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There has been great progress in the use of TAT-based drug delivery systems
for the delivery of different macromolecules into cells in vitro and in vivo,
thus circumventing the bioavailability barrier that is a problem for so many
drugs. There are many advantages to using this system, such as the ability
to deliver these cargoes into all types of cells in culture and into all organs
in vivo. This system can even deliver cargoes into the brain across the
blood-brain barrier. In addition, the ability to target specific intracellular
sub-localizations such as the nuclei, the mitochondria and lysosomes further
expands the possibilities of this drug delivery system to the development of
sub-cellular organelle-targeted therapy. The therapeutic applications seem
almost unlimited, and the use of the TAT-based delivery system has extended
from proteins to a large variety of cargoes such as oligonucleotides, imaging
agents, low molecular mass drugs, nanoparticles, micelles and liposomes. In
this review the most recent advances in the use of the TAT-based drug
delivery system will be described, mainly discussing TAT-mediated protein
delivery and the use of the TAT system for enzyme replacement therapy.
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1. Introduction

In 1988 the original concept of protein transduction was described by Vives 1],
Green [2] and Frankel [3]. They separately reported that the transcriptional activator
of transcription (Tat) protein from the human immunodeficiency virus-1 (HIV-1)
is able to enter cells in culture when added to the medium. Later, the domain that is
responsible for this translocation was identified as the short region of residues 47 — 57,
and was named TAT peptide [1-3].

Since then there has been great progress in the field of protein transduction
domains (termed PTDs or cell penetrating peptides, CPPs) and more peptides
possessing this ability have been described. These include Antennapedia (Antp),
VP22, transportan, synthetic oligoarginines (such as Ry) and model amphipathic
peptide MAP [4-7). Most of the original PTDs are short peptides (8 — 16 amino acids)
rich in basic residues, arginine and/or lysine, and are therefore highly cationic,
however more recently other PTDs have been described [6,89]. Among the numerous
PTDs, the TAT peptide remains the best known, investigated and tested. TAT is
an 11 amino acid portion of the HIV-1 Tat protein that activates transcription of the
viral genome. TAT is rich with arginine and lysine, thus highly charged, hydrophilic
and basic [2.3.8]. It is well established that proteins that are fused to the TAT peptide
are rapidly and efficiently introduced into cultured cells and into live tissues when
injected into mice, while retaining their biological activity [10-15].
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1.1 TAT delivery mechanism

It seems that there is little consensus regarding the exact
mechanism of TAT transfer through biological membranes.
This has been the subject of ongoing controversy for the past
decade and the accurate mechanisms of translocation are far
from being firmly identified. Data published from many
different research groups are difficult to compare because of
the diversity of the cell type used, the attached or not cargo, the
chemical characteristics of this cargo and the different exper-
imental protocols utilized (8,16-21]. Nevertheless, most studies
agree on the importance of a direct contact between the TAT
and the negative residues on the cell surface as a preliminary
requirement for successful transduction to occur.

In contrast, a variety of mechanisms for the translocation
itself have been suggested. Among these are two types of
endocytic uptake: clathrin-mediated and lipid raft-mediated
through the formation of caveolae; and a non-clathrin, non-
caveolar endocytosis called macropinocytosis [5-7,22,23]. Macro-
pinocytosis is described as a fluid phase endocytosis that
occurs in all cell types, allowing them to take up large extra-
cellular particles from the surrounding medium. Lately, the
macropinocytosis model for TAT-mediated protein transduction
has become more acceptable and involves numerous steps.
First, TAT binds to the cell surface. There is still some uncer-
tainty regarding the identity of the molecules that TAT binds
to on the cell surface to facilitate its uptake. There is strong
evidence that binding to cell surface polyanionic glycan sugar
chains like heparan sulfate has a critical role in the transduction
of TAT into the cell. According to this model, this binding
promotes macropinocytosis of TAT and cargo into macro-
pinosomes [5-7,22-24]. The last step is evasion from the macro-
pinosomes into the cytoplasm. This is believed to be the
rate-limiting step in the efficiency of the transduction.

Many studies have harnessed PTD technology in order to
develop therapeutic applications for the delivery of different
macromolecules into cells 7z vitro and in vive, thus circum-
venting the bioavailability barrier that is a problem for so
many drugs.

There are many advantages to using a TAT-based delivery
system for the introduction of a variety of cargoes into cells and
organs. First, it seems that TAT is able to deliver these cargoes
into all types of cells in culture and into all organs in vivo,
even into the brain when injected to mice [6,10,13,14,23,25,26].
This ability of TAT to cross the blood-brain barrier (BBB) makes
the TAT-based delivery system a very promising strategy in
the development of novel therapeutic approaches to many
diseases with CNS involvement. Another important advan-
tage is that this is a non-viral therapy, and thus does not
require the integration of foreign nucleic acid sequences into the
genome [23]. In addidon, it has also been shown that TAT-
based delivery systems can be targeted to specific intracellular
sub-localizations such as the nuclei, the mitochondria and
lysosomes, thus expanding even more the possibilities of this
drug delivery system in developing sub-cellular organelle-targeted
therapy [27-31].

However, the TAT-mediated delivery system still has major
drawbacks. First, this system is used primarily for non-specific
targeting, not allowing delivery to a desired cell/organ, thus
limiting the clinical applications of this system. In addition,
TAT-delivered molecules may cause toxicity at high concen-
trations or upon prolonged treatment [32). There are limited
toxicity studies on TAT-delivered molecules mainly iz vivo and
more studies are required to address this major concern.
Moreover, the ability of the TAT to move out of the cells by
the same delivery mechanism can cause lowering of the cargoes’
intra-cellular concentrations, thus limiting their desired effect.
This may influence the amounts of TAT-delivered molecules
administered in order to achieve physiological benefit. Most
important is the possible immunogenicity of the TAT delivery
system. It was speculated that the TAT, especially through
repeated dosing, would produce a significant immunogenic
response, thus limiting its clinical applications. This major
issue remains to be further examined.

At this point, the therapeutic applications seem almost
unlimited, and the use of the TAT-based delivery system has
extended from proteins to a large variety of cargoes such as
oligonucleotides, imaging agents, low molecular mass drugs,
nanoparticles, micelles and liposomes [5,6,19.21-23].

In this review recent advances in the use of the TAT-based
drug delivery system will be described, mainly focusing on
protein delivery, with an emphasis on the use of TAT for
enzyme replacement therapies (ERT).

2. TAT-mediated nucleic acid delivery

Efficient and safe delivery of nucleic acids is necessary for
successful gene therapy in humans. Recently, with the
discovery of small interference RNA (siRNA) and its ability
to specifically and efficiently downregulate gene expression,
the delivery of nucleic acids into cells became a major thera-
peutic goal for many diseases. Numerous gene delivery
systems have been developed over the years; however they
exhibit major drawbacks which have limited their clinical
application. The viral carriers are highly efficient but can
present problems of high immunogenicity and insertional
mutagenesis. The non-viral carriers such as cationic polymers
have low efficiency and high toxicity (33,34. This has led
researchers to explore the possibility of using the TAT-based
system for the delivery of oligonucleotides. This includes the
delivery of peptide nucleic acid (PNA), phosphorodiamidate
morpholino oligomers (PMO) and siRNA [19.35]. However,
TAT delivery of conjugated PNA or PMO has been shown
to be of relatively poor efficacy [35]. Linking TAT to oligo-
nucleotides can be achieved in several ways: non-covalent
packaging, covalent packaging by the formation of a disulfide
bond (chemical conjugation), construction of TAT fusion
proteins that bind nucleic acids or through the production
of nanoparticles that contain the nucleic acids [33,34.36,37).
The latter will be discussed in the section on “TAT-mediated
nanoparticle delivery’.
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An interesting strategy for the delivery of PNAs with TAT
was presented in a paper by Folini ez a/ 38. The authors
used a combined TAT delivery system with a photochemical
internalization (PCI) technique that relies on the properties
of photosensitive molecules (photosensitizers) to allow light-
induced permeabilization of endocytic vesicles. This leads to
the release of endocytozed macromolecules into the cytoplasm,
thus overcoming one of the obstacles of delivering nucleic acids
into cells, which is their entrapment in the endocytic vesicules
and degradation upon lysosomic fusion. This has been shown
to be one of the major rate-limiting steps of the intracellular
delivery of nucleic acids. PNAs are DNA mimics in which a
pseudopeptide backbone composed of N-(2-aminoethyl)
glycine units replaces the phosphate backbone. PNAs have
excellent hybridization properties and are extremely stable in
biological systems, due to their resistance to nucleases and
peptidases. Cell-penetrating PNA  conjugates have been
generated by coupling PNAs with different PTDs. In this
study, the authors conjugated a 15-mer PNA targeting human
telomerase reverse transcriptase (WTERT) with the TAT and
combined PCI of the conjugates to deliver them more efficiently
into DU145 human prostate cancer cells (Figure 1).

hTERT is the catalytic retrotranscriptase subunit of the
telomerase, an RNA-dependent DNA polymerase that is able
to maintain telomere length. It has been recently reported
that hTERT plays a role in protection of genome stability by
contributing to telomere capping and chromatin resetting
during DNA replication. In addition, hTERT was found to
be important for maintaining tumor cell survival and prolif-
eration. Thus targeting the telomerase has been proposed as a
promising anticancer therapy, and a variety of inhibitory strat-
egies have been successfully developed including those relying
on the use of conventional or modified antisense oligonucle-
otides such as PNAs. The authors showed that the combined
strategy is more efficient for the delivery of PNAs than simple
conjugation to an internalizing peptide or the use of PCI
with unconjugated PNAs. Photochemical internalization of
hTERT-PNA-TAT led to almost complete inhibition of
telomerase activity and cell growth, whereas photochemical
internalization of the hTERT-PNA alone resulted in only a
60% reduction of telomerase activity and a 55% reduction
in cell growth. Reduction in telomerase activity by hTERT-
PNA-TAT correlated with a marked reduction in telomerase
expression levels, acute DNA damage response and induction
of caspase-mediated apoptosis in the cells [38].

Another interesting approach to the delivery of nucleic
acids using the TAT delivery system is the use of designed
multi-domain proteins [37.39]. This approach is based on the
combination of various peptide motifs to create a molecule
that is more efficient in both DNA binding and transfer into
cells and their nuclei. The novel fusion protein contains TAT
fused to an adenoviral protein Mu, which is rich in basic
amino acids residues and has the potential to bind DNA and
also enhance the cationic lipid-mediated transfection (39]. Mu is
a 19 amino acid peptide that is associated with the adenoviral
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core complex. This peptide possesses a DNA-condensing ability,
thus improving the passage of the DNA through biologic
membranes. The authors combined the TAT and Mu moieties
believing that this fusion protein would benefit from the
DNA condensation ability of the Mu, the transduction
through cellular membrane ability of the TAT and its ability
to localize into the nucleus in order to efficiently deliver
DNA through the plasma and nuclear membranes. Indeed,
TAT-Mu was able to bind DNA and mediate its transfer into
CHOK-1, MCEF-7 and COS cells 391. The researchers
continued their work by generating a newly designed three-
domain cationic fusion protein that contained, in addition, a
nuclear localization signal (NLS) to facilitate the transfection
efficiency (371. This TAT-NLS-Mu (TNM) contains three
epitopes, each of them contributing to the transfection
efficacy — the Mu is the DNA binding domain, the TAT is
the transduction domain and the NLS aids in the nuclear entry
of the protein carrying the sequences. The results demon-
strated the ability of TNM to condense DNA efficiently and
successfully transfect a variety of cells. However, the authors
showed in addition that conjugation of the fusion protein
with cationic lipid nanoparticles improved the transfection
efficiency considerably [37).

3. TAT-mediated nanoparticle delivery

The TAT delivery system for the transduction of many
therapeutic molecules, including nucleic acids, has been widely
used recently in combination with known nanocarriers such
as solid lipid nanoparticles (SLN), polymeric nanoparticles
(complexes of polyethyleneiminine and DNA), thiocholesterol-
based cationic lipids (TLC), lipoplexes and liposomes.
Conjugating TAT with these nanocarriers, often named TAT-
modified nanoparticles, combines the advantages of these two
delivery systems and improves their effectiveness both in vitro
and iz vivo (67.22). The nanocarriers are used to increase the
stability of the administered therapeutic molecules, improve
their efficacy and decrease undesired side effects. Among the
most investigated drug carriers are liposomes (mainly for the
delivery of water soluble drugs) and micelles (for the delivery
of poorly soluble drugs). Liposomes are artificial phospholipid
vesicles with a size of 50 — 1000 nm, which can be loaded
with a variety of drugs. Micelles are colloidal dispersions with
a particle size within the 5 — 100 nm range, which have the
ability to increase the solubility and bioavailability of poorly
soluble pharmaceuticals [221. It has been widely shown that the
addition of TAT on the surface of nanoparticles enhances their
ability to be delivered across cellular membranes and also across
the BBB. In two recently published papers [40.41] the authors
tested the ability of TAT-modified micelles to deliver antibiotics
across the BBB for the treatment of brain inflammation
caused by acute bacterial infection. They used self-assembled
polymeric micelles from cholesterol-conjugated polyethylene
glycol (PEG) conjugated with TAT named TAT-PEG-b-Chol.

The authors demonstrated the successful encapsulation of
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Figure 1. Schematic representation of hTERT-PNA-TAT and the photochemical internalization approach. Representation of
the combined approach employed to deliver PNA-targeting hTERT into DU145 cells. The schematic structure of hTERT-PNA conjugated
to the TAT-internalizing peptide along with a draft of the photochemical internalization (PCl) technique is depicted. The right panel
summarizes the principle of PCI: (I) endocytosis of the photosensitizer (S) and the therapeutic molecule (e.g., PNA); (Il) localization of
the photosensitizer and the therapeutic molecule in the same endocytic vesicles; (lll) rupture of the endosomal membrane upon light
exposure and subsequent release of the therapeutic molecule into the cytosol.

Taken from [38].

ciprofloxacin with these micelles. They showed that when
loaded with FITC, the TAT-PEG-b-Chol micelles were able
to enter human astrocytes in culture faster and more efficiently
than FITC-loaded PEG-b-Chol micelles lacking the TAT moiety,
because the TAT promotes the cellular uptake of the micelles.
Most importantly, i.v. administration of the FITC-loaded TAT-
PEG-b-Chol micelles into rats resulted in FITC signaling in
hippocampus brain sections after 2 — 4 h, thus demonstrating
the ability of these micelles to cross the BBB [40,41].

In a different study, the authors used TAT-conjugated
nanoparticles (NPs) for the delivery of anti-HIV drugs into the
central nervous system (CNS) 42]. The HIV-1 enters the CNS at
an early stage of infection, making the CNS one of the principal
reservoirs for the replicating virus, which reinfects the peripheral
tissues, thus causing continuous reactivation of the infection.
In addition, the HIV-1 virus causes neurological symptoms such
as progressive dementia, memory loss and encephalopathy [42.
Some of the anti-retroviral drugs that are currently used in
the treatment of HIV are protease inhibitors (PIs) that block

the protease enzyme required by the virus to replicate. These
PIs have poor bioavailability in the CNS because they are
substrates of the human multidrug resistance transporter
P-glycoprotein (MDR-1), which prevents their passage through
the BBB. The authors show that TAT-conjugated NPs loaded
with ritonavir (a model PI) are delivered into both MDCK
cells and MDRI-expressing MDCK cells more efficiently
than NPs that are not conjugated to TAT. Furthermore, when
ritonavir levels in the brains of mice were assessed 2 weeks
after administration, the level of ritonavir was 800-fold higher
in the TAT-conjugated NPs group compared to that adminis-
tered with ritonavir in solution. This demonstrated the greater
efficacy of TAT-conjugated NPs to transport the ritonavir
across the BBB and sustain its level at a therapeutically signifi-
cant range over a long period. The authors discuss the local-
ization of the NPs in the brain ventricles, suggesting that
NPs are retained in these cavities initially, then diffuse to the
cerebral cortex through secretion into cerebrospinal fluids (CSF).
The CSF is one of the chief reservoirs for HIV-1 in the CNS,
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and a high concentration of Pls within this compartment is
essential for their therapeutic efficacy. The authors suggest that
the combined effect of sustained release properties and the ability
to overcome the cellular and tissue barriers make TAT-conjugated
NPs a promising strategy that could improve the therapeutic
efficacy of Pls and other and-HIV drugs (42).

Another use of the TAT delivery system with nanoparticles
is enhancing the transmembrane permeability of semiconductor
quantum dots (QDs) 43-471. QDs are a novel type of fluores-
cence probes that have recently shown great potential for bio-
molecular labeling, cellular imaging and cellular tracking. They
possess many advantages such as their nanometer size, broad
excitation but narrow emission, bright photoluminescence and
high stability, however their ability to cross cellular membranes
is insufficient for research purposes [47]. The conjugation of
QDs with TAT allows their efficient delivery into cells and live
tissues. One of the uses of TAT-QD:s is to further characterize the
mechanisms underlying TAT cellular uptake [4547). Other uses
include labeling cells in rat brains [44] by administration of
TAT-CdS:Mn/ZnS QDs that cross the BBB, or labeling mes-
enchymal stem cells using TAT-conjugated PEG-encapsulated
CdS/ZnS QDs and following their tissue distribution upon
administration into NOD/SCID beta2 M null mice [46].

4. TAT-mediated protein delivery

The exogenous delivery of proteins into cells has many possible
therapeutic prospects. These include influencing various
signaling cascades; affecting cell cycle progression; restoring
deficiencies in enzymes; driving cells into apoptosis or saving
them from that fate; and manipulation of cellular function
and differentiation. In the late 1990s the first use of TAT as a
delivery moiety for introducing proteins into cells i vitro [48.49]
and in mice iz vivo was suggested [14]. Dowdy and colleagues
demonstrated the delivery of biologically active B-galactosidase
(which is a very large protein — 120kDa) fused with TAT into
many tissues in mice, including the brain, by intraperitoneal
injection [14].

Since then numerous studies have reported on the use of TAT
for the delivery of various proteins into cells in the form of
TAT-fusion proteins or TAT—protein conjugates. There are many
different examples for the delivery of proteins into cells via TAT,
and the variety of the purposes of this delivery is vast. This
review will describe the different use of TAT-fusion proteins.

4.1 TAT-fusion proteins in cancer therapy

One of the therapeutic fields in which TAT-fusion proteins
are widely used is cancer therapy. Many different possible
therapeutic strategies involving protein delivery have been
proposed and tested as part of the fight against cancer.
Among these strategies are restoring the tumor suppressor
function and pro-apoptotic activity of p53 (9] and blocking
the cell proliferation signals transmitted by the insulin-like
growth factor-1 receptor (IGF-IR), which a variety of cancer
cells are dependent on for their growth [9].

Rapoport & Lorberboum-Galski

Another approach is making chemotherapy- or radiotherapy-
resistant cancer cells more prone to apoptosis by delivering
the pro-apoptotic protein Smac [9]. Smac is normally released
from the mitochondria into the cytosol in response to apoptotic
stimuli and antagonizes inhibitors of apoptosis proteins (IAPs).
In many malignant tumors IAPs are over-expressed and inhibit
caspase activity, thus making the cells resistant to anticancer
therapies. The delivery of TAT-Smac into these cells should
upregulate its activity, making the cells more responsive to
apoptosis signals [9].

A very recent study employed TAT-NPMAC fusion protein
in an inflammation-associated leukemia model in mice to treat
cancer [50]. The authors investigated the therapeutic value of
targeting the over-expression of nucleophosmin (NPM) in
cancer cells. NPM is a multifunctional protein that plays
important roles in the regulation of cell proliferation and
apoptosis, and in cancer it is often found to be over-expressed.
NPM has been identified as an NF-xB coactivator. The
authors fused the N-terminus of the NPM (NPMAC) with
TAT peptide and found that it was delivered into pre-leukemic
cells in culture and into tissues of leukemic mice. They used
an inflammation-associated leukemogenic model and reported
that TAT-NPMAC treatment delayed leukemic development
in mice. They showed that this effect may be attributed to the
fact that in leukemic cells the fusion protein specifically inter-
fered with NF-xB function by forming complexes with the
endogenous NPM and NF-kB, thus inactivating them both.
This interference may lead to the repression of NF-xB trans-
activation of numerous inflammatory and anti-apoptotic genes,
thus resulting in a beneficial effect on leukemic development
in mice. The positive effect may be also contributed to the
fact that the over-expressed NPM was trapped as biologically
nonfunctional complexes with the TAT-NPMAC. The authors
suggested that TAT-NPMAC could be used to treat inflam-
mation-associated tumors that require NF-xB signaling for
survival [50].

4.2 TAT-fusion protein delivery in the treatment of
various diseases with an emphasis on those with
CNS involvement

As previously mentioned, the possibilities when using
TAT-fusion proteins are almost endless. Moreover, the ability
of the TAT-fusion proteins to cross the BBB encouraged many
researchers to use this system in developing therapies for
diseases with CNS manifestations.

In a recent report, Kubo and his co-workers used
TAT-peroxiredoxin 6 (PRDX6) to delay cataractogenesis [51].
PRDX6 is an antioxidant enzyme that detoxifies reactive
oxygen species (ROS), thus providing cells with protection
against internal or external oxidative stress. PRDX6 is highly
expressed and active in the lens, and the authors had previ-
ously shown that a decrease in its activity in the lens, due to
environmental stress or aging, is one of the causes of cataract
progression in a rat model. The authors evaluated the
therapeutic value of TAT-PRDXG6 in postponing the onset of
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cataractogenesis in Prdx6 knockout mice. They showed that
TAT-PRDX6 can be introduced into cells or whole lenses
in vitro and in vivo and protect them from oxidative stress by
delaying the formation of lens opacity [s11.

Two recent papers deal with the development of a novel
therapy for cerebral injuries. The authors set out to prevent
apoptosis of injured neurons through blocking the signals that
prevent myelin regeneration and axonal growth, which are
crucial for recovery from strokes and traumatic brain and
spinal cord injuries [52,53]. They fused TAT with the Nogo
extracellular peptide 1 — 40 (NEP1 — 40) in order to deliver
it through the BBB into the brain. NEP1 — 40 is an antagonist
of Nogo-66 receptor (NgR). Nogo-66 has a central role in
limiting axonal regeneration after CNS injuries. It has been
shown that the blockage of Nogo-66’s interaction with NgR
using NEP1 — 40 increases functional recovery and axonal
growth regeneration after spinal cord injury. TAT-NEP1 — 40
fusion protein was shown to be delivered into PCI12 cells
in vitro (using the oxygen glucose deprivation [OGD]-induced
PC12 cells injury model) and through the BBB into rat
brains iz vivo when injected intraperitoneally. In PC12 cells
that were exposed to OGD, treatment with TAT-NEP1 — 40
in the culture medium decreased cell death, upregulated the
BCL-2/Bax ratio and promoted neurite outgrowth. This
suggests that the TAT-NEP1 — 40 fusion protein has a
protective effect against the lack of oxygen and glucose which
mimics, for example, the initial phase of a stroke. Moreover,
given the fact that it can cross the BBB, it could be a potential
treatment for CNS injury [52.53].

4.3 TAT-fusion protein delivery in enzyme
replacement therapy

The ability to deliver an active enzyme into cells has raised
the possibility of developing many ERTs using the TAT-based
delivery system. ERT is a therapeutic approach to metabolic
disorders whereby the deficient or absent enzyme is artificially
manufactured, purified and given to patients on a regular
basis. At present, ERT is the successful treatment of choice
for metabolic lysosomal storage diseases [54]. However, the
inability of the administered enzymes to penetrate the BBB
severely limits this approach from being implemented in the
treatment of other metabolic disorders involving the CNS (54-56).
Hence, the ability of TAT to deliver active enzymes across the
cellular membrane and especially across the BBB makes this
delivery system very promising for the development of therapies
in this field.

It should be emphasized that usually in these types of
genetic disorders the administration of the deficient enzyme
would be on a regular basis, raising problems regarding the
immune response to the delivery system.

In a recent report of a potential epilepsy treatment, TAT
was used to deliver creatine kinase (CK) into PC12 cells in
order to restore its activity there [571. CK is a member of the
phosphagen kinase enzyme family and plays a key role in
energy metabolism in cells with high energy demands, such as

neurons. It has been shown that CK expression and activity is
significantly reduced in some neurodegenerative diseases
including epilepsy. In this study the authors designed the
TAT-CK protein and tested its ability to raise CK activity in
PC12 cells. They showed that the CK activity in PC12 cells
treated with TAT-CK increased in a time- and dose-dependant
manner. The intracellular CK activity levels increased sixfold
after only 1 h incubation with the fusion protein [57.

Another example of the augmentation of the activity of
an enzyme using the TAT delivery system was described in a
report on the restoration of the activity of purine nucleoside
phosphorylase (PNP) in vivo in PNP-deficient mice by the
administration of TAT-PNP [26]. PNP is a ubiquitous cyto-
plasmic enzyme essential for purine degradation and salvage.
Deficiency in PNP activity results in nucleoside imbalance,
leading to T-cell immunodeficiency. TAT-PNP fusion protein
was shown to be rapidly and efficiently delivered into many
tissues of PNP”~ mice including the brain. The delivered PNP
was active within the various tissues, not toxic and protected
from neutralizing antibodies. Most importantly, the authors
showed that the administration of TAT-PNP over a period of
24 weeks corrected the metabolic abnormalities and immu-
nodeficiency resulting in normal thymus weight, maturation of
thymocytes and T lymphocyte number and function. More-
over, 77.3% of PNP”~ mice treated with TAT-PNP were still
surviving after 24 weeks, compared with no survival in the
control PBS-treated mice, demonstrating the prolonged benefit
of intracellular delivery of PNP into the deficient mice [26].

These last two examples of restoring the activity of
deficient enzymes lead us to two interesting projects that
were conducted in our laboratory. We have been working on
developing ERT for different metabolic disorders using the
TAT delivery system. One of these disorders is phenylketo-
nuria (PKU), which results from a mutation in the liver enzyme
phenylalanine hydroxylase (PAH). PAH is a key enzyme in
the metabolic pathway of phenylalanine (Phe). To restore PAH
activity in the liver of PKU patients, we constructed the
TAT-PAH fusion protein. We demonstrated that TAT-PAH
is delivered into a variety of human liver cell lines and PAH
activity is retained after internalization. We also showed that
plasma phenylalanine levels were dramatically lowered in mice
treated with TAT-PAH after i.v. administration. Plasma Phe
levels started to decrease 15 min after i.v. TAT-PAH injection
and had decreased dramatically by 30 min. Phe levels
remained < 20% of the levels in control untreated mice for as
long as 6 h. It is important to point out that this decrease
in Phe levels was seen in healthy C57BL mice. This effect
would probably be stronger in the PKU mouse model because
plasma Phe levels in this mouse are much higher, and the main
objective in treatment is lowering and maintaining a normal
Phe concentration (Figure 2) [58].

Another type of metabolic disorder for which we have been
trying to develop ERT using the TAT delivery system is
mitochondrial disorders. We have been working on lipoamide
dehydrogenase (LAD) deficiency. LAD is the E3 subunit of the
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Figure 2. Effect of TAT-PAH on mouse primary cell lines and in vivo.

(A) Phenylalanine hydroxylase (PAH) activity in extracts of mouse primary hepatocytes treated with PBS and TAT-PAH (20 pg/ml final concentration) for 3 h. Results are
expressed as mean + SEM of three independent repeats. (B) Plasma Phe levels relative to PBS-treated control mice. Plasma Phe concentrations were measured by
high performance liquid chromtography (HPLC) after i.v. injection of TAT-PAH (20 pg) (as described [58]). Three C57BI mice were used for each time point. Results are

expressed as means + SEM (taken from [58]).

three o-ketoacid dehydrogenase complexes in the mitochondrial
matrix, which are crucial for the metabolism of carbohydrates
and amino acids. These are the pyruvate dehydrogenase
complex (PDHC), the o-ketoglutarate dehydrogenase complex
(KGDHC) and the branched chain ketoacid dehydrogenase
complex (BCKDHC). Modern medicine offers no cure for
patients with LAD deficiency. Therefore, we set out to test the
plausibility of ERT in the treatment of LAD deficiency as a
proof-of-concept for the treatment of mitochondrial disorders.

Repair of mitochondrial disorders is necessarily more complex
than replacement of a cytosolic gene product and must take
into account not only the need to target and cross multiple
membranes in mitochondria, but also the fact that many
enzymes in mitochondria are components of massive enzymatic
complexes and need to be processed naturally in order to
integrate properly. Additionally, many of the mitochondrial
gene defects cause severe neurologic symptoms as the primary,
or most prominent, phenotype, and, as mentioned above,
drug delivery across the BBB is difficult.

Specifically, in the case of LAD deficiency, the replacing
enzyme needs to be delivered into the cells and reach the
mitochondria, be processed there and be incorporated in
three multi-component enzymatic complexes.

We constructed and highly purified the TAT-LAD fusion
protein. We used the natural pre-cursor sequence of the
human LAD containing the N-terminus 35 amino acid mito-
chondrial targeting sequence (MTYS) to facilitate the natural
processing of the TAT-LAD upon delivery into the mito-
chondria, thus allowing the incorporation of the delivered
LAD into the o-ketoacid dehydrogenase complexes. We dem-
onstrated that TAT-LAD enters patients cells rapidly and
efficiently, reaching the mitochondria. Inside the mitochondria,
TAT-LAD is naturally processed and restores LAD activity
there. Most importantly, we showed that TAT-LAD is able to

restore the activity of the PDHC within treated patients’ cells
almost back to normal levels 29. PDHC is a 9.5 X 10° Da
macromolecular machine whose multipart structure assembly
process involves numerous different subunits: a pentagonal
core of 60 units of the E2 component (dihydrolipoamide),
attached to 30 tetramers of the E1 component (0,,3,) (pyru-
vate decarboxylase), 12 dimers of the E3 (LAD, dihydrolipo-
amide) component and 12 units of the E3 binding protein.
The structure of all a-ketoacid dehydrogenase complexes is
similar to that of PDHC [29]. The complexity of this structure
emphasizes our achievement in showing for the first time that
TAT-mediated replacement of one mutated component restores
the activity of an essential mitochondrial multi-component
enzymatic complex in cells of enzyme-deficient patients
(Figure 3) [29].

In addition, we took advantage of the native MTS of LAD
and showed that it was necessary for maximal restoration of LAD
enzymatic function. Deleting the MTS restored a significantly
smaller amount of LAD activity within the mitochondria [29).
This is an important point to consider as TAT can move both
ways across 2 membrane and thus pull the therapeutic cargo
out of the mitochondria. With the MTS included, the matrix
processing peptidases recognize the sequence and clip it, and the
cargo (in this case the mature LAD) is left in the matrix while
the TAT peptide can transduce out of the mitochondrion.
Repeated dosing should therefore result in accumulating
amounts of cargo in the mitochondria over time.

Another important point is that in these types of metabolic
and especially mitochondrial disorders there is no need to restore
enzyme activity back to 100%, but rather raise it above a certain
energetic threshold which can vary from patient to patient
depending on basal enzymatic activity. So the delivery of
sufficient amounts of the deficient enzyme can be surprisingly
easy to achieve, even into the CNS.
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Figure 3. Pyruvate dehydrogenase complex (PDHC) co-localization and enzymatic activity in TAT-LAD treated patients’ cells.
(A) D479V cells were treated with FITC-labeled TAT-LAD or LAD (green), washed, fixed, permeabilized and incubated with anti-E1o
antibody. Cells were then washed and incubated with anti-mouse Cy5 antibody (red). Cells were analyzed for co-localization by confocal
microscopy (merge, yellow). Original magnifications: x 60 (LAD) and x 100 (TAT-LAD). (B—C) Cells were incubated with TAT-LAD (0.1 pg/ul,
final concentration) for 3, 6 and 24 hrs. PDHC activity assays were performed as described in [29]. (B) PDHC activity in treated E375K
patients’ cells. Activity values are presented as nmol/min/mg protein. (C) PDHC activity in treated E375K and D479V patients’ cells. Activity
values are presented as percentage of normal PDHC activity measured in healthy fibroblasts in the same experiments. Activity assays were
repeated three times. The values (in b and ¢) are presented as the mean + SD.

Taken from[29].

We are now investigating TAT-LAD treatment in a mouse
model of LAD deficiency with very encouraging results

(unpublished data).

5. Expert opinion

With progress in molecular biology, completion of the human
genome project and our advanced understanding of a variety
of biological fields, many long-standing dreams in the realm
of medicine regarding the delivery of various molecules to
cells and even to their intra-cellular organelles/compartments
are coming close to fruition. This has been achieved mainly by
the discovery of PTDs which enable the rapid and efficient
introduction of proteins, fused to them, into cultured cells
and live tissues in a whole organism.

Among these PTDs, the TAT peptide is the most investigated
and used domain. TAT was first used for the delivery of proteins

into cells. Now, however, the research capabilities and the
therapeutic applications seem almost unlimited, and the use
of the unique TAT-based delivery system has extended from
proteins to a large variety of cargoes such as oligonucleotides,
imaging agents, low molecular mass drugs, nanoparticles,
micelles and liposomes.

However, the main use of the TAT delivery system
remains for the delivery of proteins. TAT-fusion proteins
have been tested in a large variety of pathological condi-
tions including cancer, diseases with CNS involvement and
more recently metabolic disorders, in which inborn muta-
tions are carried in ‘housekeeping enzymes. In the latter
case ERT is being used as part of the effort to develop
novel modalities for such disorders. Huge progress in this
direction has been made in recent years and, as reported by
our group, TAT has also been shown to be a very promising
treatment strategy for mitochondrial disorders, which are
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considered to be a very complicated set of diseases. We
demonstrated for the first time that TAT-mediated replace-
ment of a single component of a multi-enzymatic complex
can actually restore the activity of a whole machine, even a
very complex one, such as the Pyruvate Dehydrogenase
Complex (PDHC), thus making this approach very promis-
ing. Moreover, using the native organelles’ targeting
sequences, such as the mitochondrial targeting sequence
(MTS) or the nuclear localization sequence (NLS), fused to
TAT and the desired molecule ensures that the desired mol-
ecule stays in the target compartment, where it is cleaved
off, thus also staying in its natural form. This allows for the
delivered proteins or enzymes to be readily integrated into
multi-component complexes, if needed.

This approach could be applied to the many other known
mitochondrial and metabolic disorders in which the damaged
enzymes/proteins involved have been identified and cloned.
We believe that this approach will revolutionize the management
of these types of disorders in modern medical practice.

The TAT delivery system still has some limitations. As
mentioned, this system is primarily non-specific, making

Rapoport & Lorberboum-Galski

delivery to a desired organ more complicated. In addition,
the ability of the TAT to move out of the cells can
cause lowering in the cargoes’ intra-cellular concentrations,
thus limiting their desired effect. Administering adequate
amounts of the TAT delivery system to overcome this
limitation can cause toxicity side effects. Most important is
the immunogenic issue of the TAT delivery system. It was
speculated that TAT-delivered molecules, especially through
repeated dosing, would produce a significant immunogenic
response, thus preventing clinical applications of this promising
technology. These major drawbacks remain to be further
studied in detail.

However, although PTD/TAT delivery systems are still
basic tools, it is virtually certain that they will advance in the
very near future to novel treatment modalities for a variety
of human diseases.
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