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Protein transduction domains (PTDs) are small cationic peptides that can facil-
itate the uptake of large, biologically active molecules into mammalian cells.
Recent reports have shown that PTDs can mediate the delivery of cargo to tis-
sues throughout a living organism. Such technology could eliminate the size
restrictions on usable drugs, so enabling previously unavailable large mole-
cules to modulate in vivo biology and alleviate disease. This article will review
the evidence that PTDs can be used both to deliver active molecules to patho-
logical tissue in vivo and to treat models of disease such as cancer, ischaemia
and inflammation.
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1. Introduction

The terms ‘protein transduction domain’ (PTD) and ‘cell-penetrating peptide’
(CPP) are typically used to refer to a class of small (< 20 amino acid) cationic pep-
tides that can traverse the plasma membrane of many, if not most, mammalian cells
(for recent reviews see [1.2]). The importance of these peptides for drug delivery lies
in their ability to uniformly transport large, biologically active molecules (such as
proteins or oligonucleotides) into ~ 100% of a population of mammalian cells grow-
ing under standard culture conditions. Further interest in these peptides was stimu-
lated by the observation that PTDs can also facilitate systemic delivery of
recombinant proteins to a large number of tissues in a living mouse [3]. These results
raised the possibility that large intracellular proteins linked to PTDs might be used
therapeutically just as extracellular proteins (i.e., insulin, monoclonal antibodies) are
employed in clinical practice today. This review will focus on recent studies that
have demonstrated the ability of PTD conjugates to modulate the biology of living
organisms.

2. Protein transduction domains

Among the most frequently utilised PTDs are the TAT, Antennapedia (Antp), and
poly-arginine peptides. Protein transduction was first observed when the full-length
HIV TAT protein was found to be capable of entering mammalian cells and activat-
ing transcription from an HIV long-terminal repeat promoter construct [4,5]. Subse-
quent studies defined the specific region of the protein necessary for cellular uptake
(6l. In a similar fashion, the Antp peptide was derived from a Drosophila homeodo-
main protein [7]. Both of these peptides are rich in lysines and arginines; the basic
nature of which appears to be essential for their cell-permeation properties. Indeed,
independently derived PTDs often consist largely of positively charged amino
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acids (8], and even short peptides consisting entirely of
arginines [9] or lysines (8] deliver cargo to the cellular interior.

Although both TAT and Antp have been used extensively
as carriers for relatively small cargo such as peptides and oligo-
nucleotides, TAT has been the predominant PTD used in the
delivery of large molecules such as full-length proteins [10].
Since their initial description [11], many in-frame TAT fusion
proteins produced in bacteria have been shown to enter mam-
malian cells and carry out intracellular functions ranging from
cytoskeletal reorganisation to recombination of genomic
DNA (for a recently compiled list of transducible TAT fusion
proteins, see [10]). TAT peptides have even been used to affect
the intracellular entry of much larger molecules such as 45 nm
iron beads [12], lambda phage [13], and liposomes complexed
with plasmid DNA [14,15].

Recent experiments have demonstrated that TAT proteins
(16 and peptides (Kaplan efal, unpublished observations)
enter mammalian cells by macropinocytosis, a lipid-raft-
dependent, receptor-independent type of endocytosis. These
studies showed that uptake occurs via endocytosis but is inde-
pendent of caveolae or clathrin. In contrast, uptake does
require the presence of lipid rafts in the plasma membrane and
is blocked by inhibitors of macropinocytosis. These observa-
tions are consistent with older reports that neither sequence
inversion nor synthesis with D-amino acids ablates the func-
tion of TAT and Antp, indicating that they do not enter the
cell by interaction with a chiral receptor [9,17]. These observa-
tions also extend more recent re-evaluations of the protein
transduction literature, which suggested that early claims of
endocytosis-independent uptake of TAT were based on arti-
factual redistribution of peptide after cellular fixation [18].

Knowledge of the mechanism of protein transduction
should facilitate efforts to make intracellular delivery more
efficient. The influenza virus synthesises a protein (HA2) that
affects endosomal escape via lipid membrane destabilisation.
TAT-HAZ2, a transducible peptide derived from this protein,
significantly enhanced intracellular DNA recombination by a
TAT—Cre fusion protein in living cells [16]. It is likely that
such enhancers of transduction, either in the form of peptides
or small molecules, will also be used to facilitate protein
transduction in living organisms.

3. In vivo applications of protein transduction
domains

PTDs have proven their ability to manipulate the biology of
cultured mammalian cells by delivering cargo such as peptides
and recombinant proteins (Figure 1) [19]. However, the ability
to deliver large, biologically active molecules to the interior of
cells in a living organism would also be of tremendous benefit.
To determine whether PTDs might facilitate such delivery, a
TAT-o-galactosidase fusion protein was delivered to mice by
intraperitoneal injection [3]. Analysis of tissue sections
revealed delivery of the fusion protein to many, if not most,
tissues of the mouse, including the brain. Importantly, the

X-gal assay used in this study demonstrated that the TAT-o.-
galactosidase, a 120 kDa protein enzyme, retained its activity
in vivo. These observations stimulated a number of groups to
examine the ability of PTD peptides and proteins to modulate
the biology of cells and tissues 7z vivo. In the past 5 years,
PTDs have been successfully used to treat mouse models of
cancer, ischaemia, inflammation and other diseases.

3.1 Cancer

A number of studies have examined the ability of transducible
peptides and proteins to inhibit tumour growth 7z vive. Given
the lack of specificity of current cancer therapy and the limita-
tions of gene therapy, PTDs appear to be an attractive means
by which to introduce tumour suppressors or other pro-apop-
totic proteins directly into the cancer cells that make up
tumours 77 vivo.

Mutation of genes in the p53 pathway is thought to be
nearly universal in human cancer [20], so restoration of p53
function in cancer cells would be a useful application of
protein transduction. The authors laboratory
attempted to do this by linking TAT to a peptide derived
from the C terminus of p53 [21]. This p53C’ peptide was pre-
viously shown to activate wild-type and certain p53 mutants

in vivo

in cancer cells, leading to apoptosis [22-24]. One potential pit-
fall of using peptides in living organisms is the short half-life
of many peptides secondary to degradation. To address this,
the group synthesised a retro-inverso version of the TAT-
p53C’ peptide by inverting the peptide sequence and using
D-amino acids. This double inversion of peptide structure
often leaves the surface topology of the side chains intact, and
has been used extensively to stabilise biologically active
peptides for 7z vivo applications [25].

After confirming that the RI-TATp53C’ peptide retained
the p53-activating function of its parental peptide, its efficacy
in three different models of human cancer was tested. In the
first model it was found that intraperitoneal injection led to
delivery of peptide to subcutaneous tumours and caused sig-
nificant inhibition of their growth. In a second model, pep-
tide administration resulted in a sevenfold increase in lifespan
in a model of terminal peritoneal carcinomatosis. Finally, pep-
tide-treated mice harbouring a model of B-cell lymphoma
achieved a 50% long-term survival (> 200 days), whereas con-
trol mice died an average of 35 days after lymphoma cell inoc-
ulation [21]. Notably, two of these models utilised immune-
competent mice, showing that the immune system is not an
absolute barrier, at least in the short-term, to successful 7z vivo
protein transduction. The fact that these studies utilised mod-
els of terminal malignancy are also relevant because anticancer
therapeutics are defined as clinically successful by their ability
to alleviate pathology and extend survival, and not simply by
their ability to reduce tumour size.

Another highly successful anticancer protein transduction
strategy has involved the use of a peptide derived from the
Smac protein. Multiple groups have found that the N-termi-
nus of Smac can be linked to either TAT or Antp to facilitate
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Figure 1. Protein transduction into cells. Cationic protein transduction domains carry cargo into cells by a receptor-independent, fluid
phase macropinocytosis: a specialised form of endocytosis. Delivered classes of cargo molecules represent a wide range of sizes and
biophysical properties from small molecules to peptides to proteins to peptide nucleic acid to DNA to phage particles to magnetic

nanoparticles and liposomes.

cellular uptake [26-28]. Smac is a mitochondrial protein that
can inactivate the inhibitor of apoptosis (IAP) proteins, and
all three studies found that Smac—TAT or Smac—Antp sensi-
tised cells to pro-apoptotic stimuli. One group took these
results a step further and tested the function of the Smac—
TAT peptide in an intracranial glioblastoma xenograft model
271. The authors first showed that local administration of
TNF-related apoptosis-inducing ligand (TRAIL), a death
receptor ligand with specificity for tumour cells, reduced
tumour volume and moderately extended the life of nude
mice bearing established intracranial U87MG tumours. By
contrast, local treatment with Smac—TAT alone had no effect
on tumour growth. When TRAIL and Smac-TAT were co-
administered, however, there was a synergistic effect on
tumour volume and mouse survival. Whereas control mice all
died of tumour burden by 35 days after tumour cell injection,
mice treated with Smac—TAT and the highest doses of TRAIL
survived beyond 70 days after the start of the experiment.
Furthermore, histological analysis revealed no evidence of
remaining tumour in the brain. The general applicability of
this approach was later demonstrated by an independent
group who used nude mice harbouring subcutaneous lung
cancer xenografts to show that intratumoural injection of a
transducible Smac peptide sensitised the cancer cells to
systemic cisplatin therapy [29].

Some groups have sought to take advantage of the tumour
microenvironment anticancer

when  designing protein

transduction strategies. In a clever series of experiments,
Harada eral fused the oxygen-dependent degradation
domain (ODD) of hypoxia-inducible factor (HIF)-1a to the
TAT-o.-gal and the TAT—caspase-3 fusion proteins (30]. The
ODD domain stimulates degradation of HIF-1a. under nor-
moxic, but not hypoxic, conditions. Thus, the authors
hypothesised that a TAT-ODD fusion protein would be sta-
ble in the hypoxic core of tumours, but would be degraded
and non-functional in normal tissue. Indeed, after intraperito-
neal injection of TAT-ODD-a-gal into tumour-bearing
nude mice, only the hypoxic regions of the tumours showed
evidence of TAT-ODD-a-gal protein. By contrast, TAT-o.-
galactosidase protein could be detected throughout tumours
after intraperitoneal delivery. Furthermore, TAT-ODD-a-
gal was undetectable in mouse liver after intraperitoneal injec-
tion, again unlike the parental TAT-a-gal protein. Next,
tumour-bearing mice were given intraperitoneal injections of
a TAT-ODD-—caspase-3 protein. TAT-ODD-—caspase-3
reduced tumour growth without causing the toxic side effects
that would be expected from delivering active caspase-3 to an
entire mouse. This group recently extended their results by
testing the TAT-ODD-—caspase-3 protein in a rodent model
of malignant ascites in which cancer cells grow in the hypoxic
environment of the peritoneum [31]. They found that admin-
istration of TAT-ODD-—caspase-3 induced a 60% cure rate in
an otherwise lethal model of cancer. Similarly, Willam ez 4/.
321 used TAT delivery of ODD peptides to modulate
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angiogenesis iz vivo. These studies show that functional
domains such as ODD can be used to modulate the type of
tissue in which TAT fusion proteins are active and in this way
increase their specificity for cancer cells.

Several other reports have shown that PTDs can be used to
attack cancer cells 77 vivo by targeting a number of the signal
transduction pathways known to be dysregulated during tum-
origenesis. Local administration of CPPs that block Cdk2/
cyclin A activity [33], sequester mdm?2 [34] or induce apoptosis
by mitochondrial disruption [35] has been shown to reduce
tumour burden in living animals. Other examples of systemic
delivery of CPPs include the fusion of TAT to a peptide
derived from the von Hippel-Lindau (VHL) tumour suppres-
sor that inhibits IGF-I receptor signalling in renal cell carci-
nomas [36]. Intraperitoneal administration of TAT-VHL
peptide slowed the growth of subcutaneous renal cell carci-
noma tumours in nude mice, primarily through inhibition of
cell proliferation rather than by induction of apoptosis. Pep-
tide treatment appeared to reduce tumour invasion into the
underlying tissue as well. This study also provides strong
immunohistochemical evidence that the TAT-VHL peptide
is homogeneously delivered to the tumours after intraperito-
neal injection. Another report found that intraperitoneal
delivery of an Antp—p16 fusion peptide moderately inhibited
the growth of pancreatic cancer cells growing as intraperito-
neal and as subcutaneous tumours in nude mice [36].
Although p16 functions primarily as an inhibitor of cell-cycle
progression, the authors found that Antp—p16 slowed tumour
growth by inducing apoptosis of cancer cells 7z vivo. In nei-
ther study was any toxicity to normal tissue observed (36,371,
indicating that cancer cells may be much more sensitive to the
effects of transducible tumour suppressor peptides than non-
transformed cells. If this proves to be a general rule, CPPs may
prove to be a powerful tool in the design of anticancer agents
that target tumours while sparing normal tissue.

3.2 Ischaemia

Cerebral and cardiac ischaemia remain some of the most com-
mon causes of morbidity and mortality. In particular, only one
medical therapy for cerebral ischaemia (stroke) has been
approved (recombinant tissue plasminogen activator), and it
must be administered within 3 h of the onset of ischaemia to be
effective (38] (this is a time point at which most patients have
not obtained medical care). Cerebral ischaemia and reperfusion
lead to neuronal necrosis and apoptosis by a variety of mecha-
nisms, including energy depletion, peri-infarct depolarisation
and excitotoxicity secondary to the N-methyl-D-aspartate
(NMDA) receptor activation.

Protein transduction has been used to target multiple levels
of the neuronal response to ischaemia in order to block cell
death and preserve neurological function after stroke. Most
recently, inhibition of the c-Jun N-terminal kinase (JNK) has
been shown to block neuronal cell death after ischaemia
in vivo (3839]. Previous data had shown that JNK activity
increased after NMDA receptor (NMDAR) activation, and

was at least partly responsible for inducing neuronal cell death
through phosphorylation of its multple effectors. The
authors, therefore, linked TAT to a 20 amino acid peptide
derived from JNK-interacting-protein in order to competi-
tively block interactions between JNK and its substrates. The
authors also generated a stable, retro-inverso version of this
peptide, which they termed D-JNKI-1. They found that D-
JNKI-1 inhibited JNK activity iz vitro and in vive. They also
showed that administration of the peptide was effective in
reducing infarct size in rodent models of both transient and
permanent cerebral artery occlusion. For example, intraven-
tricular injection of D-JNKI-1 up to 6 h after transient mid-
dle cerebral artery occlusion led to a ~ 90% reduction in
infarct size at time points up to 14 days post-occlusion. Pep-
tide-treated ischaemic mice also displayed no decline in loco-
motor performance at up to 14 days post-occlusion when
compared with ischaemic mice given no treatment. This is an
important experimental end point because new medications
for stroke victims will ultimately be judged on their ability to
improve neurological outcomes rather than to reduce absolute
infarct size.

Another report used TAT peptides to target a different level
of the cell death pathway that lies downstream of NMDAR
activation [40]. During ischaemia, NMDARs interact with the
intracellular protein PSD-95, which leads to nitric oxide pro-
duction and cell death. Aarts ez 4l found that an NMDAR-
derived peptide could be linked to TAT and delivered to cul-
tured neurons. This TAT-NMR2 peptide then sequestered
intracellular PSD-95, thereby blocking NMDAR-mediated
apoptosis. Intravenous administration of TAT-NMR2 1 h
after cerebral artery occlusion also reduced cerebral infarction
volume and led to better neurological scores in rats. Impor-
tantly, this peptide had no effect on NMDAR-mediated cur-
rents, as 2 vivo NMDAR blockade is too deleterious to
neurons to be used as a stroke therapy.

More examples of the therapeutic potential of TAT fusion
proteins have been provided by studies using a recombinant
TAT-Bcl-xL protein. A member of the Bcl-2 family of pro-
teins, Bcl-xL can act at the mitochondria to suppress apopto-
sis in multiple cell types. In one recent study 411, TAT-Bcl-xL
(but not Bcl-xL) was shown to inhibit apoptosis in cultured
neurons at concentrations (30 — 100 nM) much lower than
those used with traditional small-molecule apoptosis inhibi-
tors. The authors also demonstrated the i vivo efficacy of
TAT-BclxL by using a murine model of stroke in which cer-
ebral artery occlusion leads to focal ischaemia followed by
neuronal apoptosis. The authors found that intraperitoneal
administration of 9 mg/kg TAT-Bcl-xL protein could signifi-
cantly decrease the size of the cerebral infarction (> 60%) and
reduce neuronal caspase-3 activity. The protein was effective
even if it was administered 45 min after the ischaemic epi-
sode. In contrast, non-transducible Bcl-xL protein had no
effect on neuronal apoptosis in vive. These results were cor-
roborated by another report in which intravenous TAT-Bcl-
xL administration reduced neuronal apoptosis and infarct
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volume in a murine stroke model [421. In a separate paper this
group also showed that TAT-Bcl-xL was able to suppress
axotomy-induced apoptosis in retinal ganglion cells after local
delivery into the vitreous space of the eye [43]. Furthermore,
the TAT-Bcl-xL protein could still be detected in cultured
cerebellar granule cells at 10 days after protein addition, indi-
cating that not all proteins are so short-lived as to be poor
candidates for therapeutics.

Other reports have provided more evidence for the thera-
peutic utility of TAT-Bcl-xL. In one example, a gain of func-
tion Bcl-xL mutant (termed FNK, which refers to the amino
acid substitutions Y22F, Q26N and R165K) was linked to the
TAT PTD (44). The TAT-FNK protein was cytoprotective in
cultured neurons and was detected in the brain after intraperi-
toneal administration to mice. Furthermore, intraperitoneal
administration of TAT-FNK to gerbils (5 mg/kg) protected
hippocampal CA1l neurons from cell death after transient
global ischaemia.

Protein kinase C 8 (8PKC) has been shown to be upregu-
lated at the mRNA and protein levels after cerebral ischaemia
and reperfusion [45]. A transducible inhibitor of $PKC, termed
S8V1-1, was tested in a rat model of cerebral ischaemia/reper-
fusion injury. Systemic delivery of the peptide up to 6 h after
transient middle cerebral artery occlusion significanty
reduced both infarct size and neurological deficits in rats 24 h
after ischaemia. The authors also detected decreased levels of
apoptosis, increased phospho-Akt and decreased levels of
membrane-associated Bad in neurons of peptide-treated rats.

Damage to the heart due to ischaemia and reperfusion is
also a major cause of morbidity and mortality. The V1-1
peptide has also been shown to ameliorate ischaemia/reper-
fusion injury in both ex vive [46] and in vivo models of acute
myocardial infarction [47). In the latter report, the mid-left
anterior descending coronary artery was occluded for 30 min
in pigs. During the last minute of occlusion, 8V1-1 peptide
was administered locally through the occluding balloon cathe-
ter. The authors found that peptide administration reduced
infarct size by 80%, troponin release by 85% (a marker of car-
diac muscle damage) and myocardial cell apoptosis by 67%
(all assessed at 4 h post-reperfusion). Unlike untreated ani-
mals, peptide-treated animals experienced a complete recovery
of their hearts’ ejection fraction after 5 days. The authors used
the same balloon catheters to deliver peptide as those used in
angioplasty in humans. Therefore, they suggest that peptide
administration via the balloon catheter during angioplasty-
induced reperfusion might facilitate recovery of heart func-
tion after acute myocardial infarctions. In addition, another
group delivered a protein (TAT-ARC) that can bind and
inhibit caspases-2 and -8 (48]. In this case, ex vivo perfusion
with TAT-ARC reduced the amount of cell death in the heart
following experimentally induced ischaemia.

3.3 Inflammation
Pathological levels of inflammation underlie many common
human disease states, including arthritis and asthma.

Dowdy & Snyder

Although existing anti-inflammatory agents, such as
corticosteroids and non-steroidals (NSAIDS), are effective in
many patients, they can also produce significant side effects
that threaten the health of the patient. Consequently, more
specific inhibitors of the inflammatory response are needed.

One group has shown that TAT-mediated blockade of Ras
or PI3-kinase activity is effective in treating a mouse model of
asthma. Asthma presents as a combination of Th2 cytokine-
mediated airway inflammation and bronchial hyper-respon-
siveness. Systemic administration of either TAT-DN-H-Ras
[49) or TAT-DN-E85 (derived from class IA PI3K regulatory
subunit p85a) (50] reduced airway infiltration by eosinophils
and lymphocytes after challenge with antigen or IL-5. Both
proteins also reduced airway expression of the Th2 cytokines
IL-4 and IL-5 after antigen stimulation. One specific clinical
manifestation of asthma is airway hyper-responsiveness to
methacholine, and both TAT-DN-H-Ras and TAT-DN-E85
proteins were able to block this hyper-responsiveness in anti-
gen-sensitised mice. Moreover, the authors detected a specific
decrease in phospho-Akt levels in lung tissue of TAT-DN-
E85-treated mice, indicating that the protein was modulating
an established PI3K target [50).

The transcription factor NF-kB is thought to be a central
regulator of inflammation [51]. Two different groups have used
protein transduction to inhibit NF-kB in rodent models of
inflammation. In the more recent case, Clohisy ez a/. designed
stable mutants of IxB, an inhibitor of NF-kB, and linked
them to TAT (51]. They then tested the ability of these TAT-
IkB proteins to inhibit inflammation in a mouse model of
rheumatoid arthritis. In this model NF-xB is thought to
mediate both the secretion of pro-inflammatory cytokines and
the activation of osteclasts, which degrade bone in the
arthritic joint. The authors found that TAT-IkB proteins
localised to the joint space after systemic delivery and were
able to block joint swelling and erythema. Osteoclast recruit-
ment to the joint and consequent bone erosion were reduced
as well. At the molecular level, TAT-IkB protein administra-
tion lowered the level of active NF-kB in the joint space and
inhibited production of pro-inflammatory cytokines TNF-a
and receptor activator of NF-kB ligand (RANKL). The
authors noted no adverse side effects of systemic delivery of
TAT-IkB protein for 7 days.

Using a different strategy to inhibit NF-xB, May ez 4.
designed a peptide (termed NBD for NEMO binding
domain) that could block the interaction of NEMO (NF-xB
essential modifier) with the IKK (inhibitor of xB-kinase)
complex [52]. This interaction is necessary for the activation of
NF-«kB in response to pro-inflammatory stimuli. Thus, they
were able to use an Antp—NBD peptide to block the response
of cultured cells to inflammatory stimuli such as TNF-a.. Fur-
thermore, they demonstrated that administration of Antp—
NBD reduced the inflammatory response in vivo in ear
oedema and in peritonitis models of inflammation. At least in
these models, the Antp—NBD peptide was as efficacious as the
established anti-inflammatory drug dexamethasone.
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Finally, Bucci ez al. fused a peptide from the endothelial
nitric oxide synthase (eNOS) binding domain of caveolin-1 to
Antp [531. The Antp—Cav peptide blocked the production of
nitric oxide in cultured endothelial cells by inhibiting eNOS.
Intraperitoneal administration of Antp—Cav reduced vascular
leakage and interstitial oedema in two mouse models of
inflammation.

3.4 Other examples

Not all applications of 7z vivo protein transduction can be so
neatly classified into three major categories. For example, one
recent study showed that systemic delivery of a transducible
caspase-8 inhibitor FLIP (TAT-FLIP) was able to reduce
apoptosis and prolong survival in mice treated with a lethal
dose of Fas-activating antibody [54. Another recent paper
shows that intraperitoneal injection of a transducible superox-
ide dismutase (TAT-SOD) results in delivery to the pancreas,
where TAT-SOD subsequently protects a-cells from oxida-
tive stress [55]. Intriguingly, one group has used protein trans-
duction to modulate memory in living animals.
Phospholipase Cyl (PLCy1) has been implicated in long-term
potentiation (a possible surrogate for memory formation) in
hippocampal neurons [56]. The role of PLCy1 in the acquisi-
tion and retention of spatial memory in vivo was tested by
infusing a transducible peptide inhibitor of PLCy1 into the
hippocampi of rats during training for a water maze task. Pep-
tide infusion did not block the acquisition of training but did
attentuate long-term retention of training when mice were
tested 48 h after the lasting training episode [56]. Importantly,
a negative control peptide, which differed from the active
peptide by only two phosphate groups, had no effect on
memory retention. The authors conclude from this study that
neuronal PLCy1 plays a role in the memory storage. They also
provide a striking illustration of the power of protein trans-
duction to manipulate higher order brain function such as
memory formation, and dissect the intracellular signalling
pathways that regulate it. Lastly, Sugioka ez a/ showed that
TAT-BH4 (anti-apoptotic domain of Bcl-XL) exerts several
anti-apoptotic activities iz vivo, including inhibition of apop-
tosis induced by X-Ray in small intestine of mice, and partial
inhibition of Fas-mediated fulminant hepatitis [57].

4. Delivery of DNA by protein transduction
domains in vivo

The authors are aware of only one demonstration of the abil-
ity of PTD:s to facilitate delivery of DNA in living organisms.
In this study, liposomes complexed with TAT peptide and an
enhanced green fluorescent protein (eGFP) expression plas-
mid were injected into tumours grown on the flanks of mice
(15]. The authors of this study observed expression of eGFP in
the tumours 3 days after injection. In contrast, injection of
liposomes that were complexed with an eGFP expression plas-
mid, but lacked TAT, resulted in no eGFP expression 7 vive.
These promising early results will need to be extended by the

delivery of plasmids encoding functional antitumour genes.
Nevertheless, they provide a proof of principle that TAT can
facilitate gene delivery 77 vivo. It remains to be seen whether
the optimal strategy for DNA delivery will involve the use of
TAT liposomes [15], TAT-poly-lysine peptides [58], or an as yet
undeveloped methodology.

5. Conclusion

Numerous studies have revealed the ability of PTDs to modu-
late the biology of living organisms. These studies have often
taken place in the context of animal models of cancer, stroke
and other diseases that are responsible for a substantial
amount of morbidity and mortality. Importantly, many of
these reports have demonstrated not only the modulation of
intracellular biology in vive, but also an improvement in rele-
vant clinical end points (e.g., survival for cancer, neurological
function for stroke).

The pharmacokinetics and potential immunogenicity of
PTD-linked molecules need to be examined in more detail.
Such studies may enable the design of ‘next-generation’ PTDs
that have even more favourable biodistribution or immuno-
genic properties than current PTDs that were designed prima-
rily for tissue culture experiments. However, the intrinsic
heterogeneity of polypeptides may make it difficult to gener-
alise the results of pharmacokinetic and immunogenicity
studies from one TAT fusion protein to another. In addition,
the results reviewed here already show that at least some TAT
fusions have adequate biodistribution to ameliorate models of
disease, and that the immune system is not an absolute barrier
to in vivo efficacy in these cases.

6. Expert opinion

The quantity and quality of reports of successful in vivo
transduction during the past 5 years has been exciting and
encouraging. Although there is still preclinical work to be
done, we expect that the time is drawing near for the design
of Phase I clinical trials using some of the most efficacious
peptides and full-length proteins linked to PTDs thus far. In
the field of medical oncology, PTDs have tremendous
potential for translating what has been learned about the
molecular basis of cancer into viable clinical treatments.
Cancer is a disease of multiple genetic alterations, and so it
is unlikely that any one TAT fusion protein will yield a ‘cure’
of any particular class of cancer. However, many types of
cancer are so refractory to treatment that agents that provide
even modest gains in survival are welcomed with open arms.
Even more importantly, we envision a near future in which
molecular analysis will reveal the specific genes and path-
ways that are mutated for each patient’s tumour. In such a
case, a combination of TAT fusion proteins could be used to
restore tumour suppressor pathways that are missing and
block the oncogenic pathways that are upregulated in that
particular cancer.
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In addition to the initiation of clinical trials of PTDs, there
remains much preclinical work to be done in the field of protein
transduction. For example, it is clear that delivery of TAT fusion
proteins to the cellular interior can be enhanced [16], but the
enhancing agents described so far are likely to represent only the
tp of the iceberg. More enhancers of transduction must be
sought, both by rational, mechanism-driven approaches and by
screens of large chemical libraries. After discovery and character-
isation in cultured cells, these molecules must then be tested for
their ability to enhance protein transduction in living animals
with a minimum of toxicity. Finally, the relative lack of specifi-
city of protein transduction must be addressed. The ability to
target theoretically any cell is advantageous in some respects.

Dowdy & Snyder

However, it also may in some cases hinder the delivery of ade-
quate levels of PTDs to the tissue of interest without delivering
so much to other tissues that side effects ensue. The ability to
target PTDs to specific cells or receptors has the potential to
widen their therapeutic index. Targeted PTDs could theoreti-
cally reduce the side effects of delivery to undesired tissue and
lower the total amount of administered polypeptide needed to
achieve a therapeutic effect.

Therapeutic use of PTDs is unlikely to be a panacea for any
human disease. However, the preclinical studies published in
the last 5 years have shown that they have tremendous poten-
tial to become the basis of an entirely new class of therapeutic
agents: the intracellular biologicals.
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