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Abstract

The restricted ability of most proteins and peptides to cross the blood-brain barrier and/or plasma membrane

limits their use as therapeutics following cerebral ischaemia.

However, the discovery of cell-penetrating

peptides has provided a means by which such molecules can be transported across the blood-brain barrier and
plasma membrane. Many proteins/peptides have already been shown to have neuroprotective properties, and,
due to their ability to block protein-protein interactions, provide a potentially rich source of new therapeutic
compounds to prevent cell death following cerebral ischaemia. In this review, we give an overview of cell-
penetrating peptides and their use experimentally to deliver neuroprotectant proteins/peptides into the brain

following cerebral ischaemia.
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1. Introduction

Currently, there is a lack of therapies aimed
specifically at reducing neuronal death in the
potentially salvageable tissue following cerebral
ischaemia. Whilst there have been many clinical
trials targeting obvious neuro-damaging pathways
(e.g., calcium influx), these have failed because of
lack of efficacy or drug toxicity, hence new
therapeutic approaches need to be explored. One
such approach is to use cell-penetrating peptides
(CPP) to deliver agents that were previously not
considered as therapeutic candidates due to their
poor brain and/or intracellular bioavailability. Many
proteins and peptides that have been shown to have
neuroprotective activity fall into this category.
Moreover, peptides are increasingly being recognised
as a new class of therapeutics due to their diversity
and ease of synthesis, and their abilities to block and
disrupt challenging targets (Watt 2006). Methods to
facilitate transduction of proteins and peptides across

the blood brain barrier and into the brain include
invasive surgical methods, osmotic opening of the
blood-brain-barrier, the use of endogenous transport
systems, increasing lipophilicity of the molecule,
incorporation into nanocarriers, or the fusion of CPPs
to the protein or peptide. This review will focus and
discuss recent advances in CPPs and their
application in the role of delivering neuroprotective
proteins and peptides to the brain following cerebral
ischaemia.

2. Cerebral ischaemia and the cell death cascade

The disruption of blood flow to the brain during an
ischaemic event (stroke, cardiac arrest/resuscitation)
results in a lack of oxygen and nutrient supply to the
brain and a subsequent cellular energy crisis that in
turn triggers a cascade of damaging events (Figure
1). The initial stages are associated with neuronal
cell depolarisation, glutamate excitotoxicity and
calcium overload (Novelli et al. 1988; Nicholls et al.
1990; Goldberg et al. 1993; McCulloch et al. 1993).
This leads to secondary effects including a decrease
in protein synthesis (Kleihues et al. 1975; Burda et al.
1994; DeGracia et al. 1996), altered mitochondrial
function (Rehncrona et al. 1979; Almeida et al. 1995),
an increase in lipid peroxidation (Bromont et al. 1989;
Haba et al. 1991), oxidative stress, and free radical
production (Kader et al. 1993; Chan 2001).
Furthermore, multiple signalling pathways are
activated, such as the MAPK pathway inducing
activation of transcription factors including c-Jun and
c-Fos, along with the expression of pro-apoptotic
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genes, even though there is an overall decrease in
protein synthesis (Bouwmeester et al. 2004).
Additionally, there are post-translational and
translocational protein changes as well as an
increase in the activity of proteases, lipases and
endonucleases (Rosenberg et al. 1996; Gillardon et
al. 1997). An inflammatory response and blood brain
barrier disruption occurs (Dirnagl et al. 1999) which

Ischaemia

can further amplify the initial ischaemic injury (Lee et
al. 2000). The culmination of these events ultimately
leads to cell death exhibiting features of apoptosis,
necroptosis, autophagy and necrosis (Lipton 1999;
Brott et al. 2000; Degterev et al. 2005). All of these
components within the cascade provide opportunities
for intervention to limit cell death and brain injury.
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Figure 1. Overview of cell death cascades following cerebral ischaemia. * denotes areas targeted within in vivo

studies with CPP-conjugated neuroprotectants (Table 2).

2.1 Cerebral ischaemia; human

current clinical treatments

In the US alone, in 2002, 1 in 15 deaths were
attributed to cerebral ischaemia following a stroke.
Whilst mortality is exceedingly high, the burden
caused by disability (on the patient, relatives, and the
healthcare system) can be just as devastating.
Recently, direct and indirect costs associated with
cerebral ischaemia are estimated to be US$56.8
billion (Pharmaceutical Research and Manufacturers
of America 2006).

Currently, the thrombolytic agent tissue plasminogen
activator (tPA) is the only pharmaceutical treatment

impact and

available for ischaemic stroke. However, tPA is only
useful when administered intravenously within 4.5
hours of a thrombo-embolic stroke (Hacke et al.
2008). Surgical intervention, in the form of
hemicraniectomy to release intracranial pressure, is
beneficial for a small subset of stroke patients that
undergo malignant cerebral oedema (Dhamija et al.
2007). Moderate hypothermia (33°C for 12-24 hours)
is used in comatose survivors following cardiac arrest
(Bernard et al. 2002; The Hypothermia After Cardiac
Arrest Study Group 2002; Arrich 2007), but requires
intensive monitoring of patients and is associated
with cardiac arrhythmias, coagulopathy, infection
(e.g., pneumonia), and electrolyte disorders (Safar et
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al. 1996; Polderman et al. 2001; Peterson et al. 2008).

It is clear that currently available treatments are not
ideal and that the development of therapeutic agents
with direct neuroprotective activity are urgently
required.

3. Proteins and peptides as therapeutic agents

The actions of therapeutic proteins are primarily to
replace or enhance the activity of endogenous
proteins, while therapeutic peptides may inhibit or
activate proteins, enzymes, receptors, transporters or
biochemical pathways. In contrast, therapeutic
peptides target the inhibition or activation of proteins,
enzymes, receptors, transporters or biochemical
pathways. For example, recombinantly produced
human insulin is a protein administered to
supplement the endogenous protein for treatment of
diabetes mellitus (Goeddel et al. 1979). Similarly,
somatostatin analogues are therapeutically
administered to enhance the action of endogenous
somatostatin in preventing the over production of
growth hormone for patients with acromegaly
(Croxtall et al. 2008). In contrast, an example of a
therapeutic peptide administered to block an
endogenous protein is the decapeptide Cetrorelix,
which antagonises receptors involved in luteinizing
hormone-release and is used in advanced prostate
carcinomas, benign prostatic hyperplasia, and
ovarian cancer (Reissmann et al. 2000). Another
example of a therapeutic peptide is the antiretroviral
peptide enfuviritide, which is used in the treatment of
HIV infection. Enfuviritide is a synthetic peptide that
prevents the transmembrane glycoprotein gp4l
fusing with CD4 cells (Cooper et al. 2004; Heil et al.
2004).

An additional clan of protein-based therapeutics are
monoclonal antibodies, which have been developed
for a number of human disorders including the
treatment of acute myeloid leukaemia (Castillo et al.
2008) and psoriasis (Schon 2008). Whilst these
disorders are dissimilar, the role of the antibody and
subsequent nullification of their target is dependent
upon the recognition of a particular antigen. As a
result, antibodies are usually only useful against
extracellular or cell surface targets. Furthermore,
antibodies have poor BBB traversing abilities, as well
as a high efflux rate from the brain, with a half-time of
40 min following intra-cerebral injection (Zhang et al.
2001). However, these large groups of proteins and
peptides provide substantial proof of concept that
proteins and peptides have a therapeutic value
clinically.

3.1 Potential advantages of proteins and peptides
as therapeutics

Traditionally, drug design has been based upon the
screening and computational design of small

molecules for use as therapeutic agents. This
approach typically utilises clefts or pockets present in
target proteins that small molecules bind, similar to a
‘key and lock’ scenario. Therapeutic small molecules
have numerous merits besides their small size. They
are relatively easy and inexpensive to produce, may
be administered orally if required, and can be easily
modified to alter potency and other pharmokinetic
properties. However, the proficiency of small
molecules in preventing or disrupting protein-protein
interactions has been lacking, as the interacting sites
between proteins are often large without clefts or
pockets; this leaves peptides as more suitable
candidates for intervention (Archakov et al. 2003;
Watt 2006).

3.2 Peptide modifications to increase stability and
half-life

Peptide stability, and therefore half-life, can be
increased with the interchange of L-isoform amino
acids with D-isoforms, which reduces proteolysis of
the peptide (Brugidou et al. 1995; Wender et al.
2000). When L-isoform amino acids are interchanged
for D-isoforms they must be in a retro inverso format
to maintain stereospecificity and hence efficacy and
specificity (Leker et al. 2002; Borsello et al. 2003).
Similarly, amino-acids may be replaced with amino-
acid isomers (e.g., norleucine for methionine) that are
more resistant to proteolytic degradation (Gozes et al.
1999). Alternatively, linear peptides can be
converted to cyclic peptides by the addition of a
disulfide-bridge or hydrazide-bridge or another
peptide bond to form a more proteolytically resistant
lactam ring (Martins et al. 2007). The pegylation of
peptides, by the conjugation of polyethylene glycol
(PEG), can be used to increase peptide stability,
whilst  simultaneously  decreasing  proteolysis,
immunogenicity and decreasing efflux across the
BBB (Tsubery et al. 2004; Egleton et al. 2005).
Finally, peptides can be used as design templates to
synthesise molecules that will have improved
pharmokinetics with respect to half-life and
bioavailability, and that will allow alternative delivery
routes such as oral or transcutaneous (Baell et al.
2004; Guan 2008).

3.3 Other modifications to improve delivery

Apart from increasing stability and half-life, additional
peptide modifications can be performed to improve
tissue delivery and specificity.  Modifications to
minimise peptide size may be performed by
identifying and restricting synthesis to the active site
of a peptide, thereby simultaneously reducing
manufacturing costs and possibly increasing delivery
potential (Barr et al. 2002).

Additionally, an “address” localisation sequence can
be added to the peptide to facilitate delivery of the
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cargo to specific cell types (e.g., neuronal cells), to
organelles (e.g., endoplasmic reticulum or nucleus),
or even to ischaemic tissue. Examples of cell
specific delivery have been demonstrated with the
use of a peptide sequence derived from the rabies
virus glycoprotein that binds specifically to the
acetylcholine receptor expressed on neurons (Kumar
et al. 2007) or the short peptide sequence isolated
that targets tumour vasculature (Arap et al. 1998).
Moreover, nuclear localisation sequences within
endogenous proteins have been extensively
identified and characterised (Hu et al. 2005; Russell
et al. 2008), and are now being utilised within
synthesised peptides (Yoshikawa et al. 2008). Within
the brain, the targeted delivery of diphtheria toxin to

malignant brain tumors by conjugating it to transferrin,

due to the increase of transferrin receptors on

a)

blood
capillary

b) Apical plasma membrane

Claudln

malignant brain tumors, has also proved successful
and resulted in a lack of systemic toxicity (Laske et al.
1997). Similarly, following cerebral ischaemia,
injured tissue can be targeted by the addition of a
nine amino-acid sequence that specifically localises
to the ischaemic region (Hong et al. 2008).

4. Delivery of proteins and peptides into the brain

There are numerous pathways (Figure 1) activated
following cerebral ischaemia involving protein-protein
interactions, thus providing a plethora of targets for
therapeutic intervention. As discussed above, one
reason why they have not previously been
considered suitable drug targets is the difficulty in
disrupting protein-protein interactions. Another
reason is the problem of the blood brain barrier (BBB)
impeding drug bioavailability to the site of injury.
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Figure 2. Schematic representation of endothelial cell at the blood brain barrier. a) in transverse section
showing endothelial cell, pericyte, basement membrane and astrocytes, and b) showing tight junction and
adherins junction between the apposing membranes of the endothelial cell (Adapted from: Ballabh et al. 2004).

4.1 The blood brain barrier and passive diffusion

The blood brain barrier (BBB) is an endothelial
structure that functions in conjunction with pericytes

and astrocytes (Figure 2a) to control the diffusion of
molecules from the blood to the extracellular space of
the central nervous system and vice versa (Reese et
al. 1967; Brightman et al. 1969; Janzer et al. 1987).
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The endothelial cells of the BBB lack fenestrations
and have both tight junctions and adherens junctions
between the cells limiting permeability (Schulze et al.
1993; Kniesel et al. 2000; Bazzoni et al. 2004)
(Figure 2b). This physical barrier along with the
noticeable deficiency of pinocytic vesicles results in
the prevention of passive diffusion of hydrophilic
molecules, although the diffusion of uncharged
molecules which are typically small (less than 600Da)
and/or lipophilic does occur (Levin 1980; Grieb et al.
1985). Astrocytes further encase the epithelial cells
with their extended endfeet projections interspersed
with pericytes, which are thought to maintain
endothelial stability and integrity (Kacem et al. 1998;
Hellstrom et al. 2001). This entire structure allows
few therapeutic peptides to diffuse across the BBB
and enter the brain.

4.2 Transport carrier systems that enable
therapeutic agents to cross the blood brain
barrier

If unable to diffuse, molecules must cross the BBB
via carrier-mediated transport (e.g., glucose via
GLUT1, leucine via L1), ion transport (e.g., sodium,
potassium and chloride exchangers), active efflux
transport (e.g., amphipathic cationic drugs via the
multidrug resistance transporter P-glycoprotein),
receptor mediated transport (e.g., transferrin and
immunoglobulin G), or caveolae-mediated transport
(e.g., albumin and insulin) systems (Zlokovic 2008).
Peptides can compete to use a carrier system if their
structure mimics that of an endogenous molecule that
is transported across the BBB. An example of this is
biphalin, an opioid analgesic peptide drug, that uses
the neutral amino acid carrier system to cross the
BBB (Witt et al. 2001).

Peptides that cannot use an endogenous transport
system can be fused to a molecule that can be
effectively transported across the BBB. This
approach has been exploited using molecules such
as transferrin and glucose (Witt et al. 2001).
Alternatively, peptidomimetic monoclonal antibodies
can be utilised to transport cargo across the BBB via

a receptor-mediated transport system (Pardridge et al.

1995; Lee et al. 2000). In this case the cargo is
fused to the monoclonal antibody, which binds to an
external receptor, such as the transferrin or insulin
receptor.

The challenges of using a carrier system can include
the low density of receptors or transporters on the
capillary lumen, the rate of exchange from the blood
to the brain, and/or the relative affinity of the
endogenous molecule compared to the therapeutic
peptide. Thus, in light of the limitations of the carrier
system and the likelihood that most proteins and

peptides will not be capable of traversing the BBB
using this system, other strategies must be employed.

4.3 Other methods used to enable therapeutic
agents to cross the blood brain barrier

The transport of agents across the BBB using other
non-carrier systems can be either invasive or non-
invasive. Transient osmotic opening of the BBB by
arabinose or mannitol (Rapoport et al. 1980; Siegal et
al. 2000), shunts (Alexander et al. 2000), or
implanting microspheres (Emerich et al. 1999; Benoit
et al. 2000) to deliver therapeutic peptides are
invasive methods and have potential side-effects.
Osmotic agents can cause accumulation of mannitol
in the cerebral tissue and increase oedema, whilst
implantations require surgery (Kaufmann et al. 1992;
Maioriello et al. 2002). More favourable are non-
invasive methods of delivery, such as altering the
peptide to increase its membrane permeability,
utilising nanocarriers, or attaching a cell penetrating
peptide.

Increasing membrane permeability and lipophilicity of
peptides

Alterations to increase peptide membrane
permeability and lipophilicity include a reduction in
molecular weight, reducing hydrogen bond donors to
five or less, and limiting hydrogen bond acceptors to
no more than 10 (Chikhale et al. 1994, Lipinski et al.
2001). A reduction in molecular weight of a protein
or peptide can be achieved by removing unnecessary
sections of the peptide to leave only the essential
domains or sequence. Methods used to reduce
hydrogen bond potential include the addition of non-
polar groups, the removal of polar groups (e.g.,
hydroxyl groups) or methylation. Additional
modifications such as the addition of halogens to the
peptide, the acylation or alkylation of the N-terminal
of the peptide, variation in the peptide tertiary
structure, and glycosylation of peptides can also
increase lipophilicity. Glycosylation not only
significantly improves dispersal through the BBB, but
also increases peptide stability and efficacy (Albert et
al. 1993; Negri et al. 1998; Bilsky et al. 2000). There
is conjecture over the exact mode of passage for
glycosylated peptides with both transport via the
glucose transporter (GLUT1) (Namane et al. 1992;
Polt et al. 1994; Negri et al. 1998) and entry via
adsorptive endocytosis (Palian et al. 2003) being
proposed. Of course, any alterations to the peptide
to enhance BBB trafficking must not interfere with the
affinity and specificity of the peptide for its target.

Nanocarriers

Nanocarriers are colloidal drug carriers that include
liposomes and nanoparticles, which can be utilised to
deliver proteins and peptides across the BBB. They
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are administered systemically and have been
demonstrated to facilitate targeted delivery to cells,
tissues or organs by the external attachment of
ligands, such as monoclonal antibodies and
cationized bovine serum albumin. Additionally PEG
can be bound externally to the nanocarrier to impede
the surface deposition of plasma proteins and
thereby preventing the uptake of the nanoparticle by
macrophages. Extensive reviews detailing the
intricacies of various classes of nanocarriers have
been published (Beduneau et al. 2007; Brasnjevic et
al. 2009).

However, in short, liposomes are engineered to
enclose an aqueous phase within a lipid bilayer,
similar to biological membranes. The protein or
peptide can be incorporated internally into either
phase dependent wupon their hydrophobic or
hydrophilic properties. The liposome is thought to
cross the BBB by one of three methods: 1. passive
diffusion through the lipophilic endothelial cells; 2. by
endocytosis; 3. by fusion with brain capillary
endothelial cells utilising ligand specific receptors.

Nanoparticles are colloidal structures characterised
as comprising of natural or synthetic polymers
ranging in size from 1 to 1000nm. As with liposomes,
the protein or peptide is incorporated internally either
encased by the polymer matrix or distributed
throughout, and can have external additions such as
PEG and ligands to increase stability and specificity
of targeting, respectively. The nanoparticles are
mainly produced by emulsion/solvent evaporation or
precipitation solvent diffusion from a variety of
polymers such as dextran, starch, gelatin, poly(D,L-
lactic acid) (PLA), poly(D,L-lactide-co-glycolic acid)
(PLGA), and poly(alkylcyanoa-crylate) (PACA). Both
liposomes and nanoparticles have been utilised to
successfully deliver proteins and peptides to the brain
(Kreuter et al. 1995; Gulyaev et al. 1999; Tiwari et al.
2006).

4.5 Cell penetrating peptides and delivery of
peptides to the brain

Cell penetrating peptides

Whilst the above methods focus on delivery across
the BBB and into the interstitial space, it should be
mentioned that therapeutic peptides targeting
intracellular interactions will need an additional
delivery mechanism to enable entry into the cell. To
this end, we will focus on the use of cell penetrating
peptides (CPP) to rapidly (and non-invasively) deliver
therapeutic peptides across the BBB and into cells.

The use of CPPs to carry peptides and small
molecules across the plasma membrane and into
cells came about with the discovery of the protein
transduction domain (PTD) within the human

immunodeficiency virus-type 1 trans-activating
transcriptional activator (HIV-1 TAT) in 1988 (Frankel
et al. 1988; Green et al. 1988). Since then, the active
transporting portion of this sequence has been
isolated, as well as the discovery and synthesis of
other novel CPPs (Table 1). The conjugation of the
CPP and cargo can be achieved by several methods
including the use of a disulfide bond between the
CPP and cargo, avidin-biotin technology, polyetylen
glycol linkers, or direct production of protein fusion
with CPP either chemically synthesised or produced
using recombinant DNA technology (Pardridge 2002;
Mueller et al. 2008; Stewart et al. 2008). The
conjugation of the CPP and cargo can be a
permanent, stable conjugation or can be designed to
be cleaved or become liable in a particular
environment, for example, a change in pH (Rothbard
et al. 2000). (Forthwith, for ease of reading, the
conjugated CPP with cargo will be generally referred
to as CPP-fused, irrespective of actual process
involved in the conjugation.)

The method of transduction by TAT, and other CPPs
is not fully understood, and initial studies
investigating mechanisms were confounded by
fixation artifacts (Richard et al. 2003). Three models
of transduction are now widely proposed: 1. direct
penetration through the cellular membrane; 2.
endocytosis and then vesicle disruption into the
cytoplasm; 3. inverted micelle formation, engulfment,
transport across the cell membrane, and release into
the cytoplasm (Joliot et al. 2004; El-Andaloussi et al.
2005).

The amino acid sequence and secondary structure of
the CPP and cargo will ultimately determine the
mechanism and efficacy of transduction. For
example, TAT and polyarginine CPPs are hydrophilic
peptides and considered to be transduced by
endocytosis (Suzuki et al. 2002; Drin et al. 2003),
whilst Penetratin has a hydrophobic core and is
postulated to be transduced by inverted micelle
formation (Derossi et al. 1994; Nakase et al. 2004).
Different mechanisms of transduction for different
CPPs is supported by the reduced cellular uptake of
arginine-rich CPPs, but not Penetratin, with the
treatment of ethylispoprotpylamiloride (EIPA), an
endocytosis inhibitor (Nakase et al. 2004).
Furthermore, enhanced delivery of both TAT and
arginine-rich CPP-cargo conjugates is facilitated by
the addition of the NH2 terminal influenza virus
hemagglutinin-2 (HA2) peptide, which evokes the
release of complexes trapped within endosomes
(Wadia et al. 2004; Michiue et al. 2005). Conversely,
MAP and protegrin-1, pore-forming peptides, (Table 1)
appear to utilise direct penetration for transduction
(Mangoni et al. 1996; Oehlke et al. 1998).
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Table 1 Examples of cell-penetrating peptides

Common Origin Amino acid Additional features References

name sequence

TAT HIV-1 TAT; residues = GRKKRRQRRR Able to transduce 15-120kDa proteins & (Fawell et al. 1994; Vives et al.

48-57 peptides into cells in culture with high efficiency 1997; Schwarze et al. 1999;

(~100%). In vivo delivery (IV) facilitates Aarts et al. 2002; Cao et al.
transduction after 4 hr into various tissues and 2002)
across BBB.

Octarganine or Polyarginine RRRRRRRR Polyarginine peptides of 4-16 residues tested (Wender et al. 2000; Futaki et al.

R8

Penetratin
or AntpHD

FGF or MTS

VP22

PEP-1

DynA

Transportan

Antennapedia
homeodomain; WKK
residues 43-58

Kaposi fibroblast
growth factor; P
residues 129-144

Herpes Simplex VDASTATRGRSAAS

Virus 1 protein 22; RPTERPRAPARSAS

residues 267-301 RPRRPVE
KETWWETWWTEW
SQPKKKRKV

Dynorphin
DNQ

Galparan/Mastopora  AGYLLGKINLKALAA

n LAKKIL

RQIKIWFQNRRMK

AAVALLPAVLLALLA

YGGFLRRIRPKLKW

with 8 and 9 being optimal. Able to transduce
molecules into a variety of cells in culture.

Entire homeodomain is 60 residues, consists of
3 alpha-helices. Third helix responsible for
transduction; in vivo delivery into brain within 30
min following IV administration.

Hydrophobic peptide, transduces proteins &
peptides up to 45kDa into cells in culture; in
vivo transduction of enzymatically active
proteins across BBB.

Entire protein 301 residues in length (38kDa)
with last 34 residues residues responsible for
transduction. Administered in expression vector
due to large size. Fusion protein produced is
released from cells and infects surrounding
cells within 48 hr. Efficacy varies with cell type
but quite inefficient.

Contains hydrophobic W-rich domain,
transduces proteins in native conformation into
variety of cells in culture; in vivo delivery across
BBB after IP administration.

Able to transduce a variety of cells in culture.

Cherimic peptide form neuropeptide galanin
and membrane interacting wasp venom
peptide, mastoporan. Able to transduce a
variety of cells in culture.

2001; Matsushita et al. 2001)

(Joliot et al. 1991; Derossi et al.
1994; Rousselle et al. 2000)

(Delli Bovi et al. 1987; Lin et al.
1995; Rojas et al. 1996; Rojas et
al. 1998; Jo et al. 2001)

(Elliott and O'Hare 1997; Dilber
et al. 1999; Elliott and O'Hare
1999)

(Morris et al. 2001; Sik Eum et
al. 2004)

(Marinova et al. 2005)

(Langel et al. 1996; Pooga et al.
1998; Soomets et al. 2000)
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MAP Model amphipathic KLALKLALKALKAAL Alpha-helical structured peptide, transduces (Oehlke et al. 1998)

peptide KLA molecules into variety of cells in culture.
Pegelin or Protegrin-1 RGGRLCYCRRRFC Derived from antimicrobial, pore-forming (Mangoni et al. 1996; Rousselle
SynB VCVGR peptide, transduced molecules into cells in et al. 2000; Mazel et al. 2001)

culture: in vivo delivery into brain within 30 min
of administration.

pVEC Vascular endothelian LLILRRRIRKQAHA  Membrane-spanning protein of approx 700 (Elmquist et al. 2001)
cadherein; residues HSK residues in vascular endothelium. Transduces
615-632 molecules into variety of cells in culture; used to
deliver a 67kDa protein into nucleus.
PrP Prion protein; MALNLGWLLALFVT Transduces molecules into cells in culture. (Lundberg et al. 2002)
residues 1-28 MWTDVGLCKKRPK
P

Table 2A. Proteins and peptides, fused to cell penetrating peptides, used as neuroprotectants experimentally in focal cerebral ischaemia
models.

Protein/ Description/target CPP Animal and Route Treatment Dose mg/kg Protection: infarct References
peptide ischaemia schedule (nmoles/kg) volume reduction
duration
Bcl-X, Interferes with TAT Mouse: v Immediately after ~ 5mg/kg Yes: reduced Kilic et al.
necrotic and 30min ischaemia (20nomles/kg) apoptotic and 2002
apoptotic pathways increased viable
neurons
Mouse: 60min before and in striatum
90min immediately after Yes: reduced infarct
ischaemia volume at both
timepoints
TAT Mouse: IP 3h before or 9mg/kg Yes: 3h before andup  Cao et al.
90min 0, 45 or 120 min (38nomles/kg) to 45min after 2002
after ischaemia
PSD-95 Interrupts NMDA TAT  Rat: 90min ICV  45min before or (3umoles/kg) Yes: 55%; before, Aarts et al.
receptor interaction 60min after 67%; after 2002
with PSD95 ischaemia
-29-

J Exp Stroke Transl Med (2009) 2(1): 22-40
Society for Experimental Stroke (www.s4es.orq)



MEADE et al, Cell penetrating peptides and cerebral ischaemia

JNKI-1 Blocks JNK activity TAT Mouse: ICV 3,6, 12h after 15.7ng in 2yl Yes: 88-93%; 1h Borsello et
30min ischaemia before and up to 6h al. 2003
after ischaemia. No:
12h
Rat P 30min before or 11mg/kg Yes: 68%; 30min,
(neonate): 6 or 12h after (2.8umoles/kg)  78%; 6h, 49% 12h
permanent ischaemia
Rat: 90min v 6h after ischaemia 0.03, 0.1 or Yes: 37%; 0.1mg/kg. Esneault et
0.3mg/kg No: 0.03, 0.3mg/kg al. 2008
Mouse: ICV  3or6h afterstart  40nmoles in 2ul  Yes: 25% at 3h. No: Hirt et al.
permanent of ischaemia 6h 2004
GDNF Neurotrophic factor TAT Mouse: v Immediately before 0.4mg/kg Yes: reduced infarct Kilic et al.
30min (20nmoles/kg) volume 2003
60min before
Mouse Yes: reduced infarct
120min Immediately after volume
ischaemia
No
XIAP Caspase inhibitor TAT Mouse: Topical Immediately before 0.8mg/kg Yes: 51% Guegan et
permanent ischaemia (50nmoles/kg) al 2006
v Yes: 29-45%; 30min
30min before or 0.8mg/kg before, 35%; 30min
30 or 180min after (50nmoles/kg) after and 17% 120min
ischaemia after ischaemia
AntpHD Rat: 120min P 60min before or 5mg/kg Yes: reduced Fan et al
30min after apoptosis 2006
ischaemia
Calbindin D  Calcium binding AntpHD Rat: 60min IP 30min before 0.005mg/kg Yes: reduced Fan et al.
protein ischaemia (0.17nmoles/kg) apoptosis 2007
NEP1-40 Nogo receptor TAT Rat: 120min IP Immediately after ~ 120nmoles/kg Yes: reduced infarct Wang et al.
antagonist ischaemia volume 2008
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Table 2B. Proteins and peptides, fused to cell penetrating peptides, used as neuroprotectants experimentally in global cerebral ischaemia
models.

Name of Description/ CPP Animal and Route Timeframe of Dose mg/kg Protection: CAl References
protein/ target ischaemia treatment (nmoles/kg) neuronal survival
peptide duration
FNK Modified Bcl-XL ~ TAT Gerbil: 5min IP 3h before 5 mg/kg Yes: increased Asoh et al.
protein. ischaemia (20nomles/kg) CAL survival from 2002
Interferes with <1% to 16-89%
necrotic and
apoptotic
pathways
SOD1 Anti-oxidant PEP1 Gerbil: 5min P 30min before or 2,4,6,8o0r10mg/kg Yes:increased CA1 Sik Eum et al
immediately after (115-570nmoles/kg)  survival from 11% 2004
ischaemia to 85-92%
TAT Gerbil: 5min IP 30min before or 1.4 - 4mg/kg 7Tmg/kg Yes: increased CA1 Kim et al.
immediately after (400nmoles/kg) survival from 14% 2005
ischaemia to 46%
Copper Increase anti- PEP1 Gerbil: 5min IP 30min before 4mg/kg Yes: increased CA1 Choi et al.
chaperone oxidant effect of ischaemia survival from 11% 2005
for SOD SOD to 43%
GIuR6-9c Interferes with TAT Rat: 15min ICV 40min before 100ug in 10pl Yes: increased CA1 Pei et al.
GIuR6 -PSD95 ischaemia survival from 14% 2006
complex to 46%
JIP Blocks JNK TAT Rat: 15min ICV 40min before or 1 100ug in 10yl Yes: increased Guan et al.
activity after ischaemia neuronal survival 2006
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Delivery into the brain

Eleven years after the discovery of the TAT CPP,
Schwarze et al. (1999) showed that TAT could
transduce the BBB. In this instance, fluorescently
labelled TAT was visible throughout the brain 20
minutes after intraperitoneal (IP) administration in the
mouse. Furthermore, Schwarze et al. (1999)
demonstrated the transport of a biologically active (-
galactosidase enzyme-TAT conjugate across the
BBB after two hours and into many regions of the
brain after four hours following IP administration.
Similarly, following IP or IV administration, Jo et al.
(2001) demonstrated transduction of a biologically
active CRE protein conjugated to the MTS CPP into
the brain. The delivery of non-protein molecules into
the brain has also been achieved with CPPs. For
example, the anticancer drug doxorubicin, coupled
with the SynB and Penetratin CPPs, was detectable
in the brain 30 minutes after IV administration
(Rousselle et al. 2000).

In vitro neuronal studies with neuroprotectants fused
to cell penetrating peptides

Since the transduction efficacy of CPPs varies in
relation to the cargo and cell type (Fischer et al. 2002;
Peitz et al. 2002; Mueller et al. 2008) it is important to
validate transduction using relevant in vitro culture
systems. For example, preliminary data from our
laboratory has demonstrated that for the same
neuroprotective peptides (5pM of PYC36D or
PYC35D) fused to either the MTS or TAT CPPs, only
the TAT fused peptides were effective in an in vitro
neuronal glutamate injury model (Figure 3). Whilst
there have been several studies which successfully
utilised MTS (Lin et al. 1995; Rojas et al. 1998), Peitz
et al (2002) also reported a greater level of
transduction with their TAT-fused cargo as opposed
to MTS-fused cargo. This lack of neuroprotection with
MTS fused peptides may be due to several factors
including steric hindrance from the CPP, formation of
secondary or tertiary structure within and between
the peptide and CPP, or from limited transduction of
the peptide.
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Figure 3. Neuroprotective efficacy of PYC35D and PYC36D (5uM) with the TAT or MTS transduction domain 18
hours following glutamate exposure. Peptides administered to primary neuronal cultures 15 minutes prior to
100uM (final concentration) glutamate exposure for 5 minutes. Neuronal viability expressed as a percentage,
with no insult control taken as 100% viability (mean £ SEM; n=4; **p<0.0001).
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Similarly, despite the demonstration that CPPs could
deliver cargo across BBB and into the brain, most in
vivo animal studies have been preceded by in vitro
culture studies. For example, in vitro neuronal
culture systems that mimic neuronal injury
mechanisms in a variety of disorders, including
cerebral ischaemia, epilepsy, Parkinson’'s and
Alzheimer’'s Diseases, have been used to assess
neuroprotective efficacy for CPP fused proteins or
peptides (Lai et al. 2005; Liu et al. 2006; Arthur et al.
2007; Colombo et al. 2007; Nagel et al. 2008).
These studies also provided an indication of potential
effective in vivo doses, especially if pharmokinetic
data is available for the protein or peptide being
tested (Borsello et al. 2003; Hirt et al. 2004; Sik Eum
et al. 2004; Fan et al. 2006).

5. CPPs used to deliver neuroprotective peptides
in experimental cerebral ischaemia models

Following the demonstration of the ability of CPPs to
traverse the BBB it was not long before CPPs were
used to deliver neuroprotective peptides into the
brain in animal models of cerebral ischaemia. To
date, more than 10 different peptides fused to CPPs
have been trialled in experimental models of focal
and global cerebral ischaemia (Table 2). These
studies have predominantly resulted in a significant
reduction in brain injury and, when assessed,
improved functional outcomes in treated animals.
Since  experimental studies with CPP-fused
neuroprotectants in ischaemic models have differed
considerably in respect to the class of therapeutic,
route, dose and timing of treatment, they are further
discussed below.

5.1 Studies using endogenous proteins

In two of the initial animal studies (Cao et al. 2002;
Kilic et al. 2002) the anti-apoptotic protein Bcl-XL,
fused to the TAT peptide, showed significant
neuroprotective activity in mouse transient focal
cerebral ischaemia models. Kilic et al. (2002)
reported that a 20nmol/kg dose administered IV 1
hour before or immediately post middle cerebral
artery occlusion (MCAO) significantly reduced infarct
volume when assessed at 48 hours. Cao et al. (2002)
used a substantially higher (360 nmol/kg) dose of
Bcl-XL administered IP. This treatment reduced
infarct volume when given immediately before and 45
minutes after MCAO, but not 2 hours after occlusion.
In a third study, Asoh et al. (2002) assessed the
efficacy of a mutated, more potent form of Bcl-XL,
named FNK, in a mouse global cerebral ischaemia
model. In this study, the FNK-TAT conjugate
administered IP at 20nmol/kg, 3 hours before
ischaemia, significantly increased hippocampal CA1
neuronal survival.

In 2003, Kilic et al. showed that the neurotrophic
factor GDNF, fused to TAT, was effective at reducing
infarct volume in the mouse following 30 minutes of
transient focal ischaemia. The GDNF-TAT protein
was administered IV at a 20nmol/kg dose,
immediately post-ischaemia. When the duration of
MCAO was extended to 120 mins, GDNF-TAT was
effective when administered 1 hour before ischaemia,
but ineffective when administered immediately post-
ischaemia (Kilic et al. 2003).

Three studies (Sik Eum et al. 2004; Choi et al. 2005;
Kim et al. 2005) have assessed the antioxidant
enzyme SOD, fused to either TAT or to PEP-1 in
gerbil global cerebral ischaemia models. In two of
the studies SOD was administered IP at doses
ranging from 115-570nmol/kg either 30 mins prior to
ischaemia or immediately post-ischaemia. CAl
survival was then examined after four days. The
study, performed by Sik Eum et al. (2004), showed
that the SOD-PEP-1 protein was equally
neuroprotective when administered either prior to or
post-ischaemia, within each dose. At a dose of
170nmol/kg, SOD-PEP-1 resulted in 85% survival of
neurons in the CA1l region of the hippocampus.
Neuronal survival increased to 92% when the dose of
SOD-PEP-1 was increased to 570nmol/kg. However,
Kim et al. (2005) required the maximum dose of
570nmol/kg to provide neuroprotection, with a
marked difference in neuronal survival between the
pre- and post-ischaemic administration of SOD-TAT.
Pre-ischaemic administration of SOD-TAT resulted in
65% neuronal survival, whilst animals that were post-
administered achieved 45% neuronal survival. The
third study administered the copper chaperone for
SOD (CCS) fused to PEP-1, IP, 30 mins prior to
ischaemia and examined CAL survival after four days.
Similarly, Choi et al. (2005) showed the CCS-PEP-1
protein increased neuronal survival to 46%, in
addition to finding a 3-4 fold increase in SOD activity.

The use of the caspase inhibitor XIAP has been
assessed in both mouse permanent and transient
focal ischaemia models. Guegan et al. (2006) initially
applied XIAP-TAT in a gel foam (50nmol/kg) and
inserted it into a craniotomy immediately post-MCAO,
which resulted in a significant infarct volume
reduction. However, IV administration of the XIAP-
TAT at a 50nmol/kg dose revealed the protein did not
accumulate in the brain. This led to the production of
a truncated version of the protein from 62kDa down
to approximately 16kDa, which was then shown to
accumulate in the brain. Subsequent IV
administration of the truncated XIAP-TAT protein at a
50nmol/kg dose resulted in significant infarct volume
reduction when given 30 minutes before, or 30 or 180
minutes after, ischaemia. Coincidently, Fan et al.
(2006) produced a similar truncated XIAP protein
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fused to the Penetratin CPP. A 250nmol/kg dose of
the truncated XIAP-Penetratin conjugate
administered IP one hour before or 30 minutes after
transient focal ischaemia significantly reduced the
number of ischaemic perifocal cells and behavioural
deficits in treated animals compared to controls. Fan
et al. (2007) also fused Penetratin with the calcium-
binding protein calbindin D and showed that IP
administration at 0.17nmol/kg 30 minutes before
transient focal ischaemia in the mouse resulted in
significantly decreased infarct volume.

5.2 Studies using peptides derived from signaling
protein domains

Peptides targeting glutamate receptor signaling

Several studies have used CPPs fused to small
peptides derived from regions of signaling proteins as
competitive inhibitors of protein-protein interactions.
The first to use this approach was Aarts et al. (2002),
who used a nine amino-acid peptide (NR2B9c)
derived from the intracellular domain of the NMDA
receptor NR2 subunit. This region of the NR2 protein
interacts with the post synaptic density-95 (PSD-95)
adaptor protein to activate nNOS and generate nitric
oxide. When administered intracerebroventricularly
(ICV), either before or 1 hour after transient focal
ischaemia in the rat, NR2Bc-TAT reduced infarct
volumes and improved behavioural outcomes when
assessed at 24 hours. Using a similar approach, Pei
et al. (2006) utilised a nine amino-acid peptide
derived from the glutamate receptor subunit protein
(GluR6-9c) region which binds to PSD-95 and
activates downstream signalling pathways, such as
the MAPK pathway. The ICV administration of this
peptide fused to TAT 40 minutes before global
ischaemia in the rat significantly increased
hippocampal CA1 neuronal survival.

Peptides targeting JNK signaling

In 2003, the first of four studies detailing the use of a
20 amino-acid peptide named JNKI-1, derived from
the JNK scaffold protein JIP, in models of cerebral
ischaemia, was reported. The JIP protein is required
by JNK during phosphorylation of target proteins, and
the 20 amino-acid JNKI-1 region is a critical INK-JIP
binding domain, which the JNKI-1 peptide
competitively inhibits.  For in vivo experiments,
Borsello et al. (2003) used JNKI-1 fused to TAT,
synthesising the peptide (IJNKI-1D-TAT) using D-
isoform amino acids in a retro-inverso orientation to
increase peptide half-life and to maintain peptide
chirality. In one part of this study JNKI-1D-TAT
(15.7ng) was administered ICV 1 hour before, or 3, 6,
or 12 hours after, transient focal ischaemia in the
mouse. Treatment with JNKI-1D-TAT at all time-
points, except at 12 hours after ischaemia, resulted in
significant decreases in infarct volumes and improved

behavioural outcomes when assessed at 1 or 14
days post-ischaemia. In a second part of the study,
JNKI-1D-TAT was administered IP (2800nmol/kg) 30
minutes before, or 6 or 12 hours after, permanent
focal ischaemia in 14 day old rats. In these
experiments JNKI-1D-TAT significantly reduced
infarct volumes at all time points when assessed 7
days post-ischaemia.

Two other research laboratories have also assessed
the efficacy of JNKI-1D-TAT in cerebral ischaemia
models. Esneault et al. (2008) administered JNKI-
1D-TAT IV at three different doses (85, 250,
750nmol/kg) 3 hours after transient focal ischaemia in
the rat. While all three different doses were
compared and resulted in a decrease in infarct
volume, only the 250nmol/kg dose reached statistical
significance with respect to infarct volume reduction
and improved sensorimotor and cognitive function.
Additionally, Hirt et al. (2004) administered JNKI-1D-
TAT ICV (1400nmol/kg) to mice 3 or 6 hours after
permanent focal ischaemia. Administration of JNKI-
1D-TAT at the 3 hour, but not the 6 hour, time point
resulted in significantly decreased infarct volumes
when assessed at one day post-ischaemia.

Additionally, an 11 amino-acid truncated version of
JNKI-1, annotated as JIP, was assessed in a global
cerebral ischaemia rat model (Guan et al. 2006). The
truncated JIP, fused to TAT, was administered ICV
(100ug), either 40 minutes before or 1 hour after
ischaemia, and resulted in a significant increase in
the number of surviving CA1 neurons.

Peptides targeting the Nogo receptor

A recent study by Wang et al. (2008) used a 40
amino-acid peptide (NEP1-40), designed to
antagonise the Nogo receptor, which, when activated,
inhibits neuronal growth and re-generation, in a rat
transient focal ischaemia model. NEP1-40 fused to
TAT was administered IP (120nmol/kg) immediately
after ischaemia, and significantly reduced infarct
volumes when compared to control animals.

5.4 Summary and significance of CPP delivered
neuroprotective proteins and peptides

These studies using endogenous proteins or peptides
from signalling protein domains fused to CPPs, have
established proof of principle of CPPs as therapeutic
delivery facilitators across the BBB, and have
successfully shown the potential of protein and
peptides as therapeutic neuroprotectants. As these
proteins and peptides aid in neuroprotection at
various stages of the ischaemic death cascade
(Figure 1), and are able to be directed at both
intracellular and extracellular targets, further benefit
may arise from a cocktail of endogenous proteins
rather than just their administration in isolation. The

-34 -
J Exp Stroke Transl Med (2009) 2(1): 22-40
Society for Experimental Stroke (www.s4es.orq)



MEADE et al, Cell penetrating peptides and cerebral ischaemia

administration of therapeutic proteins and peptides
has been effective both IV and IP, increasing their
versatility as therapeutic agents. In addition, both the
wild-type and mutated forms of endogenous proteins
and peptides appear to be safe and well tolerated,
with a lack of toxicity or immunogenicity reported.
However, the variability between the studies with
regard to effective dosage and administration time-
points highlights the requirement for assessment of
each protein/peptide individually before being trialled
in the clinical setting.

6. The onset of clinical trials for therapeutic
peptides in neurological disorders

The research conducted with the  JNKI-I
neuroprotective peptide in the animal models of
cerebral ischaemia administered by a clinically
relevant route (IV) and within an appropriate
timeframe has resulted in its further development as
a therapeutic candidate. The Biopharmaceutical
Company Xigen is pursuing JNKI-1 (XG-102) in a
Phase 1 trial following cerebral ischaemia, which has
not been fully disclosed. Research to ensure its
compatibility with rtPA has been successfully
performed in a 30 minute suture MCAO model of
cerebral ischaemia in mouse. In this model, rtPA
(0.9mg/kg) was administered 3 hours after ischaemia
and XG-102 (0.1mg/kg) administered 6 hours after
ischaemia, IV. A significant reduction in infarct
volume and improved behavioural outcomes were
achieved (Wiegler et al. 2008), further demonstrating
the feasibility of this neuroprotectant to be
therapeutically effective in a clinically relevant
timeframe.

7. Other potential advantages of CPPs as
pharmaceutical delivery systems

An important feature of any CPP is that it has limited
toxicity at clinically relevant doses, while a CPP that
displays endogenous neuroprotective activity is an
added advantage. In fact, this appears to be the
case, at least for TAT. A recent study (Wei et al.
2008) has reported that at high concentrations the
TAT peptide displays neuroprotective properties in a
hippocampal slice oxygen-glucose deprivation model.
In addition, pilot studies in our laboratory have
confirmed that with increasing dose, TAT s
neuroprotective in a glutamate excitotoxicity model.
While the exact mechanisms of TAT's
neuroprotective action is not fully understood, Wei et
al. (2008) has suggested it is related TAT's ability to
transverse cell membranes and thereby interfere with
membrane proteins, receptors and signalling.
Interestingly, a RNAIi study using CPPs to deliver
constructs, both the TAT and Penetratin peptides
alone were shown to down-regulate MAP kinase
mMRNA in the Ilung following intratracheal

administration (Moschos et al. 2007). Hence, while
further work is required to elucidate and even
enhance TAT’s neuroprotective actions, it appears
that it is an excellent carrier molecule for therapeutic
delivery of neuroprotective agents into the brain.

8. Potential limitations of CPPs as delivery
system for pharmaceuticals

The ability of CPPs to transduce cellular membranes
comes with its own set of limitations. Whilst CPP-
fused delivery of cargo enables immediate access of
the cell to the cargo, it results in non-targeted wide
dissemination of the therapeutic throughout the body.
Depending on the mechanistic action of the CPP-
fused therapeutics this may require the need for high
or continual dosing of the agent and an associated
increased risk of side-effects. Hence, the ability to
modify CPPs in order to target specific tissue or
organs (eg ischaemic tissue or brain) could
potentially reduce the risk of systemic side-effects. It
is also possible that the CPP delivery system may not
be able to achieve therapeutic concentrations in
target cells/tissue and/or that the CPP peptide may
interfere with the protein/peptides mechanism of
action. In the case of CPP interference with the
cargo, a design that results in the cleavage of the
CPP would be required (Rothbard et al. 2000).

With respect to any side-effects associated with CPP-
fused therapeutics, it will also be important to
delineate any toxic effects caused by the CPP or
peptide/protein component of the therapeutic agent.
In vitro toxicity studies of various CPPs have been
reported with minimal cytotoxicity at concentrations
regarded as optimal for drug delivery, and increasing
at concentrations well above expected therapeutic
doses (Nath et al. 1996; Mueller et al. 2008). To date,
clinical trials using TAT and R7 fused agents have
not been associated with any serious side-effects
(Rothbard et al. 2000; Chen et al. 2007).

9. Conclusion

The ability of CPPs to transport molecules across the
BBB and plasma membranes and into cells has
increased both the range of targets and the class of
therapeutic compounds, namely peptides and
proteins, available for neuroprotective interventions.
Previously, delivery of therapeutics for neurological
disorders such as cerebral ischaemia has only been
possible via invasive methods, which not only comes
with its own set of complications but also extends the
timeframe before therapies may be administered.
The advent of CPPs with their rapid and efficient
transduction across the BBB and plasma membrane
brings about the opportunity for novel therapeutics to
be administered in a more clinically relevant
timeframe, enhancing the probability of intervening in
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cell-death cascades and ultimately improving patient
outcome.
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