microscopy was carried out 2 h after the incubation was
completed. A) Bright field microscopy.

B) Fluorescence microscopy with a rhodamine filter. Liposome
accumulation within the perinuclear zone is clearly observed.

TAT: Transactivating transcriptional activator.

disintegrated there with time [109]. TATp-liposomes have also
been investigated for their gene delivery ability. TATp-lipo-
somes were prepared containing a small fraction (< 10% mol)
of a cationic lipid (DOTAP) and incubated with DNA. The
liposomes formed firm noncovalent complexes with DNA.
Such TATp-liposome-DNA complexes provided an efficient
transfection both in vitro (Figure 3) and in vivo with lower
cytotoxicity than the commonly used Lipofectin® (Invitrogen
Life Technologies).

The translocation of liposomes by TATp seemed to be pro-
portional to the number of peptide molecules attached to the
liposomal surface. The uptake was found to be peptide and
cell-type dependent, and as few as five TATp moieties on the
liposome surface were sufficient to enhance the intracellular
delivery of liposomes [s4].

In another study, TAT PTD was coupled to small uni-
lamellar liposomes, and these conjugates showed a higher
uptake in tumour cells and dendritic cells than the unmodi-
fied control liposomes [110]. The uptake was time and con-
centration dependent, and > 100 PTD molecules per small
unilamellar liposome were required for efficient transloca-
tion of liposomes into the cells. The cell uptake was inhib-
ited by the preincubation of liposomes with heparin. This
confirms that heparan sulfate proteoglycans may be involved
in TAT PTD-mediated uptake. In a different study, in order
to enhance the biocompatibility of the cationic lipoplexes,
thiocholesterol-based cationic lipids were used in the forma-
tion of nanolipoparticles (NLPs), which were then sequen-
tially modified with TATp. TAT-modified NLPs with a
zwitterionic surface resulted in a higher transfection than
the cationic NLPs [111].

Studies on the mechanisms of TAT-liposomes have suggested
endocytosis to be the main mechanism of cell uptake. Conjug-
ation of TATp to the lipoplexes enhanced the gene transfection
within primary cell cultures by endocytosis [112]. The coupling

Figure 3. The enhancement of the liposome-mediated
transfection by TATp. HCC1500 cells (A — D: human breast
carcinoma) or H9C2 cells (E, F: murine myoblasts) were incubated
with the presence of liposome/pEGFP-N1 plasmid (encoding for
the GFP) complexes (DNA 10 pg/100,000 cells) for 4 h at 37°C.
The transfection efficiency (the appearance of the green
fluorescence of the GFP inside the cells) was detected after 72 h.
A, B) Cells were incubated with control plain (TAT-free) plasmid-
bearing liposomes. C — F) Cells were incubated with plasmid-
bearing TAT-liposomes of the same composition. A, C, E) Bright
field light microscopy. B, D, F) Fluorescent microscopy with FITC
filter. Background transfection can only be seen with the controls,
whereas the introduction of TATp into the preparation provides a
dramatic enhancement of the GFP expression (i.e., increases the
transfection efficiency).

FITC: Fluorescein isothiocyanate; GFP: Green fluorescent protein;
TATp: Transactivating transcriptional activator peptide.

of TATp to the outer surface of liposomes resulted in an
enhanced binding and endocytosis of the liposomes in ovarian
carcinoma cells [113]). The binding was inhibited in the presence
of heparin or dextran sulfate; again confirming the involvement
of proteoglycans expressed on the cell surface.

5.5 Miscellaneous delivery
CPPs have also been useful in the delivery of imaging agents,
toxins and polymer-bound drug. The imaging agents, similar
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Table 1. Partial data on intracellular delivery of various pharmaceutical cargoes by conjugation with TAT.

Cargoes delivered by TAT Cells (in vitro/in vivo) Ref.
B-Galactosidase Mouse in vivo [18,58]
Fluorescein isothiocyanate Mouse in vivo [58]
Ovalbumin Mouse in vivo [61]
Superoxide dismutase Hela cells in vitro [62]
Catalase Hela cells in vitro [63]
Ovalbumin Dendritic cells in vitro [75]
TRP2 peptide Dendritic cells in vitro [76]
Super-repressor rikBa. Jurkat T cells in vitro [65]
B-Galactosidase HIC2 cells in vitro [66]
ARC HIC2 cells in vitro, isolated rat heart [66]
Bel-xL Primary neurons in vitro, mice brain in vivo [67]
Phage COS-1 in vitro [89]
Antitetanus F(ab’), Rev-2-T-6, NG108-15 cells in vitro [80]
DNA CHO cells in vitro [36]
PEGFP H9C2, NIH3T3 cells in vitro, mouse in vivo [109]
Iron oxide nanoparticles Mouse lymphocytes in vitro [94]
Iron oxide nanoparticles Haematopoietic and neural progentor cells in vivo [95]
Gold nanoparticles Hela cells, NIH 3T3 cells, HepG2 cells in vitro [99]
Quantum dots Mouse endothelial cells in vitro, mouse in vivo [101]
Liposomes LLC, BT20, H9C2 cells in vitro [108]
Liposomes HTB-9, A431 cells in vitro, C26 in vivo [54]
HPMA copolymer A2780 in vitro [118,119]

ARC: Apoptosis repressor with caspase recruitment domain; CHO: Chinese hamster ovary; HPMA: N-(2-Hydroxypropyl)methacrylamide; TAT: Transactivating

transcriptional activator; TRP: Tyrosinase-related protein.

to many other substances, cannot cross the cellular barrier by
themselves. Linking them to CPPs brings the imaging agents
in sufficient concentrations inside cells. Oxotechnetium(V)
and oxorhenium(V), commonly used in imaging and radio-
therapy, were conjugated to the TAT(48 — 57) peptide [114].
The conjugates were rapidly internalised by Jurkat cells and
showed significantly enhanced accumulation inside the cyto-
plasm and nuclei. In another study, paramagnetically labelled
DOTA chelator was attached to a 13-mer TATp, and this con-
jugate was efficiently taken up by mammalian cells in suffi-
ciently high concentrations, allowing for the detection by MRI
r11s]. Similarly, superparamagnetic-iron oxide particles conju-
gated with TATp and fluorescein isothiocyanate were rapidly
internalised by T cells, B cells and macrophages, with subse-
quent localisation in the cytoplasm that could be followed by
the MRI [116].

The fusion of diphtheria toxin A-fragment with the TAT
transduction domain or VP22 resulted in a protein with
enhanced cell-surface binding; however, the conjugate was
unable to effectively deliver an enzymatically active diphtheria
toxin A-fragment to the cytosol [117. However, the coupling
with TAT increased the toxicity to the corresponding holotoxin.

Another application of CPPs encompasses the modification
of polymer-based drug delivery systems to bypass endocytosis,
for a better drug accumulation in the cell cytoplasm. The TAT
transduction domain was attached to a water-soluble synthetic
N-(2-hydroxypropyl)methacrylamide copolymer, and the
intracellular localisation of the conjugate was investigated in
human ovarian carcinoma cells by confocal microscopy and
subcellular fractionation [118-120]. It was found that TATp
could deliver the polymer-bound drug to both the cytoplasm
and nuclei via a nonendocytic process; in contrast, the conju-
gates without TAT were internalised only inside endocytic ves-
icles. The TATp-modified polymeric carrier can, therefore, be
used for the cytoplasmic delivery of therapeutic drugs.

To summarise, Table 1 presents a partial list of various cargo
molecules that have been intracellularly delivered by TATp
both in vitro and in vivo.

6. Expert opinion

CPPs can clearly serve as versatile delivery vectors for intra-
cellular drug delivery. They can deliver inside cells a wide range
of cargoes of different sizes, from small molecules to relatively
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large nanoparticles. Of different CPPs available, TATp remains
the most frequently used for this purpose in experimental can-
cer therapy, gene therapy, immunotherapy and intracellular
delivery of particulates, such as nanoparticles, liposomes and
polymers. However, the detailed comparative analysis for dif-
ferent natural and synthetic CPPs is missing. There are also
some other unanswered questions that require investigation
before the transduction technology can be applied in the clini-
cal setting. The TATp (and other CPPs) nonspecifically trans-
duces almost every cell and organ when injected systemically.
This does not allow for the specific targeting to a desired area,
and the application of TAT-based systems is, therefore, limited
to local administration, or requires an additional introduction
of various specific-targeting ligands. Regardless of this, the
mystery about the exact internalisation mechanism and its
individual fine details needs to be unveiled for a better under-
standing of the translocation process and the ways to control
it. The kinetics of the interaction of the CPPs with the cell sur-
face and their migration inside cells should be studied in more

detail to allow for the preparation with the predictable intracel-
lular fate. As the rate of translocation of CPPs is influenced by
the cargo size, the kinetics for differently sized cargoes also
requires an optimisation. So far, the detailed kinetics of the
intracellular delivery of medium to large cargoes tethered to
CPPs remain unavailable. The precise intracellular end point
for the preparations modified by CPPs is uncertain as different
studies suggest the cytoplasm, perinuclear zone or mitochon-
dria as such an end point. In addition, the side effects and the
toxicity profile of the positively charged CPPs in the physio-
logical situation need consideration. Last, but not least, the
way that some cargo proteins should be attached to CPPs, by
chemical modification or by making fused constructs, should
also be analysed. In addition, more synthetic analogues should
be made available as alternatives to CPPs. With all these issues
being resolved, the transduction technology should certainly
find its way to clinical settings, making it possible to deliver
therapeutic agents directly to the required compartments
inside cells for the treatment of various diseases.
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