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Peptide therapeutics are an emerging class of drugs to treat neurodegenerative diseases by inhibiting

protein–protein interactions (PPIs). Nerinetide has recently emerged as a promising therapeutic for the

treatment of ischemic stroke and Alzheimer's Disease (AD). The design of this potent neuroprotective

agent includes a cell penetrating peptide sequence that achieves delivery into neurons and a protein–

protein inhibitory sequence that achieves inhibition of protein complex formation through mimicry. In

this study, we deconstruct the nerinetide sequence and study the relationship between plasma stability,

intraneuronal delivery and drug efficacy to provide design guidelines for the development of next

generation, peptidic PPI inhibitors to treat neurodegenerative diseases.
Introduction

Peptides are a promising class of therapeutics with more than
80 drugs currently used to treat diseases including diabetes,
cancer, osteoporosis, multiple sclerosis, and chronic pain.1 The
important role of several endogenous peptides such as neuro-
tensin, oxytocin, and neuropeptide Y in the central nervous
system (CNS) has fuelled drug discovery research into the use of
peptides to treat CNS indications.2 Two major hurdles in
peptide drug discovery are the short in vivo half life of most
peptides and their inability to penetrate biological barriers such
as the plasma membrane. These issues are particularly perti-
nent in the development of therapeutic peptides for CNS
diseases because agents must penetrate the blood–brain barrier
(BBB) to access CNS targets, which in turn requires longer
circulation times to allow adequate bioavailability.3,4

Nerinetide, also known as Tat-NR2B9c or NA-1, is a synthetic
eicosapeptide that has been shown to offer strong protection
against excitotoxic damage caused by ischemic stroke in rats as
well as non-human primates.5–7 Furthermore, we showed that
nerinetide prevents excitotoxicity-induced cognitive decits and
prolongs survival of a genetic mouse model of Alzheimer's
disease (AD).8 The design of nerinetide is inspired by the
discovery that N-methyl-D-aspartate (NMDA) receptors in the
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CNS interact with postsynaptic density protein 95 (PSD-95)
through an intraneuronal C-terminal domain containing
a terminal SXV motif which affects the plasticity of excitatory
synapses.9 Nerinetide disrupts this interaction by mimicking
the SXV motif of the NR2B subunit of NMDAR and therefore
functions as a protein–protein interaction (PPI) inhibitor by
binding to PSD-95 and blocking its interaction with NR2B.
Delivery into the CNS and into neurons was achieved through
inclusion of the cell penetrating peptide Tat (YGRKKRRQRRR).
The 11 amino acids of Tat are conjugated to 9 amino acids of the
terminal SXV motif of NMDAR subunit NR2B (KLSSIESDV) to
constitute nerinetide (Tat-NR2B9c).

The efficacy and safety of nerinetide were evaluated in
a placebo controlled, multicentre clinical trial of acute ischae-
mic stroke (ESCAPE-NA1) which reported a good safety prole
but no improvement in clinical outcomes.10 These ndings were
partially attributed to rapid degradation of the peptide in
human plasma, particularly upon co-treatment with Alteplase®
(=recombinant tissue plasminogen activator (tPA)), which is
standard of care treatment for acute ischemic stroke.11 Further
clinical trials, ESCAPE-NEXT and FRONTIER, have recently
concluded, promising further insight into efficacy proles and
encouraging the development of novel neuroprotective
peptides.12,13

Despite the initial clinical trial nding, nerinetide is a potent
neuroprotective drug that successfully addresses two signicant
challenges in the design of peptides as CNS therapeutics: (i)
delivery – the inclusion of cell penetrating peptide Tat achieves
delivery into the CNS and into neurons; (ii) protein–protein
inhibition – a mimetic peptide sequence of one of the inter-
acting proteins achieves inhibition of protein complex
RSC Adv., 2024, 14, 34637–34642 | 34637
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formation. While the plasma stability of nerinetide remains
a challenge11 and its use for other CNS indications an open
question,8 the combination of cell penetrating peptide and
short protein mimetic sequence is a powerful blueprint for the
design of intraneuronal PPI inhibitory therapeutics.

Here we provide insight into the design of next generation
neuroprotective peptides by deconstructing the nerinetide
sequence and studying the relationship between plasma
stability, intraneuronal delivery and drug efficacy.
Results
Synthesis of nerinetide peptides

To delineate the contribution of nerinetide functional portions
to neuronal uptake and efficacy, we divided the peptide into a C-
terminal cell penetrating peptide (CPP) section and an N-
terminal PPI inhibitor (PPIi) part (Fig. 1A). The CPP section
consists of the archetypical cell penetrating peptide Tat
Fig. 1 Overview of peptides used in this study. (A) Structure of ner-
inetide (1) and (B) TAMRA labelled analogues of nerinetide (6), ner-
inetide fragments (2, 4) D-Tat (3), D-Tat-NR2B9c (8), and inactive
nerinetide PPIi (5, 7).

34638 | RSC Adv., 2024, 14, 34637–34642
(YGRKKRRQRRR), while the PPIi section consists of the NMDA
receptor NR2B9c motive (KLSSIESDV),5 resulting in dissection
between R11 and K12. To enable detection and tracking of
nerinetide sections, peptides were N-terminally labelled with
TAMRA (lex 552 nm; lem 578 nm), giving rise to CPP section
peptide TAMRA-Tat and PPI section peptide TAMRA-NR2B9c
(Fig. 1B; peptides 1 & 2). Further, we synthesized TAMRA-D-
Tat, a CPP variant of Tat that consists of D-amino acids and
more resistant to degradation by proteases than L-amino acid
Tat, and TAMRA-NR2Baa, a double alanine mutant version of
NR2B9c that is known not to bind to PSD95 (Fig. 1B; peptides 3
& 4). Finally, we synthesized three TAMRA labelled full length
versions of nerinetide – unmodied nerinetide (TAMRA-Tat-
NR2B9c), double alanine mutant nerinetide (TAMRA-Tat-
NR2Baa), and a D-amino acid/L-amino acid hybrid nerinetide
(TAMRA-D-Tat-NR2B9c) where the Tat sequence is composed of
D-amino acids and the NR2B9c sequence is composed of L-
amino acids (Fig. 1B; peptides 6, 7, 8).

Peptide plasma stability

We investigated the stability of Tat-NR2B9c (nerinetide) and D-
Tat-NR2B9c in mouse plasma and quantied the percentage of
intact peptide at time points 15 min, 30 min, 60 min, 120 min
and 300 min using analytical high performance liquid chro-
matography (HPLC). We observed rapid degradation of Tat-
NR2B9c in this assay which is likely due to protease cleavage
of the Tat portion of the peptide, as previously demonstrated.11

The half-life of Tat-NR2B9c in mouse plasma is ∼60 min, which
drops to <10min when Alteplase® is added (Fig. 2). Substitution
of L-Tat with D-Tat improves the stability of nerinetide signi-
cantly; D-Tat-NR2B9c is 90% intact aer 300 min and addition
of alteplase did not affect degradation (Fig. 2). D substitution of
the Tat sequence on nerinetide is a viable strategy to enhance
peptide stability.

Uptake of peptides into live neurons

Stability data in hand, we went on to investigate whether the
substitution of D-Tat for L-Tat affects uptake of peptides into
neurons. Neuronal uptake and intracellular distribution of
peptides (outlined in Fig. 1) were investigated by performing
live-cell confocal microscopy of mature murine primary
neurons incubated with TAMRA labelled peptide (1, 5 & 10 mM)
in neurobasal medium (60 min). Following washing, images
Fig. 2 Mouse plasma stability of nerinetide (Tat-NR2B9c) and D-Tat-
NR2B9c in the presence and absence of alteplase. Data presented as %
of intact peptide; mean ± standard deviation; n = 3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were acquired using a Zeiss 880 confocal microscope tted with
an cell incubation chamber. In accordance with observations
that free Tat in the cytosol readily enters the nucleus and
strongly binds to nucleoli,14 homogenous staining of cytoplasm
and nucleoli were considered as indicative of neuronal trans-
duction (free accumulation of peptide, not conned to endo-
somes) for quantication purposes.

The results show that TAMRA-Tat alone effectively trans-
duces neurons with 48.3% of total neurons transduced at 1 mM
exposure; although dose response is minimal with only 66.8%
of neurons transduced at a 10-fold higher dose of 10 mM
(Fig. 3A). In contrast, TAMRA-D-Tat is signicantly less effective
than TAMRA-Tat at 1 mM (18.6% of cells transduced; p < 0.0001);
but shows much better dose response than TAMRA-Tat with
89.6% of neurons transduced at 10 mM, which is signicantly
greater than Tat (p < 0.001). Mean uorescence intensity of cells
treated with TAMRA-Tat show a parallel trend where dose
response is minimal, while cells treated with TAMRA-D-Tat
show signicantly lower uptake at 1 mM (p < 0.0001) but
comparable uptake at 10 mM (Fig. 3B). Representative images of
neurons treated with Tat-TAMRA (Fig. 3C) and D-Tat-TAMRA
(Fig. 3D).

Next, we investigated whether the PPIi sequence of nerine-
tide (NR2B9c) contributes to the uptake of the full-length
Fig. 3 Live-cell confocal microscopy of TAMRA-Tat and TAMRA-D-
Tat in murine primary neurons. (A) Quantification of the percentage of
transduced neurons (scored as positive when showing homogeneous
cytoplasmic and nucleolar fluorescence) treated with cell penetrating
peptide. (B) Quantification of average fluorescence intensity per cell in
cells treated with cell penetrating peptide. (C) Brightfield and red
channel images of live neurons treated with TAMRA-Tat (1 & 10 mM).
(D) Brightfield and red channel images of live neurons treated with
TAMRA-D-Tat (1 & 10 mM). Digital image adjustments are consistent
throughout the manuscript for each concentration. Data are pre-
sented as mean± standard deviation; n numbers are identical for each
treatment group. Scale bars, 20 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
peptide into neurons by comparing neuronal transduction
and uptake of TAMRA-labelled Tat and D-Tat with Tat-NR2B9c
and D-Tat-NR2B9c (Fig. 4). The results show that the addition
of the NR2B9c sequence to Tat results in a signicant increase
in neuronal transduction at 1 mM (48.3% vs. 76.3%; p < 0.0001)
and at 10 mM exposure (66.8% vs. 88.6%; p < 0.0001) (Fig. 4A).
Interestingly, mean uorescence signal in neurons treated with
1 mMTat-NR2B9c is lower than in neurons treated with 1 mMTat
(p < 0.0001), while mean uorescence signal is comparable at 10
mM (Fig. 4B). These results point towards a mechanism where
the addition of NR2B9c reduces the formation of endosomes
but increases uptake into the cytoplasm. The addition of
NR2B9c to D-Tat also results in a signicant increase in
neuronal transduction at 1 mM (18.6% vs. 53.1%; p < 0.0001),
Fig. 4 Live-cell confocal microscopy of TAMRA-Tat-NRB9c and
TAMRA-D-Tat-NR2B9c in murine primary neurons. (A and C) Quan-
tification of the percentage of transduced neurons (scored as positive
when showing homogeneous cytoplasmic and nucleolar fluores-
cence) treated with Tat vs. Tat-NR2B9c (A), D-Tat vs. D-Tat-NR2B9c
(C). (B and D) Quantification of average fluorescence intensity per cell
in cells treated with treated with Tat vs. Tat-NR2B9c (B), D-Tat vs. D-
Tat-NR2B9c (D). (E) Brightfield and red channel images of live neurons
treated with TAMRA-Tat-NR2B9c (1 & 10 mM). (F) Brightfield and red
channel images of live neurons treated with TAMRA-D-Tat-NR2B9c (1
& 10 mM). Digital image adjustments are consistent throughout the
manuscript for each concentration. Data are presented as mean ±

standard deviation; n numbers are identical for each treatment group.
Scale bars, 20 mm.

RSC Adv., 2024, 14, 34637–34642 | 34639
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but not at 10 mM (89.6% vs. 79.9%; n.s.) (Fig. 4C). Mean uo-
rescence signal in neurons treated with 1 mM D-Tat-NR2B9c is
slightly higher than in neurons treated with 1 mM D-Tat (p <
0.01), with a similar trend observed at 10 mM (p < 0.05) (Fig. 4D).
Importantly, the transduction and uptake of D-Tat-NR2B9c into
neurons at 1 mM is signicantly lower than that of Tat-NR2B9c
(53.1% vs. 76.3%; p < 0.0001). These results conrm that D-Tat
is not as effective as Tat at transducing neurons and that the
PPIi section of nerinetide is not merely a cargo but enhances
transport of the full-length peptide into the cytoplasm.

Finally, we investigated whether the increase in transduction
and uptake observed with NR2B9c is due to the specic inter-
action of NR2B9c with its binding partner PSD-95. To this end
we compared the uptake of TAMRA-NR2B9c with the inactive
double alanine mutant TAMRA-NR2Baa (Fig. 5). Both peptides
show unaided transduction of neurons (i.e. not requiring
a dedicated CPP sequence) between 13.8% and 39.7% (1 mMand
10 mM) (Fig. 5A), but uptake into cells as indicated by mean
uorescence intensity is much lower than for any other peptide
construct tested (Fig. 5B). Transduction and uptake of TAMRA-
Fig. 5 Live-cell confocal microscopy of TAMRA-NRB9c, TAMRA-
NR2Baa, Tat-NR2Baa in murine primary neurons. (A and C) Quantifi-
cation of the percentage of transduced neurons (scored as positive
when showing homogeneous cytoplasmic and nucleolar fluores-
cence) treated with NR2B9c vs. NR2Baa (A), Tat-NR2B9c vs. Tat-
NR2Baa (C). (B and D) Quantification of average fluorescence intensity
per cell in cells treated with NR2B9c vs. NR2Baa (B), Tat-NR2B9c vs.
Tat-NR2Baa (D). (E) Brightfield and red channel images of live neurons
treated with Tat-NR2Baa (1 & 10 mM). Digital image adjustments are
consistent throughout the manuscript for each concentration. Data
are presented as mean ± standard deviation; n numbers are identical
for each treatment group. Scale bars, 20 mm.

34640 | RSC Adv., 2024, 14, 34637–34642
NR2B9c and TAMRA-NR2Baa is comparable at all concentra-
tions tested, suggesting a PSD-95/NMDAR-independent mech-
anism. Indeed, transduction efficacy of TAMRA-Tat-NR2B9c and
TAMRA-Tat-NR2Baa is comparable at all concentrations
(Fig. 5C), while uptake by mean uorescence intensity is
signicantly higher for TAMRA-Tat-NR2Baa at all concentration
tested (p < 0.0001).
Excitotoxicity assay

To investigate how stability and neuronal transduction of ner-
inetide work together to determine therapeutic efficacy, we
utilized a neuronal protection assay.8 In this assay, murine
primary neurons are challenged with excessive NMDA (100 mM),
which induces an excitotoxic signalling cascade involving the
PSD-95-NMDAR PPI. Consequently, this excitotoxic treatment
induces neuronal death, which is measured by propidium
iodide (PI) uptake (Fig. 6A). Neurons are pre-treated with ner-
inetide or analogues (100 nM) to disrupt excitotoxic signal
mediated by NMDAR-PSD-95 complex formation. To avoid
phototoxic effects and spectral overlap with PI, we synthesized
Fig. 6 Neuroprotective effect of nerinetide and analogues in excito-
toxicity assay of murine primary neurons challenged with NMDA. (A
and B) Excitotoxicity assay timeline and workflow – neurons are pre-
treated with peptide, challenged with NMDA, number of dead neurons
determined using propidium iodide. (B) Quantification of the
percentage of propidium iodide-positive neurons in each treatment
group. (C) Representative microscopy images of DAPI (blue)/propi-
dium iodide (PI, purple) stained cells for each treatment group. Data
are presented as mean ± standard deviation; n numbers are identical
for each treatment group. Scale bars, 50 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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unlabelled peptides Tat-NR2B9c (nerinetide), D-Tat-NR2B9c,
Tat-NR2Baa, and NR2B9c for this assay; none of the peptides
were toxic to neurons in the absence of NMDA challenge
(Fig. S1†).

Tat-NR2B9c (nerinetide) shows excellent neuroprotective
properties against NMDA resulting in cell survival comparable
to neurons that were not challenged with NMDA (18.9% vs.
18.3% cell death) demonstrating the excellent efficacy of ner-
inetide (Fig. 6B and C). The efficacy of D-Tat-NR2B9c is signif-
icantly poorer than that of Tat-NR2B9c (40.5% vs. 18.9% cell
death, p = 0.0022), suggesting that the decrease in neuronal
uptake of the D-Tat therapeutic negatively impacts its efficacy. It
is important to note that lack of delivery efficacy by D-Tat is
most pronounced at low concentrations (#1 mM). As shown in
the Fig. 3 and 4, neuronal uptake of peptides functionalized
with D-Tat is similar or greater than those functionalized with
Tat at concentrations >5 mM.

NR2B9c without a cell penetrating peptide sequence showed
no neuroprotective effect, indicating that the small amount of
intraneuronal delivery observed with these agents is insufficient
to elicit a therapeutic response. Neurons treated with double
alanine mutant known not to bind to PSD-95 – Tat-NR2Baa –

showed no neuroprotective effect and resulted in cell death
similar to neurons treated with NMDA only (56.9% vs. 55.9%),
indicating that the neuroprotective effect of Tat-NR2B9c is
mediated by the NR2B9c sequence specically, while the Tat
sequence is not directly involved in binding to PSD-95. The
replacement of Tat with D-Tat in nerinetide leads to a decrease
in neuroprotection by ∼60% demonstrating that lower intra-
neuronal delivery directly affects drug efficacy.

Discussion

The combination of a cell penetrating peptide and a short protein
mimetic peptide sequence is a powerful approach for the design
of peptidic PPI inhibitors for treating CNS conditions. These
agents overcome the dual challenge of delivery into the neuron
and the design of effective protein–protein interaction inhibitors.
By deconstructing the neuroprotective therapeutic nerinetide we
elucidate the relationship between plasma stability, intra-
neuronal delivery and drug efficacy in this class of drug.

Clinical trials of nerinetide highlighted plasma stability
problems that negatively affect drug efficacy;10,11 the substitution
of L-amino acids with D-amino acids in the cell penetrating Tat
sequence signicantly improves plasma stability. However, the
NR2B9c sequence includes a lysine on the N-terminal (K12),
adjacent to the Tat sequence, which is essential for binding to
PSD-95 and cannot be substituted for a D-amino acid without loss
of PSD-95 affinity.10 Slow degradation of D-Tat-NR2B9c is likely to
be attributable to protease targeting of this L-lysine residue.
Further efforts to improve plasma stability, such as peptide
cyclization, could be used to further improve in vivo half-life.

A surprising nding of this study is the high uptake of the
Tat into neurons; Tat typically does not enter the cytosol or
nucleus of commonly used cancer cells lines (HeLa, HEK, etc.) at
concentrations under 10 mM.14–16 Our results indicate that Tat is
freely available in the cytosol of approximately half of treated
© 2024 The Author(s). Published by the Royal Society of Chemistry
neurons at a concentration of 1 mM, suggesting that Tat is
a particularly effective cell penetrating peptide for the design of
intraneuronal therapeutics. The observation that this efficacy
drops signicantly when D-Tat is used instead of Tat suggest
that high neuronal delivery might be due to specic Tat –

protein interaction, either on the cell surface or in the endo-
some that facilitates effective intraneuronal delivery. While the
net positive charge of Tat and D-Tat is the same, D-Tat is unable
to recognize specic protein motifs comprised of L-amino acids.
These results suggest that the transduction efficacy of Tat in
neurons is only partially attributable to the net-positive charge
of the peptide.

The low concentration of peptide required for successful
delivery into neurons in addition to the lack of visible
membrane interaction of the TAMRA-labelled peptides tested in
this study point toward an uptake mechanism that utilizes the
endosomal pathway rather than direct translocation across the
plasma membrane. Furthermore, addition of NR2B9c to Tat
results in an improvement in transduction efficacy concurrent
with an overall decrease in the amount of peptide in the neuron,
which points towards an uptake mechanism where the addition
of a PPIi sequence to the CPP decreases the amount to endo-
somally conned peptide and increases delivery into the cyto-
plasm. Together these observations point towards an
intracellular delivery mechanism mediated by endosomal
escape. We found no evidence of a PSD-95 mediated or other
specic mechanism that contributes to uptake of nerinetide
mediated by the NR2B9c sequence, as the delivery of PSD-95
binding NR2B9c and non-interactor NR2Baa is identical.
However, the improvement in uptake when comparing Tat to
Tat-NR2B9c as well as D-Tat compared to D-Tat-NR2B9c suggest
that the chemical nature of the cargo sequence affects trans-
duction and can indeed improve the intraneuronal delivery of
the therapeutic agent. Both the NR2B9c and the NR2Baa
sequences are charge neutral at physiological pH and have
comparable lipophilicity. Our data suggest that the addition of
a charge neutral cargo peptide of <10 amino acids in size
improves intraneuronal delivery in comparison to the efficacy of
the cell penetrating peptide by itself. While it is not possible to
infer the broad applicability of this design criteria for the
therapeutic sequence, our ndings establish design criteria for
novel rst generation agents. Further improvements to the
endosomal escape properties of the CPP or the use of dedicated
endosomal escape peptides might further enhance the efficacy
of intraneuronal deliver.

Our ndings demonstrate that while plasma stability issues
of Tat-containing agents can be mitigated by L to D amino acid
substitution, D-Tat is signicantly less effective at intraneuronal
delivery at low extracellular concentrations (#1 mM), resulting
in a 60% decrease in neuroprotection with D-Tat-NR2B9c
treatment at 100 nM. The resulting trade-off between stability
and efficacy should be evaluated in the context of the molecular
target and the clinical indication. The ESCAPE-NA1 trial showed
that post-stratication of patients into alteplase treatment and
non-alteplase treatment groups resulted in statistically signi-
cant therapeutic benet of nerinetide treatment in patients that
are not treated with alteplase.9 This suggests that the improved
RSC Adv., 2024, 14, 34637–34642 | 34641
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half-life of nerinetide in the absence of alteplase is sufficient to
result in therapeutic benet for acute stroke patients. None-
theless, the design of novel CNS protein–protein inhibitory
peptides should consider the use of cell penetrating peptides or
peptide backbone structures that strike a better balance
between stability and delivery efficacy. The Tat CPP sequence
appears to be particularly well suited for delivery of peptides
into the CNS and into neurons and could be incorporated into
cyclic or natural product inspired cyclotide conformations to
enhance stability without compromising on delivery efficacy.17,18

Conclusions

By deconstructing the neuroprotective peptidic drug nerinetide,
we derive design criteria for the improvement of nerinetide
efficacy and the design of novel CNS drugs that target protein–
protein interactions. Cell penetrating peptide Tat is highly
effective at transporting neutrally charged cargo peptides of less
than 10 amino acid in length into the cytoplasm of neurons. L to
D-amino acid substitution in the Tat sequence results in
improved stability but poor intraneuronal delivery and thera-
peutic efficacy. Future drug development efforts should focus
on the use of strategies such as cyclization to improve the
stability of peptide therapeutics, while maintaining efficacy.
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