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ABSTRACT

Several recent studies have demonstrated that TWTother arginine-rich cell penetrating peptides
(CPPs) have intrinsic neuroprotective properties their own right. Examples, we have
demonstrated that in addition to TAT, poly-arginjmeptides (R8 to R18; containing 8-18 arginine
residues) as well as some other arginine-rich geptiare neuroprotectivie vitro (in neurons
exposed to glutamic acid excitotoxicity and oxyggucose deprivation) and in the case of iR9
vivo (after permanent middle cerebral artery occlusiorthe rat). Based on several lines of
evidence, we propose that this neuroprotectioreiated to the peptide’s endocytosis-inducing
properties, with peptide charge and arginine ressdbeing critical factors. Specifically, we
propose that during peptide endocytosis neuronilkuogace structures such as ion channels and
transporters are internalised, thereby reducingiwal influx associated with excitotoxicity and
other receptor-mediated neurodamaging signallithvpays. We also hypothesise that a peptide
cargo can act synergistically with TAT and otheagimine-rich CPPs due to potentiation of the CPPs
endocytic traits rather than by the cargo-peptidéng directly on its supposedly intended
intracellular target. In this review, we systeroallly consider a number of studies that have used
CPPs to deliver neuroprotective peptides to theraknervous system (CNS) following stroke and
other neurological disorders. Consequently, weicatly review evidence that supports our
hypothesis that neuroprotection is mediated byieapeptide endocytosis. In conclusion, we
believe that there are strong grounds to regardniaggrich peptides as a new class of

neuroprotective molecules for the treatment ofreaneurological disorders.
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Abbreviations:

AIP, autocamtide-2-related inhibitory peptide; AMPAa-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid; APOE, Apolipoprotein E; I&R amyloid precursor-like protein; APP,
amyloid precursor protein; CaMKII, calcium/calmodtiependent protein kinase 1l; CaM-KIIN,
calcium/calmodulin-dependent protein kinase |l lnitoir; CaV2.2, voltage-gated, N-type calcium
channel; Cav2.3; voltage-gated, R-type calcium nkBnCaV3.3, voltage-gated, T-type calcium
channel; CBD, calcium channel-binding domain; cGMlic guanosine monophosphate; CGRP,
calcitonin gene related peptide; CNQX, central nas/system; 6-cyano-7-nitroquinoxaline-2,3-
dione; CPP, cell penetrating peptide; CRMP, collapsesponse mediator protein; DAPK1, death-
associated protein kinase 1 protein; DM, DNA-bimdimotif; D1R-D2R, Dopamine D1-D2
receptor; DRG, dorsal root ganglion; EGFR, epidérgrawth factor receptor; ER, endoplasmic
reticulum; FGFR, fibroblast growth factor recept@uR6, glutamate receptor 6; HSPG, heparan
sulphate proteoglycan; HIV-TAT, human immunodefngg virus-type 1 trans-activator of
transcription; Insig-1, insulin-induced gene 1; JN&Jun N-terminal kinase; JIP-1, c-Jun N-
terminal kinase interacting protein-1; kFGF, Kapadbroblast growth factor; mGIuR1,
metabotropic glutamate receptor 1; MCAO, middleebeal artery occlusion; ND2.1, NADH
dehydrogenase subunit 2; NADPH, nicotinamide adewuimucleotide phosphate; NCX, sodium
calcium exchanger; NMDA, N-methyl-D-aspartate; N@ric oxide; nNOS, neuronal nitric oxide
synthase; NR2B, NMDA receptor subunit 2B; OGD, oxyglucose deprivation; PDZ, PSD-95,
and Drosophila disc large tumor suppressor, and zonula occludengrotein; PI3K,
Phosphatidylinositol-4,5-bisphosphate 3-kinase; PKQorotein kinase C; PNS,
peripheral nervous system; PSD-95, protein posmimadensity-95; PT® Protein tyrosine
phosphatasse; PTD, protein transduction domain; SCAP, SERBR\@ge-activating protein, SCI,
spinal cord injury; SEPSC, spontaneous excitatost-gynaptic currents; siRNA, small interfering
RNA; SERBP-1, sterol regulatory element-bindingtpno-1; TAT, trans-activator of transcription;
TNFR, tumor necrosis factor receptor; VGCC, voltggéed calcium channel; VR1, vanilloid
receptor 1.



1. Introduction

1.1 Neuroprotective peptides and cell penetrating peptides

In recent years there has been an increased interde use of specifically designed peptides
targeting cyto-damaging or cyto-protective pathwagseuroprotective agents. There are several
reasons why this interest arose, including: i) jlEeptsequences critical for neurodamaging or
neuroprotective intracellular protein-protein iretions can be easily identified and used as
competitive inhibitors of target proteins (e.g. JNKpeptide); ii) small peptides (2 — 40 amino
acids) can be synthesised relatively cheaply usamgmercial sources; and iii) the development of
cell penetrating peptides (CPPs), also referrexstprotein or peptide transduction domains (PTDs),
has provided a way to deliver peptides and otheyosa(incl. proteins, nucleic acids and drugs) into
cells and across the blood brain barrier.

The discovery of CPPs has led to studies on tHéyabf a number of peptides and proteins to
act as neuroprotection agents, as well as providimgeans to explore the role of protein/protein
interactions in brain function in health and digegsiz. neurological and non-neurological
disorders). The main focus of this review is tlse of arginine-rich CPPs (mainly TAT) for the
delivery of neuroprotective peptides (<40 aminodgagiparticularly in cerebral ischaemia and
stroke. The recent observation that CPPs havasidrneuroprotective properties in their own
right has led us to question the conclusions oéositudies. Here, we critically reappraise presiou
studies that have used putative neuroprotectiveidgeep fused to CPPs as agents in cerebral
ischaemia and other models of CNS injury, and erantihe mechanism whereby arginine rich-
peptides exert their neuroprotective effects. Irtgrdly, we highlight that many past studies on
neuroprotective peptides that have used cationi®sCRr CNS delivery may need to be

reinterpreted in the light of the intrinsic neurojgrctive effects of the carrier-peptide.

1.2 Cell penetrating peptides

Cell penetrating peptides (CPPs) are small pept{tgscally 5 - 25 amino acids) that are
commonly used to facilitate the delivery of normallon-permeable cargo molecules such as other
peptides, proteins, nucleic acids or drugs intdscednd across the blood brain barrier. The
development of CPPs as drug vehicles was sparkelebgtiscovery of the PTD within the human
immunodeficiency virus-type 1 trans-activator adnscription (HIV-TAT) protein (Frankel and

Pabo, 1988; Green and Loewenstein, 1988). Theeattansporting peptide sequence within the
HIV-TAT protein was isolated (TA4g.s7: GRKKRRQRRR) and is now referred to as the TAT



peptide or TAT (Becker-Hapak et al., 2001). Subsadgy, over 100 CPPs have been identified
(Milletti, 2012).

By far the most commonly used CPP peptide is TA3peeially to deliver various cargo
molecules to the brain, including neuroprotectiveptides and proteins. Other CPPs include
penetratin (also known as antennapedia), poly-ergipeptides (R8 to R12; where R refers to
arginine residues), Pep-1 and transportan. Theaatid sequences for these peptides, as well as
of some less commonly used CPPs, are shown in TablEAT, poly-arginine and penetratin are

cationic arginine-rich CPPs.

1.3 Arginine-rich cell penetrating peptides and intrinsic neuroprotection

Potential neuroprotective peptides fused to CPRe lmeen assessed in cultured neurons and
animal models that mimic neural injury mechanismensin a variety of disorders, including
cerebral ischemia, spinal cord injury, traumatiaibrinjury, epilepsy, Parkinson’s disease and
Alzheimer's disease (Lai et al., 2005; Liu et 2006; Arthur et al., 2007; Colombo et al., 2007;
Nagel et al., 2008; Meade et al., 2009). Howeseveral years ago, we and others demonstrated
that TAT possesses intrinsic neuroprotective prigeerbothin vitro in neurons exposed to
excitotoxicity and oxygen-glucose deprivation (OGiNdin vivo following cerebral ischemia in
P12 rats after intraventricular injection (Xu et &008; Vaslin et al., 2009b; Meade et al., 2010ab
Craig et al., 2011). We subsequently showed tbbt-g@rginine-9 (R9), penetratin and Pep-1 also
display neuroprotective actions in vitro excitotoxic and/or OGD models (Meloni et al., 2R14
Furthermore, our data showed that R9 and penetvagie 17- and 4.6-fold respectively more
neuroprotective than TAT (Meloni et al., 2014).

The higher potency of R9 relative to TAT and pesitr led us to explore thén vitro
neuroprotective potency of other poly-arginine s (R1, R3, R6 - R15 and R18), as well as,
other arginine-rich peptides (Meloni et al., 2019)hese studies confirmed that poly-arginine and
arginine-rich peptides as a group are highly neuategtive, with efficacy increasing with
increasing arginine content, peaking at R15 (Mektnal., 2015). We also showed that arginine-
rich peptides have the capacity to reduce glutaamid-induced neuronal calcium influx and are
neuroprotective with a single treatment severalrbduefore glutamic acid or OGD exposure.
Furthermore, neuroprotective efficacy was showrb¢odirectly related to peptide positive net
charge conferred by the positively charged argiifiRieand lysine (K) amino acids residues, which
could be blocked by fusion with a negatively chdrgéutamic acid (E9) poly-peptide (e.g. R9/E9
peptide) or by incubation with the highly negativeharged molecule heparin. The latter finding

strongly suggests that peptides bind to negatighrged cell surface molecules sucthegarin
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sulphate proteoglycans (HSPGs), chondroitin sulfate proteoglycans (CSPGs) or sialic acid
residues present in glycosphingolipids to initiate and stimulate peptide endocytosis (Kim et al.,
2012; Ravindran et al., 2013; Favretto et al., 20¥4llbrecher et al., 2014) a process crucial for
neuroprotection (Meloni et al., 2015). In this o, others have demonstrated that the nature of
the peptide interaction with HSPGs determines asC&Rlocytic properties (Wallbrecher et al.,
2014).

With respect to endocytosis, studies have demdasdttaat peptide charge conferred by arginine
and lysine residues (note: arginine and lysinetlaeeonly two strongly positively charged amino
acids, with histidine being only weakly positiveljlarged, whereas glutamic acid and aspartic acid
are the only two negatively charged amino acidsijifate HSPG binding, and that mainly arginine
residues trigger the endocytic process (Amand.eR@ll2; Wallbrecher et al., 2014; Yang et al.,
2014). Consistent with our proposed endocytic ogtatective mechanism, we have demonstrated
that poly-lysine (K10) is only weakly neuroproteeti in a cortical neuronal glutamic acid
excitotoxicity model (Meloni et al., 2015). It &so likely that other amino acids can influence th
endocytic properties of cationic peptides in botlpasitive and negative manner as has been
demonstrated for tryptophan (W; Rydberg et al.,2@echara et al., 2013) and alanine (A; Yang
et al., 2014), respectively. Indeed, we have nomfioned that tryptophan and alanine amino acids
within arginine-rich peptides respectively increamed decrease neuroprotective efficacy in a

glutamic acid excitotoxicity model (Fig. 1).

1.4 Proposed neur oprotective mechanism of action used by arginine-rich peptides

Based on our recent findings we hypothesised thainiae-rich peptides exert their
neuroprotection effects by inducing the endocytiteinalisation of cell surface ion channels,
thereby reducing the damaging effects of excitaiityxi(see Fig 2). This is a novel hypothesis that
essentially identifies arginine-rich peptides asew class of neuroprotective molecule. There are
several lines of evidence based on our findings thnde of others that support our endocytosis
hypothesis. Arginine-rich peptides, including sdled “neuroprotective peptides” fused to TAT
have been shown to: i) reduce neuronal calciunuxnfMeloni et al., 2015) and interfere with ion
channel function (NMDA receptor: Ferrer-Montielat, 1998; Tu et al., 2010; Sinai et al., 2010;
Brittain et al., 2011b; Brustovetsky et al., 20¥4&R1: Planells-Cases et al., 2000, CaV2.2: Brittain
et al., 2011ab; Feldman and Khanna, 2013; Brust@yedt al., 2014; sodium calcium exchanger
[NCX], CaV3.3: Garcia-Caballero et al., 2014); ¢éguse internalisation of neuronal ion channels
(Sinai et al., 2010; Brustovetsky et al., 2014)d aii) require endocytosis as a prerequisite for

neuroprotection (Vaslin et al., 2011; Meloni et 2015). Interestingly, other TAT-fused peptides
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have also been shown to interfere with the funcbbmeuronal receptors (D1R-D2R; Pei et al.,
2010; PTH: Lang et al., 2015). In this context, it is imfaort to note that endocytosis is a known
mechanism used by cells to internalise cell surfaceptors (Héller and Dikic, 2004; Maxfield and
McGraw, 2004; Marchese, 2014).

Neuroprotective efficacy, at least for poly-argmipeptides (Meloni et al., 2015), appears to
correlate with peptide transduction efficacy (Mithet al., 2000), a process known to occur by
endocytosis (El-Sayed et al., 2009; Appelbaum.e@ll2; Bechara et al., 2013). Furthermore, it is
important to note that the rapid and transienttifigsup to 4 hours with peptide pre-treatment)
nature of the neuroprotection induced by poly-argirpeptides (Meloni et al., 2015) corresponds
closely to the timeframes of endocytosis and ente$aeceptor re-cycling (Gundelfinger et al.,
2003; Maxfield and McGraw, 2004; Yashunsky et 2009). Importantly, it is known that TAT,
penetratin and R9 can induce the internalisatioR®FR and TNFR in HelLa cells (Fotin-Mleczek
et al.,, 2005). Our hypothesis also links endoagtas a common neuroprotective mechanism of
action for a diverse range of arginine-rich pemiflacluding TAT-fused peptides), all of which are
likely to have endocytic inducing properties.

This neuroprotective mechanism we propose is atssistent with the link between neuronal
cell surface-HSPGs (Litwack et al., 1994) and egtloactivity (Vaslin et al., 2009a), which are
known to promote endosomal uptake of cationic CR&kase et al., 2007; Vaslin et al., 2009a,
2011). It is also possible that other negativaigrged cell surface receptors such as CSPGs and
glycosphingolipids can promote cationic CPP endusigt and neuroprotection. As mentioned
above, positively charged poly-arginine and argrilch peptides are known to bind negatively
charged HSPGs to initiate endocytosis. It is ingoarto note that any neuroprotective peptide
fused to a CPP and internalised by endocytosis mssape the endosome to interact with its
intended cytoplasmic target. However, endosoned@s appears to be a highly inefficient process
(Appelbaum et al., 2012; Qian, et al., 2014) (aackly confirmed) and as a result, due to the
cargo’s inability to engage with its intracellularget it is unlikely to have a significant impact
within the cytoplasm.

In light of our recent findings, the aim of thisview is to critically re-examine studies in the
literature that have used neuroprotective pepfidesd to cationic CPPs (i.e. TAT, R9) and present
evidence supporting our hypothesis that the neoteptive actions of these peptides is primarily, if

not exclusively, due to the endocytic propertiethef peptideer se.

2. Examination of studies using CPP-fused to neuroprotective peptides in neuronal injury
models



To date, over a dozen neuroprotective peptidesifts€PPs have been described (Tables 2 - 4).
Three of the most intensely studied peptides de@esloas potential neuroprotective agents for
stroke/cerebral ischaemia are NR2B9c, JNKI-1 an@®&Brables 2 - 4). This review in particular
critically examines the use of these three peptides neurological setting, and provides evidence
suggesting that the critical neuroprotective amitfional structural elements of these peptides are
arginine and lysine residues in the carrier anda@g@eptides. The remainder of the review focuses
on a range of other peptides to further highlighsgible biological effects mediated by the TAT

carrier peptide.

2.1 NR2B9c and Tat-NR2B9cpeptide (also known as NA-1)

NR2B9cis a 9 amino acid peptide (KLSSIESE¥9.148) derived from the intracellular terminal
carboxyl region of the N-methyl-D-aspartate (NMDueceptor NR2B subunit protein (Aarts et al.,
2002). This region of the NR2B subunit was selééte peptide design because of its high binding
affinity to the cytoplasmic signaling/adaptor piatpostsynaptic density-95 (PSD-95) via one of its
three PDZ domains (PDZ:3P-95, andDrosophila disc large tumor suppressor, anonala
occludens-1 protein: three proteins that sharedigisaling domain). PSD-95 couples the NR2B
subunit to intracellular signaling proteins andyanes, subsequent to NMDA receptor activation.
For example, following receptor activation by theurotransmitter glutamate, PSD-95 binds to the
NR2B subunit and the enzyme neuronal nitric oxiglglgase (nNOS), resulting in the production of
nitric oxide (NO), which under normal conditions\gs as a signaling molecule in neuronal, glia
and vascular cells. As a consequence, the NR2B@tide has the potential to act as a competitive
inhibitor of PSD-95 binding to the NR2B subunit,daim doing so blocks down-stream signaling
associated with the interaction of these two pnstei

In cerebral ischaemia, one neuro-damaing evenedirtb NMDA receptor over-activation and
PSD-95 signalling is nNOS over-stimulation andelxeessive production of NO. In addition to the
direct intracellular toxic effects of NO, a majardet for this free radical is stress-activatedeim
kinase p38, which is known to be involved in isahaebrain injury (Barone et al., 2001). The
inhibition of NO over-production is thought to beetbasis of the neuroprotective action of the TAT
fused NR2B9c peptide (TAT-NR2B9c).

In vitro studies: In initial in vitro neurophysiological (using hippocampal slices ortical
neuronal cultures for measuring synaptic activitgjcium influx and cGMP production) and
NMDA induced injury (using cortical neuronal cuks) studies, TAT-NR2B9c was used at a
concentration of 0.05uM (Aarts et al., 2002). Ancentration of 0.05uM is considerably lower

than the concentration required to achieve neuteption for other TAT-fused peptides and
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arginine-rich peptides (Meloni et al., 2014, 2018)is therefore hardly surprising that when teste
at 0.05uM, TAT-NR2B9c did not affect synaptic respes in brain slices or NMDA induced
calcium influx in cortical neurons. By contradt,s surprising that at 0.05uMTAT-NR2B9c was
effective in reducing cortical neuronal death a®@M® levels (increases after nNOS activation)
following NMDA exposure (20 - 100uM) after eitherlahour pre-exposure or continuous post-
insult exposure. One possible explanation to atcéar the neuroprotective efficacy of TAT-
NR2B9c at 0.05uM following NMDA exposure may reldte the lower level of excitotoxicity
induced by the model. The model incorporates Gwoyanitroquinoxaline-2,3-dione (CNQX) and
nimodipine in the culture medium during NMDA exposuo prevent secondary activation of
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic gcideceptors and voltage-gated
calcium channels, respectively. In a subsequentysising a NMDA model in the presence of the
voltage-gated calcium channel blocker nifedipindTAINR2B9c at 2uM was shown to be
neuroprotective following exposure to 20 - 60uM NRIDbut not 100uM (Soriano et al., 2008).
Interestingly, although individually the TAT-NR2B92uM) nor JNKI-1-TATD (2uM) peptides
were effective following 100uM NMDA exposure, toget they had a synergistic positive effect
(Soriano et al., 2008).

In their initial study of TAT-NR2B9c, Aarts et gR002) used a variety of controls including: i)
a mutated TAT-NR2B9c peptide (KLSSIPA; TAT-NR2B9c-AA) incapable of binding to PSD-
95 (negative control); ii) a TAT-fused truncatedCPS5 protein (pTAT-PDZ1-2) containing PDZ
domains 1 and 2 that is known to competitively BIBSD-95 binding to the NR2B subunit and: iii)
a pTAT-GK protein containing the PSD-95 guanylateake-like domain that does not interfere
with PSD-95 binding to the NR2B subunit. At 0.05uNbne of the controls blocked neuronal
calcium influx following NMDA exposure (in the preisce of CNQX and nimodipine), while only
the pTAT-PDZ1-2 protein (like the TAT-NR2B9c pepjdwas neuroprotective following NMDA
exposure. Unlike the TAT-NR2B9c peptide, the TARAB9c-AA peptide did not inhibit cGMP
formation.

In a recent study (Chen et al., 2015), TAT-NR2BSasvshown to inhibit neuronal NMDA
induced superoxide production by blocking the atton of the membrane-bound NADPH oxidase
(nicotinamide adenine dinucleotide phosphate-oxdpaemplex. It was proposed that the TAT-
NR2B9c peptide by inhibiting the PSD-95/NR2B9c matdion blocked PSD-95 adaptor protein
APPL1 (adaptor protein, phosphotyrosine interagtlid domain and leucine zipper containing 1)
coupling with PI3K (phosphatidylinositol-4,5-bisgphate 3-kinase), thereby inhibiting PKC
(protein kinase C) to phosphorylate the NADPH os&laubunit protein pREOX, which is required

for activation of the complex. Interestingly, thAT-fused arginine-rich NADPH oxidase complex
inhibitor peptide gp91ds-TAT (CSTRIRRQL-TAT-NH2; tneharge with NH2 group +12) inhibited
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neuronal NMDA induced superoxide production to eager extent than TAT-NR2B9c, while the
TAT-fused non arginine-rich scrambled peptide (CSFELGSLCY-TAT) did not. The Chen et
al. (2015) study also showed that TAT-NR2B9c did indibit NMDA induced neuronal calcium
influx.

In our laboratory, we have shown that TAT-NR2B9add neuroprotective in cultured neurons
exposed to glutamic acid induced excitotoxicityemwat high concentrations (20uM), while modest
neuroprotection is evident in a milder NMDA exciwicity model (Meloni et al., 2015). In
addition, we have also shown that at 5uM, TAT-NR@B@&n reduce neuronal calcium influx
following glutamic acid exposure, but not to thensaextent as a poly-arginine peptide (Fig. 3 and
Meloni et al., 2015).

In vivo studies: Studies utilising the TAT-NR2B9c peptide in diffaten vivo injury models are
presented in Table 2. Animal studies have geneyalded positive outcomes with TAT-NR2B9c
being shown to be neuroprotective at doses rarfgamg 30 to 3000nmol/kg. Neuroprotection was
seen in the macaque when TAT-NR2B9c treatment wasrenced 3 hours after stroke onset, in a
3.5 hour transient middle cerebral artery occlugii€AO) model. While some positive results
have been obtained in permanent MCAO models, sewsttalies have reported a lack of
neuroprotection even at a dose of 3000nmol/kgthénfew studies that have investigated the TAT-
NR2B9c-AA negative control, no neuroprotection eaglent (See Table 2).

Of patrticular interest is a study in humans usifgrINR2B9c (renamed NA-1 in the study)
following endovascular treatment to repair ruptusedinruptured intracranial aneurysms (ENACT:
Evaluating Neuroprotection in Aneurysm Coiling Téygy). The ENACT trial confirmed that TAT-
NR2B9c is safe, and showed that while two-thirdsheftrial participants (peptide; n = 92/saline; n
= 93) had small ischaemic stroke lesions detectapléViRI, patients treated with peptide had
significantly fewer brain infarcts.

Is the neuroprotective action of TAT-NR2B9c mediated by TAT or the NR2B9c peptide? Based
on recent observations on the neuroprotective ptiegeof cationic CPPs, we view it as likely that
TAT itself is the active neuroprotective compon@mtTAT-NR2B9c. Like TAT alone, TAT-
NR2B9c has only modest neuroprotective efficaeyitro, which can easily be overcome by
increasing the severity of excitotoxicity (Martet al.,, 2009). The fact that the level of
neuroprotection is only modest for TAT-NR2B9c isrdig surprising as the NR2B9c peptide
contains one positively charged (lysine; K) and tvegatively charged amino acids (glutamic acid;
E and aspartic acid; D), resulting in a peptideahetrge (+7; hereafter net charge is at pH 7) lower
than TAT (+8). Given the importance of peptidergieain peptide neuroprotection (Meloni et al.,
2015), the NR2B9c peptide is unlikely to potentiite neuroprotective properties of TAT by way
of cationic charge. However, the NR2B9c peptidarger in size, which may contribute to peptide
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stability and thereby improve peptide efficacy tenaall degree. We believe that TAT-NR2B9c has
modest neuronal cell endocytic penetrating propeitompared to poly-arginine peptides, (e.g. R12
and R15) and therefore is likely to have a modapgcity to reduce the level of surface receptors
(e.g. NMDA and VGCC). This would explain why TATR2B9c has a lower capacity to inhibit
glutamate induced calcium influx compared to paighaine peptides (Fig. 3 and Meloni et al.,
2015) and why neuroprotection provided by the meptis easily overcome by increasing the
severity of excitotoxicity (Martel et al., 2009; i&mo et al., 2008; Meloni et al., 2015).

Given the above, it appears likely that the modesiroprotective actions of TAT-NR2B9c
simply reflect the modest level of neuroprotectamhievable with TAT. This may also explain
why other NDMA receptor activated pathways not agged with NR2B/PSD-95 signaling, such
as, JNK and CREB are not inhibited by TAT-NR2B9or{&no et al., 2008). Furthermore, the
TAT-fused mutant peptide TAT-NR2B9c-AA is not neprotective bothin vitro andin vivo. The
lack of neuroprotection of TAT-NR2B9c-AA is congst with a study demonstrating that alanine
can significantly impede CPP-HSPG binding, a aitstep in the process of endocytosis (Yang et
al., 2014).

While it cannot be precluded that one element énrtburoprotective actions of TAT-NR2B9c is
mediated by its inhibition of the PSD-95/NR29Bceiratction within the cytoplasm, we view this as
highly unlikely as this would require the intactease of the peptide from endosomes following
cellular uptake. As discussed previously, CPP soh@l escape is known to be a highly inefficient
process, and endosomal fusion to lysosomes leadetalegradation of peptides and proteins
(Maxfield and McGraw, 2004). To this end, no evide for the endosomal release of TAT-
NR2B9c, or other CPP-fused neuroprotective pept{d@s-JNKI-1, TAT-CBD3), has ever been
directly demonstrated as is the case for all ofdhgo peptides fused to CPPs discussed in this
review.

Another issue relevant to this discussion is thaAfT-NR2B9c mainly targets synaptically
located NMDA receptors where there is an abundaai pf PSD-95 protein. It is generally
accepted that extra-synaptic NMDA receptor actoratis cell death promoting, whereas synaptic
NMDA receptor activation is pro-survival (Hardinghand Bading, 2010). There is the possibility
that TAT-NR2B9c may act to some degree by blocksypaptically induced neuronal NO
production, which could in theory have a negatiwgact on neuronal survival, as it could lead to
the inhibition of NO-induced blood vessel vasodiat(Garthwaite, 2008; Lourenco et al., 2014),
thereby potentially exacerbating the reductionloot flow seen in stroke.

It has been demonstrated that a TAT-NR2B9c peptiite a serine (S) to theronine (T)

substitution (KLSSIEDV; TAT-NR2B9crpy) is as effective as TAT-NR2B9c as a neuroprotectiv

agent following permanent MCAO (Sun et al., 2008he proposed mechanism of action of TAT-
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NR2B9c involves its specific binding to a peptidsggence within the PSD-95 protein, thereby
blocking NR2B/PSD-95 engagement (Aartes et al.,2200Given the high specificity of protein-
protein interactions, it is difficult to reconcithis putative mechanism with the fact that the TAT-

NR2B9¢py mutated peptide is capable of inhibiting the NR2BD-95 interaction, at least to the

same level as the TAT-NR2B9c peptide.

Recently, it was reported that TAT-NR2B9c reducgsagtically induced neuronal superoxide
production (Chen et al., 2015) by disrupting a algmg cascade initiated by NR2B/PSD-95
coupling and activation of the NADPH oxidase memiraomplex. However, it is more likely that
the TAT-NR2B9c peptide through its endocytosis-itidg properties acts by reducing the levels of
neuronal NMDA receptors and/or the NADPH oxidaseniane complex, thereby also reducing

superoxide production.

2.2 INKI-1 peptide and INKI-TAT (also known as XG-102)

JNKI-1 is a 20 amino acid peptide (RPKRPTTLNLFPQ\B%DT;57.179 derived from the
signaling adaptor protein c-Jun N-terminal kinasteracting protein-1 (JIP-1) (Borsello et al.,
2003). The region of JIP-1 that provides the b&wisINKI-1 peptide design is the JNK binding
domain. Consequently, the JNKI-1 peptide has Hiktyato competitively inhibit INK interaction
with JIP-1, thereby block JNK activation (phospHatpn) and JNK downstream signaling
(Borsello et al., 2003).

JNK is a protein kinase involved in the final stejisa stress-activated signaling pathway that
leads to cell death. JNK is highly expressed iroes and is activated in the brain in pathological
states associated with excitotoxicity, includinguima, epilepsy and stroke (Borsello and Bonny,
2004). Activated JNK can affect cell death pathsvhy altering protein post-translational structure
or by stimulating the expression of pro-death pnste The inhibition of JNK activation is thought
to be the mechanism by which the TAT-INKI-1 pepederts its neuroprotective effects.

In vitro studies. The firstin vitro study (Borsello et al., 2003) explored the neustgmtive
effects of TAT-JNKI-1 in both the L- and D-isoforn(se. peptide synthesized with protease
resistant D-amino acids, retro-inversely). In @it neuronal cultures exposed to NMDA
excitotoxicity, peptides at a concentration of 2mire highly neuroprotective after 12 hours, but
only the D-isoform protected neurons for an extengleriod (24 - 48h). TAT-JNKI-1 treatment in
the NMDA model also inhibited phosphorylation oétBNK target protein c-Jun. TAT and JNKI-1
as well as a TAT fused mutant JNKI-1 peptide withree alanine substitutions
(RPKRPTAANAFPQVPRSQD-TAT) were not neuroprotective in cellspased to NMDA

excitotoxicity (Borsello et al., 2003).
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A smaller version of JNKI-1 (RPKRPTTLNLE7.167 fused to TAT (TAT-TIJIP) has also been
assessed for neuroprotection in cultured neuropssed to glutamic acid excitotoxicity (Arthur et
al.,, 2007). At 2uM TAT-TIJIP was highly neuroprotiee at 24 hours post-insult, even in the
presence of the mRNA transcription inhibitor actimy@in D. This latter observation suggests that
TAT-TIJIP neuroprotection does not involve the bition of expression of pro-death proteins. In
addition, TAT-TIJIP reduced neuronal cytosolic aafe levels following glutamic acid exposure,
suggesting that the mechanism of neuroprotection imeéolve improved mitochondrial function
and calcium storage capacity, rather than the diecking of intracellular influx.

The in vitro neuroprotective findings reported for JNKI-1-TATRre consistent with findings
from our laboratory using this peptide in neurosatitotoxicity models (Meade et al., 2010ab;
Craig et al., 2011).

In vivo studies: Studies using the JNKI-1-TATD peptide in differantvivo animal ischaemic
injury models are presented in Table 3. As with MR2B9c peptide, most animal studies using
JNKI-1-TATD have yielded positive results. Studies/ounger rats (P7 - P12) have produced the
best results in terms of neuroprotective efficacy therapeutic time windows. The effective dose
ranges appears to be between 0.076 to 760nmol&iheilV route and 7.6 to 2800nmol/kg when
administered via the IP route. Studies yieldingai®e results have usually been ones that have
used more severe models of ischaemic injury (peemiall CAO) or pre- or late-treatment peptide
administration time-points.

Is the neuropr otective action of TAT-JNKI-1 mediated by TAT or the JINKI-L/TIJIP peptides? We
view it as most likely that the arginine and lysiresidues in the JNKI-1 and TIJIP peptides
potentiate the neuroprotective actions of TAT. TH&T-JNKI-1 and TAT-TIJIP peptides are
highly cationic with a net charge of +11. In addit while it has been shown that the TAT-JNKI-1
peptide does not block NMDA induced calcium infl(@enteno et al., 2007), our laboratory has
shown that this peptide is capable of reducing owalr calcium influx following glutamic acid
exposure (Meloni et al., 2015). Other studies hslvewn that the TAT-TIJIP peptide reduces
neuronal intracellular calcium influx following ghmic acid exposure via a mechanism that is
proposed to be associated with an increased cgpafcinitochondria to store incoming calcium
(Arthur et al., 2007). Given that the TAT fusedKINL/TIJIP peptides have the ability to reduce
neuronal excitotoxic intracellular calcium levetsis hardly surprising that associated down-stream
pathological processes, such as activation of oglg&lK and c-Jun have consistently been shown
to be blocked by this peptide (Borsello et al., 20Bessero et al., 2010; Meade et al., 2010a). It
has never been explained, however, how the TAT-JNikeptide has the capacity to block the
activation of the calcium-sensitive protease, dalfpallowing an excitotoxic insult (Meade et al.,

2010a) if the peptide has no effect on neuronaliwal influx (Centeno et al., 2007).
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As discussed above, the presence alanine residuésown to impede CPP endocytosis.
Consequently, the lack of neuroprotection seen avittAT fused mutant JNKI-1 peptide containing
three alanine substitutions (RPKRPTNAFPQVPRSQD-TAT) in cultured neurons exposed to
NMDA excitotoxicity may well be due to the reduceddocytic traits of this peptide. In this
context, the studies by Vaslin et al. (2009a, 2(diggest that neuronal endocytic uptake of the
TAT-INKI-1 peptide is an essential prerequisiterfeuroprotection, a view reinforced by studies in
our laboratory (Meloni et al.,, 2015). However, discussed elsewhere, our view is that the
endocytic process is the key to the neuroprotectieehanism and that the interaction of the TAT-
JNKI-1 peptide with its cytoplasmic target (JIP féola protein) is unlikely to play a major role due

to poor endosomal peptide escape and/or endosgswadmal peptide degradation.

2.3 CBD3 and TAT-CBD3 peptides

CBD3 is a 15 amino acid peptide (ARSRLAELRGVPRfg499 derived from the calcium
channel-binding domain (CBD) of collapsing responsediator protein 2 (CRMP2). The direct
binding interaction of CRMP2’s CBD with the firsitracellular loop (L1) and the distal carboxyl
terminus (Ct-dis) of the alpha-1 subunit proteinvV2, of the N-type voltage-gated calcium
channel was the factor that led to the identifaratand isolation of the CBD3 peptide (Brittain et
al., 2011b). The peptide was originally develogedsuppress inflammatory and behavioral
hypersensitivity associated with CaV2.2 activity.

Along with CRMP2’s other four family members (VIERMP1 and CRMP3-5), CRMP2 is
predominantly expressed in the nervous system gudavelopment where its microtubule
interacting functions play important roles in axbf@mation and nerve terminal growth cone
collapse (Charrier et al., 2003). CRMPs are aisolved in regulating the function of ion channels
and following brain trauma their degradation cdnites to the neurodegenerative process (Zhang et
al., 2007). There is also evidence that CRMPXwlved in endocytosis, as siRNA mediated
knockdown in neurons has been shown to inhibit eyidsis of the trans-membrane cell adhesion
protein L1 (Nishimura et al., 2003).

It is thought that the CBD3 peptide competitivetyibits the interaction of CRMP2 with the
intracellular domains of CaV2.2 and other ion cl@sn(e.g. CaVv2.3), as well as glutamate
receptors (e.g. NMDA receptor), and calcium tramsge (e.g. NCX3), in doing so altering their
plasma membrane location and/or function and thyeréieir calcium influx properties.
Consequently, the TAT-CBD3 peptide’s neuroprotextivechanism of action is commonly thought

to be related to its ability to suppress the exokw influx of calcium.
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In vitro studies: TAT-CBD3 was first shown to reduce calcium cutseby around 60% in cultured
dorsal root ganglion (DRG) neurons via a procesg thas not blocked further by a CaVv2.2
inhibitor (Brittain et al., 2011b). Othén vitro studies using DRG and cortical neurons, spinal cord
slices and cortical slices showed that TAT-CBD3oaleduced several electrophysiological
processes (e.g. SEPSC; spontaneous excitatorysyasptic currents and CGRP release; calcitonin
gene-related peptide) associated with CaV2.2 aativgBrittain et al., 2011ab). Interestingly, in
rat spinal cord slices following stimulation of thanilloid receptor subtype 1 (VR1; also known as
TRPV1) with capsaicin, TAT-CBD3 reduced CGRP redead his was not considered to be the
result of direct inhibition of VR1 because of euide that TAT-CBD3 has no effect on VR1
recordings in DRG neurons.

In a subsequent study, a modified TAT-CBD3 peptdth an alanine to lysine amino acid
substitution (TAT-CBD3A6K) reduced T- and R-typetage-dependent calcium currents in DRG
neurons (Piekarax et al., 2013). Replacing the PpAaptide with poly-arginine-9 (R9) produced an
even greater effect than for TAT-CBD and TAT-CBD3A&n terms of inhibition of neuronal
calcium influx and neuropathic pain (Feldman andukdn 2013; Ju et al., 2013).

In terms of neuroprotection, TAT-CBD3 has been destrated to reduce glutamate- and
NMDA-induced calcium influx in cortical neurons agll as reducing cortical neuronal death
following glutamate exposure (Brittain et al., 2@)1 The peptide also induced the internalisation
of the NMDA subunit protein NR2B in the dendritjgiises (but not cell somas) of cortical neurons,
and inhibited NMDA receptor currents in hippocampalrons (Brittain et al., 2011a). siRNA
down-regulation of CRMP2 in cortical neurons redlt®e ability of TAT-CBD3 to inhibit NMDA
induced calcium influx in cortical neurons, whidietauthors concluded supported the idea that
TAT-CBD3 antagonises a function of CRMP2 (Brittainal., 2011a). It is of interest therefore that
in a latter study by this group (Brittain et alg12), it was shown that when the TAT-CBD3 peptide
was applied intracellularly, it failed to block Ippcampal neuronal NMDA receptor calcium
currents.

A further study has also shown that TAT-CBD3 intslglutamate- and NMDA-induced calcium
influx in cultured hippocampal neurons (Brustovgtsk al., 2014), as well as disrupting a CRMP2-
NMDA receptor complex interaction, however it didtrappear to induce internalisation of the
NR2B protein. The same study demonstrated that-TBD3 also inhibits NCX-mediated calcium
influx, and that CRMP2 can interact with NCX3 budt with NCX1. Surprisingly, TAT-CBD3
strengthened the CRMP2-NCX3 interaction rather thanbiting it and also induced NCX3
internalisation in hippocampal neurons. siRNA dewgulation of CRMP2 in hippocampal

neurons blocked the ability of TAT-CBD3 to cause MCX protein to be internalised.
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In many experiments a TAT fused non-arginine comta scrambled peptide (TAT-scramble;
TAT-WEAKEMLYFEALVIE; net charge +5) with no aminocad content relationship to the CBD3
peptide was used as a negative control (Brittaimlet2011ab; Brustovetsky et al., 2014). In
experiments using the TAT-scrambled peptide, negatsults similar to the vehicle control were
obtained.

In vivo studies: Sudies utilising the TAT-CBD3 peptide in differergnimal models of
injury/disease are presented in Table 4. The CB&A&ide was identified as a potential therapeutic
for suppressing inflammatory and neuropathic hyges#ivity associated with activation of the
calcium channel CaV2.2 (Brittain et al., 2011bijitial in vivo studies established that TAT-CBD3
reduces: i) capsaicin induced CGRP vasodilatiomirdura; ii) pain responses in rat hind-paw and
eye following formalin and capsaicin exposure reggely; and iii) neuropathic pain associated
with HIV reverse transcriptase therapy. As merdtrpreviously, the two variants (TAT-
CDB3:A6K and R9-CDB3) of TAT-CBD3 displayed an irased ability to reduce neuropathic
pain (Ju et al., 2013).

Following the initialin vivo studies, the neuroprotective properties of TAT TBBD3 peptide
were assessed in traumatic brain injury and anmdels of stroke. In a cortical impact mouse
injury model, IP administration of TAT-CBD3 5-mirag after injury was shown to reduce
hippocampal granular neuronal death (Brittain et2011a). Similarly, in transient MCAO in the
P10 rat, IP administration of TAT-CBD3 1-hour pritar occlusion significantly reduced infarct
volume (Brittain et al., 2013). In a similar fashj a 14 amino acid peptide derived from CRMP-2
(GVPRGLYDGPVCEV493.506 underlined sequence overlaps with CDB3 peptide) fused to
TAT (TAT-CRMP-2) when administered intra-cerebrotreaularly 6-hours prior to MCAO also
reduced infarct volume (Bu et al., 2011).

Is the neuroprotective action of TAT-CBD3 mediated by TAT or the CBD3? It is highly likely
that the CBD3 peptide acts to potentiate the neateptive action of TAT. The CBD3 contains
four arginine residues, resulting in a net chaayetie TAT-CBD3 peptide of +11, as compared to
+8 for TAT. In our opinion, difference in net clyar should have the effect of increasing
neuroprotective potency (Meloni et al., 2015). Tin@ortance of cationic charge and the presence
of arginine residues in TAT-CDB3 peptide is furttmghlighted by evidence of increased efficacy
with respect to inhibition of evoked calcium infland pain suppression following substitution of
an alanine by a lysine residue (TAT-CBD3-A6K: +1&)d replacement of TAT with R9 (R9-
CDB3: +12) (Felfmam and Khana, 2013). The A6K nficdiion results in increased binding
affinity of CDB3:A6K Cav2.2, while replacement of AT with R9 improves peptide cell
transduction. Based on our findings for poly-amgenand arginine-rich peptide, both these

modifications, especially the R9 substitution, wblle expected to increase neuroprotective
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potency, most likely by enhancing the peptides’cenytic properties. In this context, R9-CDB3 has
been shown to be more potent than TAT-CBD3-A6K.

The control peptide used in most CBD3 studies hesnba TAT-scrambled peptide (TAT-
WEAKEMLYFEALVIE) that possesses no arginine resisiamd has a peptide charge of +5 due to
the presence of several negatively charged glutacictresidues. Due to its lower cationic charge
and fewer number of arginine residues comparedA®-TBD3, it is hardly surprising that this
peptide was shown not to be neuroprotective oritdry to neuronal calcium influx. A more
appropriate control would have been a scrambled EBéptide fused to TAT, which we predict
would possess neuroprotective properties due tagtser arginine content. However, in one study,
a CDB3 peptide in reverse amino acid sequence fused TAT peptide (TAT-
LGRPVGRLEALRSRA) (which would alter CRMP2 peptidéndting affinity) was used as a
control in a DRG neuron depolarization-evoked caitinflux studies. While the more potent R9-
CDB3 peptide at 10uM reduced peak calcium influx30¢6, the reverse control peptide at the
same concentration had no inhibitory effect. Basedhe chemistry of the CBD3 reverse peptide,
it is possible that higher concentrations may Heae an inhibitory effect.

More remarkably, and in line with a non-specifiadeaytic-mediated down-regulation of cell
surface structures, was the demonstration that TBD3 and TAT-CBD3:A6K peptides interfere
with the function of N- (Cav2.2), T- (Cav3.1-3.3)hR-type (Cav2.3) calcium ion channels, the
NMDA receptor and the NCX transporter. Moreovérere is evidence of TAT-CBD3 induced
internalisation of the NMDA receptor subunit NR2BdaNCX proteins (Brittain et al., 2011a;
Brustovetsky et al., 2014). The finding of intdrsation of NR2B by TAT-CBD3 was not
confirmed in another study (Brustovetsky et al.18)0 possibly due to the fixation of cells (the
initial study used live cells), a process whiclikely to have altered the distribution of endosbma
contents (Lundberg et al., 2003), including NR2Btemn within the cell.

It should also be noted that siRNA down-regulatdrfCRMP2, which was used to confirm the
specific action of the TAT-CBD3 peptide would bgegted to suppress endocytosis (Nishimura et
al.,, 2003). Consequently, in studies on CRMP2 dozgulation, the inability of TAT-CBD3 to
induce NCX neuronal internalisation and attenua@XMactivity may well have been due to the
suppression of CRMP2-associated endocytosis gi¢pé&de rather than TAT-CBD3 not being able
to interact with its intracellular target, CRMP2nother anomalous finding was that TAT-CBD3
appeared to strengthen the CRMP2-NCX interactidherathan inhibit it (Brustovetsky et al.,
2014), which is the opposite to what would be elgebdf the peptide was interfering with this

protein-protein interaction.

2.4 mGluR1 and TAT-mGIuR1 peptides
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The 14 amino acid mGIuR1l peptide (VIKPLTKSYQGS§Kq4) is derived from the
metabotropic glutamate receptor mGluR1. The pepsidquence is located at the intracellular
carboxyl region of the mGIuR1 protein and was atli selected based on its calpain cleavsige
(Xu et al., 2007). Following glutamate-induced ietoxicity, calpain cleavage of mGIluR1 results
in truncation of the protein at serine residue 986 et al., 2007). While truncation of mGIuR1
does not inhibit the receptor’s ability to increage&solic calcium, it does inhibit receptor-medut
PI3K-Akt signaling, a process known to be assodiatéh neuroprotection. In theory, blockage of
calpain-mediated mGIuR1 cleavage following excixatity should enable neurons to better
withstand excitotoxic insults due to neuroprotestsignalling. Consequently, the TAT fused
peptide TAT-mGIuR1 was developed as a cell penketrpbptide to competitively inhibit calpain
cleavage of the mGIuR1 receptor.

In vitro and in vivo studies: In cultured cortical neurons exposed to NMDA exikicity the
TAT-mGIuR1 peptide reduced cell death in a doseeddpnt manner (Xu et al.,, 2007). The
peptide was also neuroprotective in a hippocamjzsd sxposed to OGD. In other models (mouse
kainic acid excitotoxicity and rat perinatal hypasschaemia; Table 5) pre-treatment with TAT-
MGIuR1 reduced mGIuR1 truncation and neuronal degeion.

Interesting, the developers of TAT-mGIuR1 were afethe first groups to recognise the
intrinsic properties of the TAT peptide itself aoohcluded that TAT and mGIuR1 are likely to act
synergistically via independent mechanisms (Xulgt2®08). These authors postulated that the
TAT peptide exerted its neuroprotective effectsaligring membrane proteins such as the NMDA
receptor and affecting their function and/or stioet

Is the neuroprotective action of TAT-mGIuR1 mediated by TAT or the mGIuR1? Xu et al. (2008),
who first developed the TAT-mGIuR1 peptide havegasged that the TAT and mGIuR1 peptides
are likely to act synergistically to produce a rguiotective effect. We believe this view is partly
correct in that the mGIuR1 peptide acts to potémtiae neuroprotective action of TAT, and that it
is less likely the mGIuR1 peptide is interactindhwits cytoplasmic target. The two lysine residues
in the mGIuR1 peptide increase TAT/TAT-mGIuR1 péetnet charge from +8 to +11, thereby
increasing the peptide’s endocytic properties. Toeease in peptide charge and the potentially
increased stability due to increased length woutdenthan likely result in greater neuroprotective

potency, independently of any intracellular actidnthe mGIluR1 peptide.

2.5 NR2Bct and TAT-NR2Bct peptides
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NR2Bct is a 14 amino acid peptide (KKNRNKLRRQH®SY>.130) derived from the NMDA
receptor NR2B subunit. The peptide sequence iatéocat the intracellular carboxyl region of
NR2B protein and was initially selected based @enhinding affinity for the death-associated
protein kinase 1 protein (DAPK1) (Tu et al., 2010pAPK1 is a calcium-calmodulin regulated
protein activated in neurons following NMDA receptover-stimulation as occurs in ischaemia
mediated excitotoxicity. The DAPK1 protein has meshown to interact with extra-synaptic
NMDA receptors containing the NR2B subunit, a psscdhat is thought to induce and/or
exacerbate injurious calcium influx (Tu et al., 2@D1 In addition, activated DAPK1 is associated
with other signaling pathways linked to ischaernedl death (Pei et al., 2014; Wang et al., 2014).
TAT-NR2Bct competitively inhibits activated DAPKlinaling to the NR2B subunit protein and
thereby blocks subsequent downstream damagingareuents caused by NMDA receptor over-
activation.

In vitro and in vivo studies: In vitro TAT-NR2Bct is reported to block cortical neuroriotam
influx following NMDA stimulation and following OGDexposure, whereais vivo it reduces
infarct volume following transient MCAO in the maugTu et al., 2010; Table 5). By contrast, a
TAT scrambled control peptide (TAT-NR2Bcts: TAT-NRRSLKLQHKKY) does block NMDA
or OGD induced calcium influx and is equally inetige when administered before MCAO.

The TAT-NR2Bct peptide as well as a modified vemsgmntaining an additional peptide motif
(CTK: KFERQKILDQRFFE NR2Bct-CTM) that directs the peptide for lysosdndagradation
were also shown to reduce neuronal injury followiramsient MCAO in the rat with TAT-NR2Bct-
CTM being more effective than TAT-NR2Bct (Fan et, &014; Table 5). The rationale for
incorporating the CTK motif was to promote degramtabf NR2Bct-CTM:DAPK1 complexes and
thereby improve the peptide’s ability to block Hation of DAPK1.

Is the neuroprotective action of TAT-NR2Bct and TAT-NR2Bct-CTM mediated by TAT or
NR2Bct and NR2Bct-CTM? TAT-NR2Bct has been shown to reduce neuronal calcioflux
following excitotoxic insults (NMDA and OGD) sugde®) that it is via this mechanism that it
exerts its neuroprotective action. This raiseggiiestion of whether the reduction of calcium irflu
is due to the interaction of TAT-NR2Bct with thetracellular domain of the NMDA receptor
subunit NR2B or is mediated via internalisationcafcium channels. In this context, OGD is
known to activate neuronal calcium influx pathwayker than via NMDA receptors (e.g. VGCC
and reverse NCX activity) and it is difficult toc@ncile this with the fact that TAT-NR2Bct is so
effective at blocking net calcium influx in neuroggposed to OGD. Alternatively, if TAT-NR2Bct
only acts by blocking the secondary injurious aaiciinflux following the interaction of activated
DAPK1with the NMDA receptor, the kinase should freory still be available to stimulate other

non-NMDA receptor associated cell death pathwagsltiag in neuronal degeneration.
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Based on our hypothesis, the high arginine coraalt positive charge (+14.1) of the TAT-
NR2Bct would predict that the peptide is neuroptite and has neuronal calcium influx inhibiting
properties. Consequently, it is surprising thasiteported (Tu et al., 2010) that the TAT fused
scrambled NR2Bct peptide control (TAT-NR2Bcts) dasst display any neuroprotective or
calcium influx inhibitory properties despite havimagsimilar arginine content and charge to the
TAT-NR2Bct peptide. This anomaly led us to re-assihe effectiveness of the scrambled TAT-
NR2Bcts peptide in cultured cortical neurons exgaseglutamate excitotoxicity, and as predicted

our data showed that in our hands the peptideusopeotective (Fig. 4).

2.6 GIuR6 and TAT-GIuRG6 peptides

The 12 amino acid GluRgeptide (RLPGKETMAgo-909 is derived from the carboxyl terminal
of kainic acid receptor GIuR6 subunit, which bindghe PDZ1 domain of the PSD-95 protein (Pei
et al., 2006; Table 5). As a result, the peptide the capacity to inhibit GIuR6 receptor-PSD-95
signaling, which following over-receptor stimulatican result in activation of JINK and other cell
death associated pathways.

In vitro studies. Electrophysiological studies have shown that TATH® (0.05uM) has no
inhibitory effects on kainic acid receptor functiamd is neuroprotectiven vitro, significantly
reducing hippocampal neuronal death following kaagid exposure (Pei et al., 2006). By contrast,
a control peptide in which the carboxyl ETMA peptichotif is replaced by the amino acids AADD
(RLPGKAADD; TAT-GIURGAA) is not neuroprotective.

In vivo studies. Treatment with TAT-GIuR6 but not the control TATHR6AA peptide reduced
MLK3/PSD-95 assembly, signaling events associateth WNK activation (JNK and c-jun
phosphorylation, Fas ligand expression) and CAlpddampal injury in rats in rats following
intracerebroventricular administration of the pdes 40 minutes before the onset of global cerebral
ischaemia (Pei et al., 2006; Table 5).

Is the neuroprotective action of TAT-GIuUR6 mediated by TAT or GIuR6? The TAT-GIuR6
peptide has a charge of +9, while the TAT-GluR6A&ptdes has a charge of +8, which is the
same as the TAT peptide. Consequently, it is ptedithat an additional charge should increase
the neuroprotective potency of TAT-GIUR6 peptiddowever, the fact that the TAT-GIURGAA
control peptide is not neuroprotective despite guthe same charge as TAT is problematic, but
may be explained by the presence of two introdusledine residues, which may well have a
negative impact on the peptide’s neuroprotectiwperties by impeding peptide endocytosis (Yang
et al., 2014).
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2.7 p53DM and TAT-p53DM peptides

p53DM is a 12 amino acid peptide (RVCACPGRDRRT>g) derived from the p53 tumour
suppressor protein (Wang et al., 2014). The pepge&tuence is located within a p53 DNA-binding
motif (DM) that also binds activated DAPK1, whicarcsubsequently phosphorylate p53 at serine-
23. Thus, the p53DM peptide acts to inhibit the AKA-p53 binding interaction and p53
phosphorylation, with phosphorylated p53 being kndw induce the expression of pro-apoptotic
proteins (e.g. Bax) and cell death.

In vitro and in vivo studies. Treatment of cortical neurons with a TAT-fused3p® peptide
(TAT-p53DM) has been shown to reduce the numbeteohinal deoxynucleotidyl transferase
dUTP nick end labelled and propidium iodide positiveurons following OGD compared to a
scrambled control peptide (TAT-s-p53DM; TAT-CCPGERWRRR) (Pei et al., 2014). However,
in experiments involving OGD exposure, a vehiclatom was not used. Treatment of mice with
TAT-p53DM (but not the TAT-fused scrambled contpelptide, TAT-s-p53DM) 3 or 6 hours after
the commencement of transient MCAO (60min) simylaréduces brain injury and improves
functional outcomes (Wang et al., 2014; Table 5).

Is the neuroprotective action of TAT-p53DM mediated by TAT or p53DM? Both TAT-p53DM
and TAT-s-p53DM are arginine-rich and have a nedrgé of +10.9 and therefore would be
predicted to both have neuroprotective properti8sudies in our laboratory have confirmed that
TAT-s-p53DM is neuroprotectivein vitro in cortical neurons exposed to glutamic acid
excitotoxicity (Fig. 4). TAT-s-p53DM peptide waswever, slightly less effective than the TAT-
p53DM peptide. One possible reason for the difféa¢ neuroprotective effects of the two peptides
is that in s-p53DM, all arginine residues are ledaat the C-terminus of the peptide away from the
TAT arginine (and lysine) residues. In contra&3[PM has one of its arginine residues at the N-
terminus adjacent to the TAT peptide and therefoey have a greater capacity to enhance the
neuroprotective efficacy of TAT.

2.8 CN21, AIP, TAT-CN21 and TAT-AIP peptides

CN21 is a 21 amino acid peptide (KRPPKLGQIGRSKRVMIER,349 derived from the
calcium/calmodulin-dependent protein kinase |l Iitor (CaM-KIIN) protein. As its name
suggests, CaM-KIIN is an inhibitor of kinase catnigalmodulin-dependent protein kinase Il
(CaMKIl). The CN21 is also a specific inhibitor GaMKII (Vest et al., 2007). AIP (autocamtide-
2-related inhibitory peptide) is a 13 amino acigtme (RKKLRRQEADAL) derived from but not
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homologous to the auto-regulatory domain of CaMHKhit can inhibit multiple members of the
CaMKIll-kinase family (Smith et al., 1990; Ishidaadt, 1995).

The CaMKII protein is a mediator of many calciuns@sated signaling pathways. In the brain,
CaMKIll is involved in physiological glutamate red¢ep signaling but following receptor over-
stimulation, the kinase is activated and autophyspéd, processes believed to be involved in cell
death pathways (Liu et al., 2012).

In vitro and in vivo studies: The TAT fused CN21 peptide (TAT-CN21) was shownbt®
neuroprotective inn vitro following both glutamic acid and NMDA excitotoxigiin hippocampal
and cortical neuronal cultures (Vest et al., 201BYy.contrast, a TAT-fused CN21 reverse sequence
(RDDEIVVRKSRGIQGLKPPRK) and a scrambled CN21 peptid
(VKEPRIDGKPVRLRGQKSDRI) at 5uM were shown to beually ineffective as neuroprotective
agents following glutamate excitotoxicity. In anet study, both TAT-CN21 and TAT-AIP were
established to be neuroprotective in cultured calktieurons following glutamic acid excitotoxicity
(Ashpole and Hudmon, 2011), with the TAT-AIP peptilaving slightly greater potency than
TATCN21. In the same study, TAT peptide (10uM) vam®wn to be neuroprotective, while a
control mutated TAT-CN21 peptide (TAT-CN21Ala; witeven alanine amino acid and one
tryptophan  substitutions: KPAKAAWAAA SKRVVIEDDR) had significantly lower
neuroprotective properties. TAT-CN21 has also k&kwn to reduce infarct volume in a transient
MCAO (60min) mouse stroke model when administereéer aeperfusion (Vest et al., 2010; Table
5).

Is the neuroprotective action of TAT-CN21 and TAT-AIP mediated by TAT or CN21/AIP? TAT-
CN21 and TAT-AIP have net peptide charges of +1@ &hl, respectively compared to +8 for the
TAT peptide. Consequently, based on our hypothésisould be predicted that when fused to
TAT, the additional cationic charge provided by ANshd AIP should increase the neuroprotective
potency of TAT. As discussed, it appears that TXP-is slightly more neuroprotective than TAT-
CN21. This may be due to the fact that all theitpedy charged arginine and lysine residues in
AIP are located at its N-terminal region adjacenthie TAT peptide, whereas CN21 has a more
even distribution of these residues across it<ttra. It is also hardly surprising that the TAT-
CN21Ala control peptide displayed significantly lemwneuroprotective properties compared to
TAT-CN21 given its high alanine content and reducbkdrge (+9), factors of which we would be

expected to lead to reduce peptided endocyticieffay (Yang et al., 2014).

2.9 Indip and TAT-Indip peptides
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Indip is a 10 amino acid peptide (GEPHKFKREA/169) derived from insulin-induced gene 1
(Insig-1) protein (Taghibiglou et al., 2009). Owoé the roles of Insig-1 is to regulate the
intracellular trafficking of sterol regulatory elemt binding protein-1 (SERBP-1). In non-
stimulated neurons, SERBP-1 forms a complex witlRRBE cleavage-activating protein (SCAP),
which is retained in the endoplasmic reticulum (ERg to the interaction of SCAP with the ER
membrane protein Insig-1. Following NMDA recepéativation, Insig-1 lysine residues 156 and
158 are ubiquitinated and the protein degradedhbéytoteosome, thereby releasing SCAP from the
ER membrane and allowing the protein to chaperdfiREF-1 to the Golgi apparatus. Within the
Golgi apparatus, SERBP-1 is proteolytically cleatedts transcriptional active N-terminal form
(nt-SERBP-1), after which it translocates to theclaus to stimulate the expression of genes
containing sterol regulatory elements. The exaethmnisms associated with activated SERBP-1
and its role in neuronal injury are not known, hoemeblocking Insig-1 degradation with the TAT-
Indip peptide has been shown to be neuroproteatiWMDA induced excitotoxicity and OGD in
cortical cultures (Taghibiglou et al., 2009). Thedip peptide was initially designed to
competitively block ubiquitination of Insig-1 lyses residues 156 and 158, and thereby inhibit its
degradation allowing maintenance of SERBP-1's araj®to the ER membrane.

In vitro studies: The TAT fused Indip peptide (TAT-Indip) is reportéal be neuroprotective
(2uM) in vitro in cultured neurons in both NMDA excitotoxicity @©OGD (Taghibiglou et al.,

2009). By contrast, a TAT fused mutated Indip pep{2uM: TAT-GEPHREREW; TAT-Indip«-

r), in which lysine residues 156 and 158 are replagéh arginine residues, was shown to be

ineffective.
In vivo studies: Treatment of rats with the TAT-Indip peptide 45 otes before MCAO (90min)
or 30 minutes after reperfusion significantly regsiinfarct volume (Taghibiglou et al., 2009; Table

5). The control peptide TAT-Indipr administered 30 minutes after reperfusion was shtmabe
ineffective resulting in infarct volumes equivaleéatthose in vehicle treated rats.

Is the neuroprotective action of TAT-Indip mediated by TAT or Indip? Both the TAT-Indip and
TAT-Indipk-r peptides have a net peptide charge +9.1 compare8 for the TAT peptide, which
based on our hypothesis, leads us to predict leaT AT-Indipc.r due to its higher arginine content

should be more neuroprotective than TAT-Indip. Thet that the opposite was observed is

surprising. This led us to re-examine the potesfape two peptides in cortical neurons exposed to
glutamate excitotoxicity. In our hands, both peesi are neuroprotective with the TAT-Ingdip

peptide appearing to be more potent than the TAllplpeptide as we predicted (Fig. 4).

2.10 Sc, S'c40-49-TAT and TAT-S¢c40-58 peptides
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Src40-49 is a 10 amino acid peptide (KPASADGHRGg equivalent to the mouse sequence
peptide region 39-48) and Scr40-58, a 19 amino peptide (PASADGHRGPSAAFVPPARA 59,
derived from the protein kinase Src protein. I$ bh&en reported that the Src peptides can bind to
the NADH dehydrogenase subunit 2 (ND2.1) proteiiu (&t al., 2008). The Src protein can use
ND2.1 as well as PSD-95 as adaptor proteins taréntly bind to the NR2B NMDA receptor
subunit. Intracellular signaling events followitigsue injury and inflammation can trigger the Src
protein to bind to and phosphorylate the NR2B sitha tyrosine residue 1472). This process can
inhibit NMDA receptor endocytosis, and thus promiokereased surface expression of the NMDA
receptor (Zhang et al., 2008). Increased NMDA pémeexpression/activity can be associated with
chronic pain, pain hypersensitivity and emotion@&nnory. The rationale for designing the Src40-
49 peptide was to block the Src-ND2 protein inteasc and thereby inhibit NMDA receptor
phosphorylation and hyperactivity without disrugtinormal receptor function (Liu et al., 2008).
The TAT-Src40-58TAT peptide was designed to blobk interaction of Src with the PSD-
95/NR2B protein complex and thereby reduce NMDZAegor surface expression.

In vitro studies: Studies using the longer TAT-Src40-58 peptide (TAT
PASADGHRGPSAAFVPPAA) were performed in mouse amyadeseuronal cultures and brain
slices (Sinai et al., 2010).  Since it had beenvipwsly demonstrated that inhibiting
phosphorylation of tyrosine (Y1472) on the NMDA eptor subunit NR2B causes receptor
endocytosis (Zhang et al., 2008), it was predithed adding TAT-Src40-58TAT to the neuronal
cultures would decrease NR2B surface expressianprédicted, treatment of the neuronal cultures
with peptide (20uM) resulted in NR2B internalisatiogesulting in a >50% reduction in receptor
protein surface expression in dendritic processasipared to controls (Sinai et al., 2010).
Similarly, treating brain slices with the peptideduced amygdalar long-term potentiation in the
lateral nuclei of the basolateral complex. Comstrobnsisting of TAT only or scrambled TAT-
Srr40-58 peptides were not used in the experiments.

In vivo studies: 1V administration of Src40-49-TAT (KPASADGHRG-TA®5 minutes before
hind paw formalin injection, or intrathecal adminadion at the lumbar level 30 minutes before
hindpaw injection reduced phase 2 NMDA receptoretelent flinching (Liu et al., 2008; Table 5).
By contrast, a scrambled sSrc40-49 peptide (GAAKP&B-TAT; sSrc40-49-TAT) and the TAT
peptide alone did not have any effect. Moreoveérahd/or intrathecally administered Scr40-49-
TAT, but not vehicle or sScr40-49-TAT, also redudeffammatory pain and pain behaviour in a
model of peripherial nerve injury (Liu et al., 2Q08Coincidentally, Src40-49-TAT has also been
shown to reduce Src binding to ND2.1 and NR2B phosgation in rat brain and spinal cord
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lysates, following IV or intrathecal peptide tream in normal rats or rats subjected to
inflammatory and neuropathic pain (Liu et al., 2008

In another study, intravenous injection of the lenNgTAT-Scr40-58 peptide (TAT-
PASADGHRGPSAAFVPPAA) (but not vehicle control orrambled TAT-Scr40-58) reduced
NR2B tyrosine phosphorylation in the mouse amygdalapared to vehicle control and scrambled
TAT-Scr40-58 treated rats (Sinai et al.,, 2010; €ab). IV administered TAT-Scr40-58 also
impaired amygdala-dependent cued fear conditioaimdj non-associative social recognition tasks
in mice. It was concluded that both responses weked to TAT-Scr40-58 mediated reduced
NMDA receptor surface expression.

Are the neurological effects induced by S c40-49TAT and TAT-S¢c40-58 mediated by TAT? The
Src40-49TAT and TAT-Src40-58 peptides are intriguas their active components (Src40-49 and
Src40-59 peptides) are predicted to cause NR2B/NM&aeptor endocytosis and reduced surface
expression. Similarly, we have proposed that TAddiated peptide cellular uptake may result in
NMDA receptor internalisation and reduced surfagpression. There are several pieces of
evidence suggesting that the latter mechanismasrdog. In both studies described above, the
authors were unable to adequately reconcile whiy fleptides were so effective at reducing Src
kinase NMDA receptor mediated responses when thgelyl related Src family member Fyn is
another kinase capable of phosphorylating the NR@Bunit at tyrosine 1472, including when
associated with neuropathic pain (Abe et al., 200&8kazawa et al., 2001). That is, Fyn kinase
activity, which is not blocked by the Src40-49TAmdaTAT-Src40-58 peptides, would be capable
of phosphorylating NR2B and inhibit endocytosistod NMDA receptor, and allow pain to occur.
However, this was not the case and thus it is rkedy that a TAT-mediated peptide mechanism
was responsible for NMDA receptor endocytosis a&uliced pain.

Moreover, it has been shown that Src, in additibinding the ND2 protein can bind the PSD-
95 protein to facilitate phosphorylation of tyrosiNR2B, a process that would not be blocked by
the Src40-49TAT and TAT-Src40-58 peptides. Givbis,twe argue that the reduced NMDA
receptor activated processes reported above areshi of the TAT peptide’s endocytic properties.
These endocytic effects may have been enhancetiébydtions of the Src peptide to increase
TAT's stability or endocytic uptake independent tife cargo-peptide’s potential indirect

cytoplasmic inducing endocytic effects.

3. Examination neuroprotective arginine- (and lysine-) rich peptides used in neuronal injury

models

26



It is beyond the scope of this review to includerg\study that has used a neuroprotective TAT-
fused peptide. For completeness, othesivo studies using TAT-fused peptides are listed inldab
5. Evidently, several studies have identified @irgg- and lysine-rich peptides not fused to TAT or
a CPP as being neuroprotective. We argue thatpbssible that these peptides are intrinsically
neuroprotective via mechanisms unrelated to thepgsed action on a specific cell surface
receptor or intracellular target. Like TAT, the uneprotective effects of poly-arginine and
arginine-rich peptides are likely to be relatedheir endocytosis-inducing properties. To pursue
this idea further, here we review in detail thepgaies of two arginine- and lysine-rich peptides
that meet these criteria, apolipoprotein E (APO&)wkd peptides and an amyloid precursor protein
(APP) derived peptide. Animal studies that haveduthese peptides in CNS injury models are

presented in Table 6.

3.1 APOE peptides - APOE141-149, COG133 and COG1410

The APOE141-1491 and COG133 peptides are derivedn fahe APOE protein
(LRKLRKRLL 141-149 and LRVRLASHLRKLRKRLL 133.149 and represent a region within the
protein’s receptor binding domain. - Interestingy, early study using a dimer of the APOE141-
1491 peptide showed that the peptide was capabitedating significant increases in intracellular
calcium influx in cultured neurons, especially ahcentrations o&5uM (Wang and Gruenstein,
1997). By contrast, the APOE141-1491 monomer gdeptivas less effective at inducing
intracellular calcium influx even at high concetias (100uM). The mechanism associated with
the COG1410 peptide induced calcium influx was pegal to be linked to peptide binding to the
low-density lipoprotein receptor (Wang and Grueimst&997).

A subsequent study showed that the COG133 pepeidieced cell death and calcium influx in
mixed cortical-glial cultures following NMDA excitoxicity (Aono et al., 2003). Neuroprotection
was seen when the COG133 peptide was added t@alottiltures prior to or concurrently with
NMDA but not a scrambled peptide of the identicalesand amino acid composition. It is of
interest that poly-arginine and arginine-rich peées behave in a similar fashion to COG133 with
respect to calcium influx and neuroprotection failog glutamic acid excitotoxicity (Meloni et al.,
2015).

In other studies it has been shown that intravascatiministration of the COG133 peptide
reduced the systemic and brain inflammatory respomnsduced by cytokines (e.g. TNlrand led
to improved outcomes after closed head injury snrtiouse (Lynch et al., 2003, 2005). Similarly,
intraperitoneal administration of the COG133 pepticeduced disability and inflammatory

infiltrates in to the spinal cord of a mouse modfemultiple sclerosis (Li et al., 2006). A sligitl
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shorter and modified COG133 peptide (COG1410: &@edyAib-LRKL-Aib-KRLL-amide; Aib =
2-Aminoisobutyric acid) with superior anti-inflammoay properties has also been developed, and
has shown to reduce vasospasm and/or lead to iegravtcome in subarachnoid and intracerebral
haemorrhage in the mouse (Gao et al., 2006; Lask@wial., 2012). In addition, COG1410 peptide
improves functional and/or histological outcomeslififierent traumatic brain injury models (Hoane
et al., 2007; Laskowitz et al., 2007; Hoane et 2009; Kaufman et al., 2010; Jiang and Brody,
2012), in transient MCAO (Tukhovskaya et al., 20@®)d perinatal hypoxia-ischaemia models
(McAdoo et al., 2000). Finally in a transgemcosophila model of Alzheimer’s disease, COG133
alone or when fused to the CPP penetratin (COG&82)been shown to reduce neurodegeneration
and restore cognitive functions.

The mechanism whereby COG133 and its variant peptakert their neuroprotective, calcium
influx inhibitory and anti-inflammatory effects isot fully understood, but is assumed to be
associated with the peptide’s binding to APOE rémep (e.g. low-density lipoprotein; LDL,
lipoprotein receptor-related protein; LRP, apolipmpin E receptor 2).

What is the neuroprotective mechanism of APOE141-149, COG133 and COG1410 peptides?

Due mainly to their arginine and lysine residues @0G133 and COG1410 peptides have a net
charge of +7.1 and +6.1 respectively, and therefegewould predict that these peptides should
possess mild endocytic properties and as has beggorted to be neuroprotective and reduce
calcium influx following excitotoxicity (Aono et gl 2003). Indeed our own assessment of the
COG133 peptide in cultured cortical neurons expdseglutamate excitotoxicity showed that the

peptide has mild neuroprotective effects (Fig. 4).

3.2 APP peptide - APP96-110

The APP96-110 is a 15 amino acid peptide (NWCKRGRKQHPH) derived from the
heparin-binding site within the D1 domain of the ARCorrigan et al., 2014). The APP96-110
peptide is thought to represent one of the neuteptive regions (the other being the D6a domain)
within the secreted amyloiflprecursor protein= The D1 domain is considered a growth factor-
like domain and interestingly it has been hypotbexbithat its neuroprotective properties may be
related to its ability to bind HSPGs (Corrigan ket 2011).

The APP96-110 peptide has been assessed for netaciwe effects in traumatic brain injury
models in APP-/- knock-out mice and normal ratsr(i@an et al., 2014). Intra-cerebroventricular
peptide administration was shown to improve bostdibgical and functional outcomes, and was
effective whether administered pre- or post-insuBy contrast, a mutated form of the peptide
(mAPP96-110: NWCN@GKQCKTHPH) specifically designed to reduce the apitif the peptide
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to bind heparin, by replacing positively chargedirine and lysine residues, was ineffective in
traumatic brain injury in the rat.

What is the neuroprotective mechanism of APP96-100? The APP96-110 peptide was synthesised
with an acetylated N-terminal and an amidated @Geal to minimise peptide proteolytic
degradation and has a net charge of +5.1. Theteautarm of the peptide has a net charge of +2.1.
As mentioned above, it was hypothesised by the Idpees of APP96-110 that the peptide’s
neuroprotective mechanism is related to its HSR@libg properties. The developers of APP96-
110, have confirmed that this peptide had a strbimgling affinity for the highly sulphated
glycosaminoglycan molecule, heparin (Corrigan et 2014). By contrast, the mutated peptide
mMAPP96-110 has significantly reduced binding af§irfor heparin. Despite the heparin binding
properties of the APP96-110 peptide, its mechambaction is not exactly known, although some
form of interaction with cell surface receptorsg(eFGFRs, APP, APLP1, APLP2) and the
activation of signaling pathways has been propd€sdrigan et al., 2014). However, it appears
likely that APP96-100 behaves in a similar fashiomeuroprotective poly-arginine and arginine-
rich peptides by binding cell surface HSPGs, andaimg so triggering peptide endosomal uptake.
On this basis, we conclude that the endocytic ptmseof APP96-110 are integral to the peptide’s
neuroprotective mechanism of action.

4. Discussion and concluding remarks

The main purpose of this review is to describentbygroprotective properties of peptides fused to
the arginine-rich CPP, TAT and in doing so proveladence supportive of our hypothesis that
neuroprotection is mediated not by the cargo maéebut largely by TAT itself. This hypothesis
crystallised for us following the analysis of theunoprotective and calcium influx inhibiting
properties of a diverse set of peptides includijgarginine-rich CPPs (TAT, penetratin); 2) poly-
arginine peptides (R3, R6, R7-15, R18); 3) sevefaP-fused peptides (e.g. TAT-IJNKI-1, TAT-
PYC36, kFGF-JNKI-1); 4) several arginine-rich peps (e.g. BEN0254, BEN1079, NCXBP3,
XIP); 5) poly-lysine-10 (K10) and a poly-argininef@sed poly-glutamic acid-9 peptide (E9/R9);
and 6) a non-arginine, non-endocytic CPP (KFGF)I¢iieet al., 2015). What became increasingly
clear from this analysis was that peptide neur@gtain is associated with peptide cationic charge.
In particular, arginine and to a lesser extentlgsand tryphophan amino acid residues appear to be
important determinants of neuroprotective potency.

Other studies have added weight to our hypotheB@. example, evidence that endocytosis is
essential for TAT-JNKI-1 neuroprotection (Vaslinadt, 2011) and the observation that CPP-fused
CDB3 peptides can induce internalisation of NR2BCXNand CaV2.2 membrane proteins.
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Another interesting and largely unexplained findiisgthat most TAT-fused and arginine-rich
peptides are effective as neuroprotectants in maliexcitotoxicity models in the uM range (e.g. 1-
10uM) rather than the nM range (e.g. 10-100nM 644@.1uM). Our interpretation of this is that
in order to be neuroprotective, a peptide mustir@acritical concentration at the plasma membrane
in order to induce HSPG mediated endocytic intésatibn of cell surface structures.

Recent findings suggests that cationic peptidegehaonferred by arginine and lysine residues
facilitates electrostatic interactions with cellfage HSPGs followed by arginine induced heparin
sulphate clustering and endocytosis (Amand et2811,2; Wallbrecher et al., 2014; Yang et al.,
2014). Additionally, there is evidence that tryghan residues within basic peptides can also
promote proteoglycan binding and endocytosis (Ryglle¢ al., 2012; Bechara et al., 2013), while
alanine resides have been shown to impede peptadegmlycan binding (Yang et al., 2014).
Interestingly, the replacement of 1 to 3 arginiesidues in poly-arginine-6 with the equivalent
number of tryptophan residues increases the abiithe peptide to block NMDA receptor activity
in amphibian oocytes (Ferrer-Montiel, et al., 199&onsistent with these observations, we have
demonstrated that a 15mer consisting of 10 arginiard 5 tryptophan resides
(WRRRWRRRRWWRRRW) is more neuroprotective than Rdi5a cultured cortical neurons
exposed to glutamic acid excitotoxicity, with an giame /alanine peptide
(ARRRARRRRAARRRA) being slightly less effective ¢fil).

There is emerging evidence that the presence ef @imino acids or the amino acids sequence
itself may decrease or increase peptide endocytusis neuroprotective efficacy. In an earlier
study, we reported that only 5 out of 19 TAT-fugegbtide displayed significant neuroprotection in
cortical neurons exposed to glutamic acid excitcibx (Meade et al., 2010b). Similarly, the
addition of three amino acids to TAT (FBRKKRRQRRRG; AM8D-TAT) significantly increases
peptidein vitro efficacy (Meade et al., 2010a). Therefore, itegp likely that in addition to
arginine content and peptide charge, other amirdsawost likely by influencing peptide secondary
and tertiary structure can influence the endocgtid neuroprotective properties of arginine-rich
and TAT-fused peptides. Ultimately, however, weognise that additionah vitro andin vivo
studies are required to unequivocally prove ourotiypesis. Moreover, we can not rule out the
possibility that other peptide induced neuroprotectnechanisms are also operating, since it has
been demonstrated that CPPs can exert intracebigémgical effects by altering gene expression
and the activity of kinases and proteolytic enzyifigrsignano et al., 2010).

Finally, we speculate that by altering amino a@sidue content and sequence within arginine-
rich peptides it may be possible to develop peptidéh a greater capacity to target specific cell
surface structures within the CNS and PNS, thepebyiding a way to improve drug specificity for

a range of neurological disorders such as epilepain, depression, Alzheimer's disease and
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Parkinson’s disease. It may equally be possibteeteelop arginine-rich peptides that can targét cel

surface receptors associated with the pathogeoksin-neurological disorders.
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Figure Legends

Fig. 1. Glutamic acid excitotoxicity model; peptide dosspense experiments. Peptides present in
neuronal cultures for 10 min before and duringf(bhahcentration) 5-min glutamic acid exposure.
Peptides: R15, R10/A5: ARRRARRRRAARRRA and R10/WWRRRWRRRRWWRRRW.
Neuronal viability measured 24 h following glutansicid exposure. Concentration of peptide in
pM. MTS data were expressed as percentage neuvatality with no insult control taken as
100% viability and glutamic acid control taken & fmeant SE; n = 4; ? < 0.05). For

additional methodological details see Meloni e{2015).

Fig. 2. Diagrammatic representation of proposed model djinare-rich CPPs inducing
internalisation of neuronal cell surface structurd$ote: model applies to neuronal synaptic and
extra-synaptic plasma membranes and potentiallyptaema membrane of astrocytes, pericytes,
brain endothelial cells, oligodentrocytes and nitio NMDAR: N-methyl-D-aspartate receptors;
AMPAR: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acateptors; NCX: sodium calcium
exchanger; VGCC: voltage-gated calcium channets @aV2.2, CaV3.3); ASIC: acid-sensing ion
channels; TRPM2/7: Transient receptor potentialooathannels 2 and 7: mGluR: metabotropic
glutamate receptors; VRL1: vanilloid receptor 1 mansient receptor potential cation channel
subfamily V member 1; TNFR: tumour necrosis faateceptors; FASR: FAS receptor; EAAT:
excitatory amino-acid transporters; AQP4: Aquapodn Trk: tropomyosin-receptor-kinase

receptors. Adapted from Maxfield and McGraw (2004)

Fig. 3. Inhibition of intracellular calcium influx by R1&nd TAT-NR2B9c peptides assessed using
Fura-2 AM Kkinetics (5uM; 20min pre-loading) followmg glutamic acid exposure in neuronal
cultures; Fluorescent Fura-2 AM tracers showingngeain fluorescence ratioA( F-ratio;
F340/F380nm) in neuronal cells 2 min before andSanin following addition of glutamic acid
(100uM final concentration). Peptides (5uM) wedeled to neuronal cultures for 10 min before
cover slips were removed from culture wells andheasin a balanced salt solution before glutamic
acid addition (arrow; time 0). Normal control ree®l no peptide or glutamic acid, while the
glutamate control only received glutamic acid. & are mean + SE; n = 8-21 cells for each
treatment group. Note: fluctuations AnF-ratio for TAT-NR2B9c peptide, while for the R15

peptideA F-ratio remained more stable over the examindtioa period.
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Fig. 4. Glutamic acid excitotoxicity model; peptide dosspense experiments. Peptides present in
neuronal cultures for 10 min before and duringf(bhahcentration) 5-min glutamic acid exposure.
Neuronal viability measured 24 h following glutanaicid exposure. Concentration of peptide in
pM. MTS data were expressed as percentage neuvatality with no insult control taken as
100% viability and glutamic acid control taken & §meant SE; n = 4; ® < 0.05). For

additional methodological details see Meloni e{2015).
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Glutamic acid model. peptides present 10min before and during insult
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Tablel
Examples of commonly used cell penetrating peptides

Peptide Sequente Amino acids: | Net charge
MW (Da) atpH 7
TAT GRKKRRQRRR 10: 1,397 8
TAT-D rrrqrrkkrG 10: 1,397 8
9:1,423 — 9-15
R9 — R15 RRRRRRRRR - RRRRRRRRRRRRRRR 15: 2,360
Penetratin®* | RQIKIWFQNRRMKWKK 16: 2,245 7
Pep-1 KETWWETWWTEWSQPKKKRKV 21: 2,848 3
HSV-1 VP22 | DAATATRGRSAASRPTERPRAPARSASRPRRVD  33: 3,548 6
Transportan | GWTLNSAGYLLGKINLKALAALAKKIL 27: 2,841 4
kFGF* AAVALLPAVLLALLAP 16: 1,516 0
MAP KLALKLALKALKAALKLA 18: 1,877 5
MPG GALFLGWLGAAGSTMGAPKKKRKYV 24: 2,445 5

! Sequences are in standard single letter code witoform amino acid residues represented in
uppercase and D-isoform amino acid residues (segseim retro-inversed form) represented in
lowercase. *Penetratin is also known as antennapegjtide and kFGF (Kaposi fibroblast growth
factor) is also known as MTS (membrane translogatgruence).
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Table 2

Studies using NR2B9c peptide fused to TAT in ceakischaemia/stroke and other CNS injury models.

Peptide name & sequence' | Injury model® Route & treatment schedule | Dose Neur oprotection: reduced infarct | Study
volumeor brain injury®
TAT-NR2B9c: KLSSIESDV
Control: TAT-NR2B-ADA, Rat (SD): tMCAO; 90min IV: 45min before or 1h after 3000nmol/kg Yes. No, ADA peptide Aarts et al., 2002

KLSSIEADA
Control: TAT-NR2B9c-ADA

Control: TAT-NR2B9c-TDA,;
KLSSIETDV

Control: TAT-NR2B9c-ADA

Control: TAT-NR2B-ADA

MCAO

Rat (SD): 3 pPVO

Rat (SD): pMCAO

Rat (SD): tMCAO; 90min

IV: 1h after PVO

IV: 1h after MCAO

IV: 1.5h after reperfusion

300 or 3000nmol/kg

300 or 3000nmol/kg

30, 300, 1000 or

Yes, 3000nmol/kg. No, ADA
peptide

Yes. Yes TDA peptide

Sun et al., 2008

3000nmol/kg Yes
IV: 1.5h after reperfusion 300nmol/Kg
Yes, at 62 days. No ADA peptide

Rat (SD): 3 PVO IP: 15min before PVO 3000nmol/kg Yes Soriano et al., 2008
Rat 12 day (SD): pMCAO + 90min IV: 30min before MCAO 3000nmol/kg No
CCAO
Rat (SD): Status epilepsy (SE): IF 1V: 10min after SE onset 3000 or No Dykstra et al., 2009
pilocarpine. IV: 3h after termination of SE 9000nmol/kg Yes. No ADA peptide

3000nmol/kg
Macaque: tMCAO; 90 min IV: 1h after MCAO 1083nmol/kg Yes Cook et al., 2012
Macaque: tMCAO; 4.5h IV: 1h after MCAO Yes
Macaque: tMCAO; 3.5h IV: 3h after MCAO Yes
Rat (W): pMCAO IV: 1h after MCAO 3000nmol/kg Yes Brataet al., 2011
Mouse: pMCAO IV: 30min after MCAO 3000nmol/kg No Baghal., 2012
Human: intracranial aneurysm IV: After endovascular treatmen 1083nmol/kg N/S reduction in ischaemic lesion Hill et al., 201
surgery
Rat (SD): pMCAO/pACA (anteric | 1V: 5min before MCAC 3000nmol/ki Yes (Evoked Field Potential, EE | Srejic et al., 201
branches) Power)
Rat (SD): 3 PVO IV: 15min prior to PVO 3000nmol/kg Yes Bell et al., 2013

TAT-NPEG4-(IETDV)2




Mouse: pMCAO IV: 30min after MCAO 3000nmol/kg Yes Beet al., 2012

1TAT = GRKKRRQRRR, ADA = TAT-NR2B9c-ADA, TDA = TAT-NR2B9cTDA?SD = Spargue Dawley, W = Wistar. tMCAO = transienddle cerebral artery occlusion, PVO = pial vessel
occlusion (permanent), pMCAO = permanent middle aatebtery occlusion, CCAO = common carotid arterglosion.® Reduced Infarct volume or brain injury.
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Table3

Studies using JNK peptides fused to TAT in cerelsdiaemia/stroke and other CNS injury models.

Peptide & sequence'

Injury Model?

Route & treatment schedule®

Dose

Neur oprotection*

Study

JNKI-1-TATD: tdgsrpvgpfinittprkpr-pp-tatf AT-INKI-1L:

TAT-PP-RPKRPTTLNLFPQVPRSQDT AarAT-JIP-1: RPKRPTTLNLF

TAT-JIP-1
TAT-JIP-1

TAT-JINKI-1L

Controls: D-JBD19;
dgsrpvgpfinlttprkpr
TATD

Mouse: tMCAO; 30min ICV: 1h before or 3, 6 or 12h after MCAO |15.7ng Yes, except 12h after | Borsello et al., 2003
Rat (W) 14d: pMCAO IP: 30min before or 6 or 12h after MCAO |2800nmol/kg Yes

Mouse: pMCAO ICV: 3 or 6h after MCAO 150ng Yes, 3o 6h Hirt et al.2004
Mouse: tMCAO; 60min ICV: 15min before or 30min affdCAO 3000ng Yes Gao et al., 2005
Rat (SD): tGCI; 15min/4VO ICV: 40min before or 60miites 4VO 100,000ng Yes Guan et al., 2006
Rat (W) 14d: pMCAO + 90min IP: 30min before MCAO 2800nmol/kg Yes Repici et 2007

CCAO

Mouse: tMCAQ; 30min

IV: 6h after MCAO

0.0076 to 760oifkg

Yes, all doses

Wiegler et al., 2008

Rat (SD): tMCAO; 90mi

1IV: 3h after MCAC

7.6, 25 or 76nmol/ki

Yes, 25nmol/kg (a3d)

Esneault et al., 20!

25nmol/kg No at 6d (N/S) or 10d

Rat (SD) 12d: pMCA( IP: 6h after MCAC 76nmol/k¢ Yes Soriano et al., 20(
pMCAO + IV: 30min before or 6h after MCAO 76nmol/kg No
90min/CCAO
Mouse: TBI IP: 10min after TBI 2800nmol/kg Yes Oriudeet al., 2009
Rat (SD) 7d2h hypoxia + CCA( IP: 30min before & 3, 5, 8 12 & 20h after | 76nmol/k¢ No Ginet et al., 20C
Rat (W) 7d: 2h hypoxia + CCAO IP: 0 & 3h, 3 or 6keafHl 2550nmol/kg Yes. No after 6h Nijboer et a01Q
Mouse: tMCAQ; 45min IV: 3h after MCAO 25nmol/kg Yes 1Bxkis et al., 2010
Rat (SD): Epilepsy; IP K/ IP: 2h after KA 76nmol/kg Yes Spigolon et al., 201
Rat (SD): tMCAO; 30min IP: 30min before MCAO 5100nmol/kg No Liu et al., 2010
tMCAOQO; 30min IP: 3h after MCAO 125 or 510nmol/kg Yes, 510nmol/kg
tMCAOQO; 90min IP: 3h after MCAO 510nmol/kg Yes
Mouse: ICH IV: 3h after ICH 25nmol/kg Yes (day 2 ptizH) Michel-Monigadon et al.,
2010
Rat (SD): NMDA retinal injection Intravitreal: 40min before NMD/ 19600n( Yes Bessero et al., 20
Rat (SH): tMCAO; 90 min IV: 10min, 1 or 2h after egfusion 255nmol/kg No Gow et al., 2011
Rat (W) 12d: pMCAO IP: 6h after MCAO 0.076 to 2800nmol/kg |Yes, 7.6, 76, Vaslin et al., 2011
IP: 4h before MCAO 25 or 2800nmol/kg 2800nmol/kg
ICV: after MCAO 15.7ng No

15.7 or 1570ng: D- Yes

JBD19 Yes, 1570ng

290ng: TATD No
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Rat (SD): pMCAO IV: 1h after MCAO 500, 1000 or No Sietal., 2012
. . IV: 2h after MCAO 1500nmol/kg No
Control: scrambled;
250nmol/kg

Ipsvfgdvgapsripevsls-pp-tat
Mouse: SCI IP: 6h after SCI 2800nmol/kg Yes Repicile 2012
Rat (W) 7d: 2h hypoxia + CCAO IP: 0, 3 or 6h or BB after HI 2550nmol/kg Yes. No, 0 & 3h Nijboer et al., 2013

IP: Oh after HI (scrambled) No, scrambled

1INKI-1-TATD peptide used in study unless indicat@eptides synthesised using D-amino acids are mqbasin lowercase, TATD = rrqrrkkrgy, TAT = YGRKKRRQRRW: Wistar, SD: Spargue
Dawley, SH: Spontaneously Hypertensive tMCAOQ: trangiaidtlle cerebral artery occlusion; pMCAOQO: permaneiutdie cerebral artery occlusion, tGCI: transienbgliocerebral ischaemia; 4VO: 4
vessel occlusion, TBI: traumatic brain injury, CCA®@mmon carotid artery occlusion, HI: hypoxia-isahie KA: kainic acid, ICH: intracranial haemorrhag€lSspinal cord injury.® ICV:
intracerebroventricularly; IP: intraperitoneally intravenously.? Neuroprotection: reduced infarct volume, tissuerinjor neuronal cell death.
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Table4

Studies using CBD3 peptide fused to TAT or R9 inSCdNsorder models.

Peptide name & sequence' | Injury model® Route & treatment Dose Neur opratection or Study
schedulé? reduced pain*

TAT-CBD3: TAT-ARSRLAELRGVPRGL TAT-CRMP-2: TAT-GVPRGLYDGVCEYV or R9-CBD3: R9-ARSRLAELRGVPRGL

TAT-CRMP-2 Mouse: pMCAO ICV: before MCAO 10mg Yes (6 h endpoint) Buetal., 2011

Control: scrambled; TAT-
WEAKEMLYFEALVIE

TAT-CBD3-A6K
Control: TAT-CBD3-reverse

TAT-CBD3-G14F

TAT-CBD3, TAT-CBD3-G14F
Control: TAT-CBD3-reverse

TAT-CBD3, R9-CBD3, TAT-
CBD3-A6K

R9-CBD3

R9-CBD3

Rat (SD)
Pain; SC formalin in hind-paw

Pain; capsaicin in eye

SC: before formalin

Eye: before capsaicin

20ul: 3, 30 or 100uM

40ul: 3, 30 or 100puM

Yes. No 3uM

Yes. No 3uM

Brittain et al., 2011b

Pain; IP ddC IP: after ddC 313nmol/kg Yes. No scrambled
Mouse: TBI IP: 5min after TBI 6400nmol/kg Yes Baitt et al., 2011a
Rat (SD): tMCAO; 120min IV: 1h before MCAOQ or 15min | 6400nmol/kg Yes Brittain et al., 2012
before reperfusion
Rat (SD): Pain; IP d4T IP; after d4T 3300 or 9600 nmol/kg (TAT- Yes Piekaraz et al., 2012
CBD3) Yes
3300nmol/kg (TAT-CBD3-A6K) No
3300nmol/kg (CBD3-reverse)
Rat (SD) Ripsch et al., 2012
Migraine; capsicin nasal mucosa | Dural surface: before capsaicin | 50ul: 10uM (TAT-CBD3-G14F) | Yes
Pain; IP d4T IP; 7 days after d4T 3300nmol/kg (TAT-CBD3) Yes
3300nmol/kg (TAT-CBD3-G14F) | Yes
3300nmol/kg (CBD3-reverse) No

Rat (SD): Pain: reverse
transcriptase inhibitor or tibial
nerve injury

Details not provide

Details not provide

Yes, R9-CBD3 > TAT-
CBD3-A6K > TAT-
CBD3

Feldmam & Khana,
2013 (review article)

Rat (SD)
Pain; IP ddC

Pain; tibial nerve injury

IP: after ddC

IP: after nerve injury

33, 330 or 3300nmol/kg

33, 330 or 3300nmol/kg

Yes, 3300nmol/kg

Yes, all doses

Ju et al., 2013

L TAT-CBD3 peptide used in study unless indicatéBAT = YGRKKRRQRRR, TAT-CBD3-A6K TAT-ARSRLKELRGVPRGL, TAT-CBD3-G14F: TAT-ARSRLKELRGVPRE. ?SD =
Spargue Dawley, pMCAO: permanent middle cerebralyageclusion tMCAO = transient middle cerebral artecglusion, ddC: 23"-dideoxycytidine, d4T: '23'-didehydro-2 3-dideoxythymidine,
IP: intraperitoneally.3 ICV: intracerebroventricularly, SC: subcutaneouyintravenously TBI: traumatic brain injury.“Neuroprotection: reduced infarct volume or tissijerin
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Table5b

Studies using peptides fused to TAT (or TAT & ROra) in cerebral ischaemia/stroke and other CN8ynpodels.

Peptide name & sequence’ PrOpOZSEd Injury Model® Route & treatment schedule’ Dose Neuroprotection® | Study
target
TAT-NR2B DAPK1 Mouse: tMCAO; 60min IV: 1h before or 1h afteMO 3060nmol/kg Yes. No scrambledTu et al., 2010
KKNRNKLRRQHSY control
Control: NRRRNSKLQHKKY
TAT-NR2Bct-CTM DAPK1 Rat (SD): tMCAO; 60min IV: 1h after reperfusion 2010nmol/kg Yes Fan et al., 2014
KKNRNKLRRQHSY
-KFERQKILDQRFFE
TAT-p53DM DAPK1 Mouse: tMCAQO; 60min IV: 2h after reperfusion 360nmol/kg Yes. No, control Wang et al., 2014
RVCACPGRDRRT
Control: CCPGECVRTRRR IV: 5h after reperfusion 360, 720, 1080, 1440 or | Yes. No, control
1800nmol/kg
AlIP (no CPP) CaMKiII Rat (SD): NMDA retinal Intravitreal injection: at the 3000ng (2 nmol) Yes Goebel, 2009
KKALRRQEAVDAL injections NMDA exposure
TAT-CN21 Mouse: tMCAO; 60min 1V: at time of reperfusion 2500lfkg Yes Vest et al., 2010
KRPPKLGQIGRSKRVVIEDDR
PYC36-TAT AP-1 Rat (SH): tMCAO; 90 min IV: 10min after MCAO 7.6, 76 and 255nmol/kg No Gowvakt 2011
GGLQGRRRQGYQSIKP
PYC36-TAT AP-1 Rat (SD): pMCAO IV: 1h after MCAO 500, 1000 or No Sietal., 2012
GGLQGRRRQGYQSIKP 1500nmol/kg
IV: 2h after MCAO No
250nmol/kg
TAT-PYC36-HP AP-1 Rat (SD): pMCAO IV: 2h after MCAO 250nmol/kg No &ial., 2012
GGLQGRRRQGYQSIKP-
CLEVSRKNC
TAT-GIuR6 GIuR6 Rat (SD): 4VO; 15min ICV: 40min before 4VO 100,000ng sYé&lo control Pei et al., 2006
RLPGKETMA Rat (SD): 4VO; 15min ICV: 40min before 4VO 100,000ng sY&lo control Zhang et al., 2007
Control: RLPGKAADD
TAT-mGIuR1 MGIuR1n Mouse: kainic acid; SC 30mg/kg IP: 90min beforankaacid 16406nmol/kg Yes Xu et al., 2007
VIKPLTKSYQGSGK Rat (SD) P7: 2.5h hypoxia + IP: 1h before hypoxia 49,220nmol/kg Yes Zhou et2409
CCAO
TAT-K13 PTEN Rat (SD): tMCAO; 90min IV: 30min or 4.5h after 3125nmol/kg Yes Zhang et al., 2013
KEIVSRNKRRYQED reperfusion
Contol:GPEETSEKVENGS
TAT-Indip SREBP-1 Rat (SD): tMCAO; 90min IV: 45min before MCAO or 2885nmol/kg Yes Taghibiglou et al.,
GEPHKFKREW 30min after reperfusion 2009
Control: GEPHRFRREW
TAT-CN21 CaMKII Mouse: tMCAO; 60min IV: at time of reperfusio 250nmol/kg Yes Vest et al., 2010

KRPPKLGQIGRSKRVVIEDDR
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TAT-D N/A Rat (SD) P12: pMCAO ICV: just after MCAO 15.7 or 100ng Yes Vaslin et al., 2009b
rrrqrrkkrg

IP: 6h after MCAO 71.6 or 716nmol/kg No

N/A Rat (SD): pMCAC( IV: 2h afterMCAO 250nmol/k¢ No Sietal., 201
D-TAT-GESV NOS1AP Rat (SD) P7: 2.5h hypoxia + ICV: after carotid occlusion 100ng Yes Lietal.130
yagqwgesv CCAO
Control scrambled
peptide:YAGQWGASA
Tableb5 cont.
Peptide name & segquence Proposed Injury Model Route & treatment schedule Dose Neur oprotection Study
tar get
TAT-NBD NF-kB Rat (W) P7: 2h hypoxia + CCAQ  IP: 0 and 3h iaFié 7394nmol/kg Yes Van der Kooij et al.,
TALDWSLQTE 2010
TAT-SABk M1 JNK Rat (SD): +OHDA Mid-forebrain bundle: at time « | Mid-forebrain bundle Yes Chambers et al., 20
GFESLSVPSPLDLSGRRVVAPP 6-OHDA injection 12,600ng
TAT-yeHSP0 PKCe Mouse: tMCAQ; 60min IP: 15mim before MCAO and | 414nmol/kg Yes Sun et al., 2013
PKDNEER 3min before reperfusion
Control: TAT peptide
0SV1-1-TAT OPKC Rat (SD): tMCAO; 120min ICA: immediately before MCAO | 21nmol/kg No, before MCAO. | Bright et al., 2004
SFNSYELGSL or immediately after reperfusion Yes after
Control: YGRKKRRQRRR reperfusion
(note:3SV1-1fused to TAT via IP: 1 or 6h post-reperfusion 70nmol/kg
cysteine S-S bond) Yes
Rat (SD) tMCAO; 120min IP: at onset of reperfusion 70nmol/kg Yes; cerebral Bright et al., 2007
microvascular
Rat (Dahl): tMCAO; 90min SC: for 4-5d before MCAO and | 1mM; 5ul/h

24h after MCAO Yes
TAT-ISP PTRs Rat (SD): SCI (contusive) SC: 24h after SCI, daily 2.5nmol/kg Yes, improved Lang et al., 2015
DMAEHMERLKANDSLKLSQEYESI thereafter for 49d (500ul/5uM) recovery
R9ID N/A Rat (SD): pMCAO 1IV: 30min after MCAO 1000nmol/kg Yes Meloni et al., 2015
rrrererrer

! peptides synthesised using D-amino acids are mmes in lowercase, TATD = rrqrrkkrgy, TAT = YGRKKRRQRR? DAPK1: death-associated protein kinase 1 protein Mila

calcium/calmodulin-dependent protein kinase Il, ARadtivator protein 1, GIuR6-9c: glutamate receftomGIluRL:: metabotropic glutamate receptar, PTEN: Phosphatase and tensin homolog,

SREBP-1: Sterol Regulatory Element-Binding ProteitNO1AP: nitric oxide synthase 1 adaptor protein,K8=nuclear factor kappa-light-chain-enhancer divated B cells, JNK: c-Jun N-terminal
kinase, PKE: Protein kinase & 8PKC: protein kinase @, PTRs: Protein tyrosine phosphatases 3 W: Wistar, SD: Spargue Dawley, SH: Spontaneously Hgpsive tMCAO: transient middle
cerebral artery occlusion; pMCAO: permanent middielorl artery occlusion, tGCI: transient globaleteal ischaemia; 4VO: 4 vessel occlusion, TBI: tratisvizrain injury, CCAO: common carotid
artery occlusion (HI: hypoxia-ischaemia), ICH: intaial haemorrhage, SCI: spinal cord injury, 6-OHDAhy8lroxydopamine, SC: subcutaneously. ICV: intracerebroventricularly; IP:
intraperitoneally; IV intravenously® Neuroprotection: reduced infarct volume, tissuerinjor neuronal cell death.
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Table 6

Studies using arginine-rich peptides in CNS injomydels.

Peptide & sequence’ Injury Model® Route & treatment schedule’ Dose Neur opr otection® Study
APOE receptor binding domain
COG133 Mouse: Inflammation; IV LPS IV: At time of LPS 2765nktg Reduced serum & brain inflammatofyLynch et al., 2003
LRVRLASHLRKLRKRLL markers (TNF, IL-6)
Rat (W) P7: CCAO/2h hypox | ICV: before hypoxi 100 to 5000n Yes McAdoo et al., 200
Mouse: TBI; contusion/diffuse IV: 30min post-TBI 82 184nmol/kg Yes Lynch et al., 2005

COG112: Penetratin-
COG133

Mouse: MS; EAE

IP: Every other day starting on day
& ending 30d post-immunisation

2C0OG133: 469nmolkg
COG112: 214nmol/kg

Yes, reduced symptoms; COG112 3
COG133

Li et al., 2006

Drosophlia (APP transgenic): | Injected in abdomen; days 2, 5, 9, 180.2ul: concentration not provideg  Yes, COG133 & COGEHiced Sarantseva et al., 2009
Alzheirmer’s disease 17,21, 25 &29 neurodegeneration
Mouse: TBI; contusion/diffuse IV: 60min post-TBI 461843 or 3687nmo/kg No Laskowitz et al., 2007

COG1410
ASAIbLRKLAIbKRLL

Control: ASAIbLRKLAIbKR

Mouse: SAH IV: Immediately after SAH, & at 12h| 425 or 850nmol/kg Yes, reduced vasospasm, improved| Gao et al., 2006
intervals for 3d survival & behaviour

Mouse: TBI; contusion/diffuse IV: 30min post-TBI 28r 570nmol/kg Yes, 570nmol/kg. No, 285nmol/kg hwat al., 2007

Mouse: TBI; contusion/diffuse IV: 120min post-TBI 12o0r 426nmol/kg Yes, No control peptide (507nmal/kd-askowitz et al., 2007

Mouse: TBI; contusion/diffuse IV: 30min & 24h poEBI 570nmol/kg Yes, histologically & functionally Hoe et al., 2009

Rat (SD): tMCAO; 90min IV: 30min post-reperfusion 570nmol/kg Yes, histologically & functionally Tukhovskaya dt,a

2009
Mouse: TBI; fluid percussion | IV: 2 & 4h post-TBI, & then at 24, 48 710nmol/kg Yes, Histologically & functionally Kaufmaat al., 2010

& 72h

Mouse: ICH IV: 30min 355, 710, 1420 or 2840nmol/kg | Yes, functionally Laskowitz et al., 2012
IV: 30min, 1, 2 or 4h after ICH, & 1420nmol/kg Yes, functionally. No reduction in
continued daily for 5d haematoma volume

Mouse: TBI; cortical impact IV: 30min post-TBI, then every 24h | 710nmol/kg Yes, reduced axonal APP Jiang & Brody, 2012

for 3 or 7d

immunoreactivity & microglia
activation. No reduction of peri-
contusional white matter volume

Dynorphine A 1-13
YGGFLRRIRPKLK

Rat (SD): tMCAO; 90min

ICV: infusion started 1h before
MCAO & continued for 4h

30uL: 1604, 16040 or 160400ng|
(2, 10 or 100 nmol)

Yes, 16040, 16040 nmol. No, 1604

ng Kao etal., 2008

APP
APP96-110
NWCKRGRKQCKTHPH

Mouse: TBI; cortical impact

ICV: 30min post-TBI

2125uM

Yes

Corrigan et al., 2014

! Penetratin = RQIKIWFQNRRMKWKK, Aib = 2-Aminoisobutyricial, APP: amyloid precusor proteidW: Wistar, SD: Spargue Dawley, tMCAO: transient midcteebral artery occlusion; TBI:
traumatic brain injury, CCAO: common carotid artecgloision, ICH: intracranial haemorrhage, MS: muétiptlerosis, EAE: Experimental autoimmune encepingdditis, IV intravenously, LPS:
lipopolysaccharide®ICV: intracerebroventricularly; IP: intraperitoneall* Neuroprotection: reduced infarct volume, neuralismjury, neuronal cell death or improved funcéiboutcomes.
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