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Abstract: Given the pathological role of hyperphosphorylated Tau aggregation in Alzheimer’s disease (AD)
our laboratory previously developed the novel Tau aggregation inhibitor peptide, RI-AG03. As Tau aggregates
accumulate intracellularly, it is essential that Tau-targeting peptides efficiently traverse the cell membrane. In
addition, these peptides need to avoid sequestration into cell organelles, particularly those involved in
degradation, to ensure interaction with Tau in the cytoplasm. Here, we examine the cellular uptake and
intracellular trafficking of RI-AG03 when the peptide is unconjugated or linked to nanoliposome carrier
particles. The impact of adding the cell penetrating peptide (CPP) sequences, polyarginine (polyR) and
transactivator of transcription (TAT), to RI-AG03 was also characterised. Our data show that the conjugation
of CPP-containing RI-AGO03 to liposomes dramatically increases cellular liposomes uptake. The majority of this
uptake occurs via direct cell penetration. However, we find that macropinocytosis is also an important
mechanism for unconjugated and RI-AGO03-polyR-conjugated, but not RI-AG03-TAT-conjugated, liposome
uptake. In agreement with this macropinocytosis-mediated internalisation, liposome lipids localise to
lysosomes and macropinosomes following cellular uptake. However, while unconjugated RI-AGO03 peptides
also localise to lysosomes, liposome conjugation prevents this localisation, with the peptide detaching from the
liposomes at the cell surface and evading organelle entrapment. Overall, this study demonstrates that CPP
sequences and nanoliposomes carriers enhance the intracellular delivery of RI-AGO3, furthering the possibility
of the peptide’s use in targeting Tau pathology in AD.

Keywords: Alzheimer’s Disease; Tauopathy; Cell penetrating peptide; Polyarginine; TAT;
Liposomes; Nanoparticles; Tau pathology; Tau aggregation inhibitor; Endocytosis

1. Introduction

Alzheimer’s disease (AD) pathology is characterized by the extracellular accumulation of
amyloid plaques consisting of aggregated amyloid beta (Af)-peptides and the intracellular
accumulation of neurofibrillary tangles (NFTs) consisting of aggregated hyperphosphorylated Tau
protein [1]. In recent years, most therapeutic efforts have focused on the reduction of pathologic Af3
species (reviewed in e.g. [2] and [3]) [4, 5]. However, the alternative and complementary approach of
reducing Tau aggregates has gained considerable traction [6]. To date, Tau-targeted therapies have
focused on the inhibition of Tau kinases and Tau aggregation, or immunotherapies that enhance
clearance of the protein [6, 7].

Under non-pathological conditions, Tau functions as a microtubule-assembling and stabilising
protein localised to neuronal axons [8]. Through alternative splicing, six Tau isoforms are produced
from the Microtubule-Associated Protein Tau (MAPT) gene on chromosome 17. Depending on the
inclusion of exon 10, Tau isoforms contain either 3 or 4 microtubule-binding repeat domains (R) along
with either zero, one or two N-terminal inserts (N) [9, 10]. Mutations in the MAPT gene or the age-
associated build-up of wild-type Tau protein initiate the accumulation, hyperphosphorylation and
conformational rearrangement of Tau. This results in microtubular detachment and the sequential
aggregation of Tau into toxic soluble oligomers, paired helical filaments (PHFs) and insoluble NFTs
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within neurons [9, 10]. Importantly, Tau oligomers and the proteolysed core of PHFs, containing the
microtubule repeat domain region of Tau (R1 - R4), spread between neurons to cross-seed Tau
aggregation [11-14]. This results in the propagation of Tau throughout the central nervous system.
Interestingly, the spread of Tau, as assessed by Braak staging in AD [15], is more strongly correlated
with cognitive decline and the appearance of clinical symptoms than AP pathology [9, 10, 16],
suggesting that the propagation of Tau is a primary driver of the disease.

Based on the aggregation-inducing *KLVFF? sequence within A3, we previously developed
peptides to reduce Ap-peptide aggregation [17]. The most effective peptides, OR2 and its
proteolytically resistant form RI-OR2, prevent the aggregation of recombinant Af3 into oligomers and
fibrils in vitro, whilst protecting SH-SY5Y cells from Af3 toxicity [17, 18]. Since it has previously been
shown that conjugating a transactivator of transcription (TAT) cell-penetrating peptide (CPP)
sequence to peptides and nanoparticles improves their blood brain barrier (BBB) translocation [19,
20], this CPP was added to our peptide to generate RI-OR2-TAT for in vivo utility [21]. We showed
that fluorescein-labelled RI-OR2-TAT crossed the BBB in APP/PSEN1 mice following intraperitoneal
injection [21]. Moreover, RI-OR2-TAT decreased plaque load, microgliosis and oxidative stress, while
enhancing neurogenesis in the hippocampal dentate gyrus in the APP/PS1 mouse model of AD,
confirming the in vivo efficacy of the peptide.

To further enhance delivery of RI-OR2-TAT, multiple copies of the peptide were attached to
distearoyl phosphatidylethanolamine (DSPE)-polyethylene glycol (PEG)-maleimide (Mal) liposomes
to form peptide inhibitor nanoparticles (PINPs) [22]. This liposome-conjugated form of RI-OR2
achieved 50% inhibition of AP aggregation at a much lower molar ratio (1:2000 drug:Ap) than the
unconjugated RI-OR2 peptide (1:5 drug:A{). Furthermore, the PINPs were found to translocate
across an in vitro BBB model (hCMEC/D3 cell monolayer), while improving object recognition
memory in the Tg2576 (APPswe) AD mouse model in vivo.

Given recent interest in Tau as a therapeutic target for AD, we decided to apply a similar strategy
to develop a novel peptide that targets Tau aggregation. The ¥°VQIVYK3!! in the R3 domain (present
in all six Tau isoforms) and 25VQIINK?® sequence in R2 (present in 4R Tau isoforms that contain the
translated exon 10) are thought to drive Tau beta-sheet formation and aggregation [23, 24]. We tested
various peptides based on the 3¥VQIVYK3"! sequence and identified RI-AGO03 (see Figure 1A for
sequence) as being particularly efficacious in attenuating the aggregation of heparin-seeded
recombinant Tauai-2s0 in vitro, with a 94% reduction in Tau aggregation seen at equimolar drug:Tau
concentrations [25].
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Figure 1. Design of RI-AG03 derivatives employed in the current study. A. Sequence of the Tau
aggregation inhibitor peptide RI-AG03. The peptide consists of a Tau binding sequence (blue) that
interacts with the pro-aggregatory ‘VQIVYK’ sequence in microtubule-binding repeat domain 3 (dark
blue box) that is present in all 6 isoforms of Tau. The positively charged cell penetrating sequences
polyR (orange) or TAT (red) were attached to the peptide to facilitate cellular uptake. A cysteine was
added at the end of the CPP to enable linkage of the peptide to liposomes via click chemistry. B.
Unconjugated liposomes and BODIPY-liposomes to which peptides were attached through click
chemistry between the cysteine residue of the peptide and protruding maleimide groups (Mal) of the
liposomes. For the generation of fluorescent BODIPY-liposomes, 2 % cholesterol was replaced with
BODIPY-cholesterol. Adapted from [26].

Due to the intraneuronal localisation and propagation of Tau [7], intracellular delivery of Tau-
targeting therapeutics is essential. Thus, to enhance both BBB penetration and neuronal uptake, RI-
AGO03 contains an octaarginine (polyarginine; polyR) CPP sequence [27-30]. Interestingly, arginine-
rich peptides may also show anti-aggregatory effects on amyloids (reviewed in [31]). In agreement
with this suggestion, we found that adding three or nine arginine residues to an earlier version of our
peptide, AG02, enhanced inhibition of Tauai2s0 aggregation in vitro by AG02 by 20 % or 30 %,
respectively [25].

Cellular uptake of extracellular material, including RI-AGO03-polyR or liposomes, occurs in either
an energy-independent manner or through ATP-dependent transport across the cell membrane, also
known as endocytosis. Various form of endocytosis exists, including clathrin-mediated endocytosis
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(CME) and clathrin-independent mechanisms, such as caveolae-mediated endocytosis (CavME) and
macropinocytosis [32-34]. Liposomes, due to their lipophilic properties, can directly fuse with and
translocate across the cell membrane [35-37]. Alternatively, liposomes can be internalised by
endocytosis. Liposome concentration and properties including cargo type, size, shape, surface charge
and hydrophobicity determine the preferred cellular uptake pathways involved [33, 38]. The surface
modification of liposomes can also regulate the cellular uptake pathways involved. Unconjugated
CPPs can be taken up by direct membrane translocation, CME, CavME or macropinocytosis,
dependent on a range of conditions, such as CPP type and concentration, choice of the employed cell
line or cell density (reviewed in [38]). The conjugation of positively charged CPPs to liposomes, is
thought to improve liposome apposition and fusion with the negatively charged plasma membrane,
resulting in enhanced cellular liposome uptake [35].

While RI-AGO03-polyR PINPs have previously been shown to prevent aggregation of
recombinant Tau [25], their efficacy in cellular models has not been confirmed and the intracellular
uptake mechanisms for RI-AG03-polyR PINPs have not yet been characterised. Therefore, in the
current study, we characterise the primary cellular uptake mechanisms and intracellular trafficking
of RI-AGO03-polyR PINPs in a human neuronal cell line (neuroblastoma SH-SY5Y cells).

RI-AGO03 was synthesised with either a polyR or TAT sequence to compare the impact of these
CPPs on cell internalisation (Figure 1). RI-AG03-polyR and RI-AG03-TAT were attached to liposomes
by click chemistry between a cysteine residue added to the end of the CPP sequence and maleimide
groups (Mal) protruding from the liposomes [39]. In order to visualise the subcellular distribution of
the peptide and liposomes, respectively, 6-FAM and Cy5-labelled peptides and BODIPY-cholesterol-
containing liposomes were used. Endocytosis of unconjugated and peptide-conjugated BODIPY-
liposomes was evaluated using pharmacological inhibitors for CME (chlorpromazine), CavME
(filipin) and macropinocytosis (EIPA selective for micropinocytosis and cytochalasin D for
macropinocytosis and partial CME/CavME inhibition) [40, 41].

Our data show that conjugating RI-AGO03 containing either the polyR or TAT sequence to
liposomes increased cellular liposome uptake three-fold. Unconjugated liposomes and liposome-
conjugated RI-AG03, with the polyR or TAT CPP, were mainly internalised via direct membrane
penetration. However, cellular uptake of unconjugated and RI-AGO03-polyR-linked liposomes was
also partially mediated by macropinocytosis. Importantly, following cellular uptake, we show that
RI-AGO3 dissociates from liposomes. We also found that the peptide does not co-localise with any of
the cell organelles we characterised, suggesting that conjugating RI-AGO03 to liposomes prevents cell
organelle entrapment of the peptide. Collectively, these results give new insight into the cellular
uptake mechanisms of our liposome-conjugated Tau aggregation inhibitor peptides, supporting the
use of CPPs to enhance cellular uptake and confirming their intracellular availability as Tau-targeted
therapeutics.


https://doi.org/10.20944/preprints202305.1403.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 May 2023 do0i:10.20944/preprints202305.1403.v1

Results

Conjugating RI-AGO03-polyR and RI-AGO03-TAT to Liposomes Enhances Cellular Liposome Uptake

We initially investigated whether unconjugated liposomes or peptide-conjugated liposomes
were taken up by SH-SY5Y neuroblastoma cells over a 4 h time period. Cells were left untreated or
treated with either unconjugated BODIPY-liposomes, RI-AGO03-polyR BODIPY-liposomes or RI-
AGO3-TAT BODIPY-liposomes. Median cell fluorescence was significantly influenced by treatment
type (Fi 32 =32.42, p<0.001; one-way ANOVA). While treatment of SH-SY5Y cells with unconjugated
BODIPY-liposomes led to a 94-fold increase in median cell fluorescence, this was non-significant
(Figure 2). Treatment of cells with RI-AG03-polyR-conjugated BODIPY-liposomes and RI-AGO03-
TAT-conjugated BODIPY-liposomes resulted in a significant 309-fold (p < 0.001, Tukey’s HSD) and
311-fold (p < 0.001, Tukey’s HSD) increase, respectively, in median cell fluorescence relative to
untreated cells. Moreover, conjugating RI-AG03-polyR or RI-AG03-TAT to BODIPY-liposomes also
significantly increased cellular fluorescence (approximately 3-fold) relative to unconjugated BODIPY
liposomes (p < 0.001 in both cases). Therefore, linking RI-AG03 with either a polyR or TAT CPP to
liposomes increases their cellular uptake.
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Figure 2. Internalisation of BODIPY fluorescence from unconjugated BODIPY-liposomes and RI-
AGO03 peptide conjugated BODIPY-liposomes by SH-SY5Y cells. A. Cells were treated with a final
concentration of 75 uM unconjugated, RI-AGO03-polyR-conjugated or RI-AG03-TAT-conjugated
BODIPY-liposomes for 4 h and fluorescence quantified via flow cytometry. The graph shows the
Mean + SEM cell fluorescence values derived from three independent experiments with n =3 technical
replicates and freshly prepared liposome stocks in each run. ** p < 0.001, Tukey’s HSD. B.
Representative confocal images of untreated, unconjugated BODIPY-liposome and peptide-
conjugated BODIPY-liposome treated SH-SY5Y cells. Images were taken with consistent settings for
the pinhole size, laser strength and gain.

Confocal microscopy (Figure 2B) showed that treatment with unconjugated and peptide-
conjugated BODIPY-liposomes increases fluorescence in the cell cytoplasm, supporting the cellular
uptake of liposome components. Cells treated with RI-AG03-polyR or RI-AG03-TAT-conjugated
BODIPY-liposomes exhibited an apparent greater fluorescence in the cytoplasm than that of cells
treated with unconjugated BODIPY-liposomes (Figure 2B), supporting more effective internalisation
of liposome components when the peptides were conjugated to liposomes.
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Unconjugated and RI-AGO03-polyR Conjugated Liposomes, but not RI-AG03-TAT-Conjugated Liposomes,
Are Partially Internalised by Macropinocytosis

By utilising the endocytosis inhibitors chlorpromazine, filipin, cytochalasin D and EIPA [40, 41],
we sought to determine the cellular uptake mechanisms involved in the uptake of unconjugated and
peptide-conjugated liposomes. Initially, we confirmed that the inhibitor concentrations used were
non-toxic (Supplementary Material, Figure S1A and S1B) to ensure that cell death would not affect
the measurement of liposome uptake.

Endocytosis inhibitor treatment significantly altered BODIPY-fluorescence levels in SH-SY5Y
cells treated with unconjugated liposomes (Fu,40=11.30, p <0.001; one-way ANOVA; Figure 3A). Both
the CME inhibitor chlorpromazine and the CavME inhibitor filipin had no effect on cell BODIPY
fluorescence levels when the cells were treated with unconjugated BODIPY-liposomes. However,
both the macropinocytosis inhibitor cytochalasin D (p < 0.001) and the macropinocytosis inhibitor
EIPA (p=0.010) significantly reduced cellular BODIPY fluorescence levels by -19 % and -13 %,
respectively, relative to no-inhibitor controls, when cells were treated with unconjugated BODIPY-
liposomes. These results suggest that unconjugated BODIPY-liposomes are not internalised by CME
or CavME, but that they are partially taken up via macropinocytosis. However, since the effects of
cytochalasin D and EIPA were modest, most unconjugated BODIPY-liposome uptake by SH-SY5Y
cells is likely through energy-independent membrane fusion and translocation, as previously
characterised for liposomes [33, 42].

For RI-AGO03-polyR-conjugated BODIPY-liposomes, chlorpromazine and filipin again had no
effect on cell BODIPY fluorescence levels (Figure 3A). In addition, cytochalasin D treatment did not
influence cellular uptake of these peptide-liposomes. By contrast, relative to no-inhibitor controls,
EIPA significantly decreased (-28%) cell BODIPY fluorescence levels in RI-AG03-polyR-conjugated
BODIPY-liposome-treated cells (p < 0.05). These data suggest that uptake of RI-AG03-polyR-
conjugated BODIPY-liposomes is independent of CME and CavME, but that macropinocytosis is
partly involved. In the case of RI-AG03-TAT-conjugated BODIPY-liposomes, none of the endocytosis
inhibitors altered the cellular BODIPY fluorescence levels (Figure 3C). Thus, cellular uptake of RI-
AGO03-TAT-conjugated BODIPY-liposomes seems to be independent of energy-dependent CME,
CavME and macropinocytosis, and may involve uptake via energy-independent mechanisms.

Collectively, these data demonstrate that unconjugated, RI-AG03-polyR-conjugated and RI-
AGO03-TAT-conjugated BODIPY-liposome components predominantly enter cultured SH-SY5Y cells
through direct membrane fusion and translocation. A smaller proportion of the cellular uptake of
unconjugated and RI-AG03-polyR-conjugated BODIPY-liposomes, but not RI-AG03-TAT-conjugated
BODIPY-liposomes, involves macropinocytosis.
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Figure 3. Effects of endocytosis inhibitors on cellular BODIPY fluorescence levels for SHSY5Y cells
treated with (A) unconjugated, (B) RI-AG03-polyR-conjugated and (C) RI-AG03-TAT-conjugated
BODIPY-liposomes. Data shown as the Mean + SEM median cell fluorescence values from three
independent repeats (3 samples per run) normalised to no inhibitor controls. * p < 0.05 and *** p <
0.001 relative to no-inhibitor control (post-hoc Tukey’s HSD).

BODIPY Fluorescence from Unconjugated and Peptide-Conjugated BODIPY-Liposomes Localises to
Macropinocytosis-Associated Cell Organelles Following Uptake

Next, we investigated how the BODIPY-labelled cholesterol in our liposomes, either
unconjugated or linked to RI-AG03-polyR or RI-AGO03-TAT, distributed subcellularly following
cellular uptake.

Immunocytochemistry revealed that BODIPY from unconjugated BODIPY-liposomes, RI-AG03-
polyR-BODIPY-liposomes and RI-AG03-TAT-BODIPY-liposomes, to some extent, partially localised
to macropinosomes, as demonstrated by co-localisation with pHrodo™ Red Dextran (Figure 4A). The
modest co-localisation of BODIPY fluorescence from unconjugated BODIPY-liposomes and RI-AG03-
polyR-conjugated BODIPY-liposomes with macropinosomes parallels our earlier results, which
showed that these BODIPY-liposomes were partially internalised by macropinocytosis (Figure
3A&B). While BODIPY from RI-AGO03-TAT-conjugated BODIPY-liposomes also showed some co-
localisation with pHrodo™ Red Dextran, despite largely endocytosis-independent internalisation
(Figure 3C), this co-localisation appeared less frequent in comparison to that from unconjugated and
RI-AG03-polyR-conjugated BODIPY-liposomes (Figure 4B). Furthermore, BODIPY from all three
liposome types weakly co-localised with lysosomes, as determined by co-localisation with
LysoTracker Deep Red (Figure 4B). This suggests that the liposomes and peptide-conjugated
liposomes potentially bypass these degradative compartments.
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Figure 4. Co-localisation of BIDOPY fluorescence from unconjugated and peptide-conjugated
BODIPY-liposomes with macropinosomes and lysosomes and in SH-SY5Y cells. Cells were co-
incubated with BODIPY-liposomes (green) and pHrodo™ Red Dextran (macropinosomes) or
LysoTracker Deep Red (lysosomes; both in red) for 16 h. Arrows indicate observed co-localisation.

Following Internalisation of RI-AG03 Peptide-Liposomes, the Intracellular Distribution of the Peptide Differs
from that of the Liposome Vehicle

Thus far, we have utilised BODIPY-labelled cholesterol as a putative marker for the subcellular
distribution of unconjugated and RI-AG03-conjugated liposomes. However, the cellular distribution
of BODIPY-cholesterol might not reflect that of the peptides. Therefore, we synthesised RI-AG03
peptides with 6-carboxyfluorescein (6-FAM) fluorescent moieties to characterise the subcellular
distribution of both free and liposome-conjugated RI-AGO03.

The unconjugated 6-FAM-RI-AG03-polyR and 6-FAM-RI-AGO03-TAT peptides showed poor co-
localisation with the macropinosome marker pHrodo™ Red Dextran (Figure 5). However, there was
no co-localisation of 6-FAM fluorescence with macropinosomes when the peptides were conjugated
to liposomes (Figure 5). This contrasts with the observed co-localisation of BODIPY fluorescence to
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Macropinosomes, suggesting the differential trafficking of the previously conjugated peptide and the
lipid liposome components (Figure 4A).
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Figure 5. Co-localisation of 6-FAM-RI-AG03-polyR/TAT peptides and 6-FAM-peptide-conjugated
liposomes with macropinosomes. SH-SY5Y cells were co-treated with unconjugated 6-FAM-labelled
RI-AGO03-polyR/TAT peptides or peptide-conjugated liposomes and the lysosomal live marker
LysoTracker Deep Red for 16 h. Arrows show observed co-localisation.

The free forms of both 6-FAM-RI-AGO03-polyR and 6-FAM-RI-AG03-TAT also showed partial
co-localisation with LysoTracker Deep Red in lysosomes (Figure 6). Interestingly, in contrast to
BODIPY fluorescence from RI-AGO03-polyR- and RI-AGO03-TAT-conjugated BODIPY-liposomes
(Figure 4B), there was little evidence that 6-FAM-labelled peptides conjugated to liposomes co-
localised with lysosomes (Figure 6). This suggests that, when conjugated to liposomes, RI-AG03-
polyR/TAT do not undergo processing in lysosomes and that there is differential subcellular
trafficking of the peptide and lipid liposome components.
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Figure 6. Subcellular trafficking of 6-FAM-RI-AGO03 peptides and 6-FAM-RI-AGO03 peptides
conjugated to liposomes into lysosomes. SH-SY5Y cells were co-incubated with unconjugated
fluorescent 6-FAM-RI-AGO03-polyR/TAT peptides or peptide-conjugated liposomes and LysoTracker
Deep Red for 16 h. Arrows indicate observed co-localisation.

To exclude the possibility that liposome-conjugated 6-FAM-RI-AGO03 peptides are sequestered
into the plasma membrane, preventing their entry into the cell and subsequent co-localisation with
intracellular organelles, we also characterised co-localisation with the plasma membrane using
CellLight™ Plasma Membrane-RFP. BODIPY fluorescence from unconjugated and RI-AGO03-
polyR/TAT-conjugated BODIPY-liposomes showed partial co-localisation with the plasma
membrane after 16 hours of incubation (Figure 7). In addition, unconjugated 6-FAM-RI-AG03-polyR
or 6-FAM-RI-AGO03-TAT peptides also partially co-localised with the cell membrane (Figure 7). This
suggests that, at 16 hours of incubation, a proportion of the unconjugated 6-FAM-peptides and
BODIPY-liposome vehicle were integrated, or in transit through, the cell membrane. However,
similar to macropinosomes (Figure 5) and lysosomes (Figure 6), 6-FAM-RI-AG03-polyR and 6-FAM-
RI-AGO3-TAT conjugated to liposomes did not appear to co-localise with the cell membrane at this
time point (Figure 7). In addition, both 6-FAM-RI-AGO03-polyR and 6-FAM-RI-AG03-TAT conjugated
to liposomes did not show co-localisation with fluorescent probes targeting early endosomes, the
endoplasmic reticulum or the Golgi at this time point (Supplemental Material, Figures S2-54).
Collectively, these data suggest that the liposome vehicle and the initially conjugated peptides have
distinct intracellular trafficking patterns during and after their internalisation by SH-SY5Y cells.
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Figure 7. Co-localisation of BODIPY and 6-FAM fluorescence from unconjugated and RI-AGO03-
conjugated liposomes with the cell membrane. SH-SY5Y cells were co-treated with unconjugated or
RI-AGO03-polyR/TAT-conjugated BODIPY-liposomes (green fluorescent liposomes) or unconjugated
6-FAM-RI-AG03-polyR/TAT peptide and 6-FAM-RI-AG03/TAT-conjugated liposomes (green
fluorescent peptide) and CellLight™ Plasma Membrane-RFP (red) for 16 h. Arrows show observed
co-localisation.

RI-AGO3 Dissociates from Its Liposome Vehicle Following Cellular Membrane Fusion

The disparate co-localisation of 6-FAM-peptide-lipsomes and peptide-BODIPY-liposomes with
cell organelles led us to investigate whether the peptide detaches from its liposome vehicle before
moving to an alternative cellular destination. As such, we used a novel construct that consisted of a
Cyb5-labelled RI-AGO03-polyR peptide that was linked to BODIPY-liposomes in order to
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simultaneously monitor the subcellular distribution of the peptide and the liposomal carrier in the
same cells following 2 and 16 h incubations.

The results show that, after a 2 h treatment with Cy5-RI-AGO03-polyR-BODIPY-liposomes, co-
localisation of the peptide and liposome carrier was visible (Figure 8A). However, after 16 h, no co-
localisation between both was evident anymore (Figure 8B). Therefore, following the membrane
fusion and cellular uptake of peptide-liposomes, the peptide appears to dissociate from the liposome
carrier.

A Cy5-RI-AG03-polyR-BODIPY-liposomes (2 h)

B Cy5-RI-AG03-polyR-BODIPY-liposomes (16 h)

No co-
localisation

Figure 8. Dissociation of RI-AG03-polyR from its liposome vehicle following fusion with cells.
SH-SY5Y cells were treated with Cy5-RI-AG03-polyR-BODIPY-liposomes for 2 h or 16 h, then images
were acquired. Red indicates the Cy5 peptide and green indicates BODIPY fluorescence. Arrows

indicate observed co-localisation.

Discussion

This study demonstrates that unconjugated BODIPY-liposomes and, to a greater extend, RI-
AGO03-polyR- or RI-AG03-TAT-conjugated BODIPY-liposomes are readily taken up by SH-SY5Y cells
(Figure 2). Because our liposomes contain a high proportion of cholesterol (47.5 %) (Figure 1B), this
likely facilitated their internalisation, as incorporating cholesterol into liposomes has previously been
shown to increase uptake by SH-SY5Y cells, BBB-associated brain microvascular endothelial cells and
glia-like Schwann cells [43]. The same study also showed that cholesterol incorporation did not
heighten liposome uptake by skeletal muscle-like NIH-3T3 fibroblasts. This suggests that the
composition of our liposomes might favour BBB translocation and fusion with both Tau-containing
neurons and oligodendrocytes (the CNS counterpart of peripheral Schwann cells) [44-47], with lesser
uptake by skeletal muscle cells. The surface charge of the liposomes, which can be modified by the
conjugation of CPPs, also impacts cellular uptake [33]. Positively charged (cationic) nanoparticles are
electrostatically attracted to negatively charged (anionic) bilipid membranes [48]. Although we have
not characterised the zeta potential of liposomes in this study, earlier studies and the charge
characteristics and relative composition of our liposomal components (47.5% cholesterol: negative,
47.5% SM: positive and 5% DSPE-PEG(2000)-Mal: negative) suggest that unconjugated liposomes will
exhibit a negative surface charge [49-52]. In contrast, polyR and TAT are positively charged CPPs (net
charge +8) [53], and analysis of the amino acid compositions of RI-AG03-polyR and RI-AG03-TAT
support a total positive charge of +10.9 for each peptide. It has previously been shown that anionic
liposome formulations acquire positive zeta charge following polyR conjugation [54]. Thus, linkage
of RI-AG03-polyR or RI-AGO03-TAT to our liposomes likely imparts a positive surface charge that
promotes peptide-liposome fusion with the negatively charged cellular plasma membrane [35]. This
charge effect might contribute to the 3-fold enhanced uptake of RI-AG03-polyR- or RI-AG03-TAT-
conjugated BODIPY-liposomes as compared to unconjugated BODIPY-liposomes (Figure 2A). In
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agreement with this, cationic gold nanospheres (+ 20 mV) are internalised more readily than neutral
(- 4 mV) and anionic (- 10 mV) gold nanospheres [55]. Moreover, similar to our RI-AG03-polyR-
liposomes, the surface conjugation of polyR to PEG(2000)-containing liposomes resulted in greater
transfection of H4II-E cells, as compared to non-polyR-coated liposomes [56]. Comparable to RI-
AGO03-TAT-liposomes, coating polyethylenimine/PEG-liposomes with TAT peptides also increases
the transfection efficiency of SH-SY5Y cells [57]. Collectively, the results of these experiments and our
studies indicate that the cellular uptake of liposomes is enhanced when cationic peptides containing
polyR or TAT CPPs are conjugated to the liposome surface, which may in part result from changes
to the surface charge of the liposomes.

Using various endocytosis inhibitors and immunocytochemistry, we revealed that SH-SHY5Y
cells partially internalised unconjugated liposomes and RI-AGO03-polyR-conjugated liposomes
through macropinocytosis (Figure 3A-C). Macropinocytosis involves the formation of cell membrane
protrusions (lamellipodia) that engulf large volumes of extracellular fluid. This nonselective
mechanism enables cellular uptake of molecules that are too large for other endocytosis pathways.
The internalised macropinosomes range from 0.5 - 10 um in diameter and are, in part, delivered to
lysosomes [33, 58]. The co-localisation of BODIPY fluorescence from unconjugated and RI-AGO03-
polyR-conjugated liposomes with macropinosomes and lysosomes supports a key role for this
cellular uptake and processing mechanism in SH-SY5Y cells (Figure 4). Although the internalisation
of RI-AGO03-TAT-liposomes appeared to be mostly independent of macropinocytosis in SH-SY5Y
cells (Figure 3C), they were also found to weakly co-localised with macropinosome and lysosome
markers (Figure 4A,B). It is likely that random membrane fusion events, as typical for liposomes [33,
42], contributes in part to liposome internalisation by macropinocytosis and trafficking into
macropinocytosis-associated cell organelles (macropinosomes and lysosomes). In support of this
suggestion, unconjugated and RI-AGO03-polyR-conjugated BODIPY-liposomes, whose uptake was
partially dependent on macropinocytosis (Figure 3A,B), showed greater co-localisation with
macropinosomes than RI-AGO03-TAT-BODIPY-conjugated liposomes (Figure 4A,B). Given that
neurons are likely to be bioenergetically impaired in AD, as indicated by impaired glucose
metabolism and insulin resistance [59, 60], the cellular uptake of tau targeting peptides, such as RI-
AGO3-TAT, by ATP-independent mechanisms may be therapeutically advantageous.

The size of liposomes affects their endocytic uptake in cells [33]. Nanoparticles ranging from a
few to several hundred nanometers in size and those having a positive surface charge are commonly
internalised by macropinocytosis [33]. By contrast, negatively charged particles ranging from 120 -
150 nm, with a maximum diameter of 200 nm, are preferentially taken up via CME or CavME. While
our liposomes are extruded with 100 nm pores, the actual size may be larger due to the incorporated
PEG groups and peptide-conjugation. For example, we showed that incorporating different ratios of
a PEG-linked curcumin derivate (Y) into control liposomes, originally sized ~53 nm, increased the
liposome diameter approximately three-fold (> 180 nm) [52]. Similarly, our unpublished in-house
measurements indicate that the RI-AG03-conjugated liposomes used in this study are likely to be
around ~280 nm. Thus, the size of unconjugated and peptide-conjugated liposomes is likely too large
for CME- and CavME-mediated uptake, that is selective for cargo sizes between 120 - 150 nm, with
an upper limit of ~200 nm [33]. This is in agreement with the fact that we found no evidence for CME-
and CavME-mediated liposome uptake and that macropinocytosis partially mediated the
internalisation of both unconjugated and RI-AGO03-polyR-conjugated BODIPY-liposomes
(Figure 3A,B).

Liposome composition also plays a key role in influencing cellular uptake. Extraction of
cholesterol from the plasma membrane prevents the recruitment of RAS-related C3 botulinum toxin
substrate 1 (Racl) to the plasma membrane and inhibits macropinocytosis [61]. Given the high
cholesterol content (47.5%) of the liposomes used in this study, they could act as a micropinocytosis
initiating signal through Racl recruitment, promoting liposome uptake by this mechanism. Further
studies are needed to confirm this suggestion.

The surface charge of liposomes also affects endocytosis, with the presumable positive surface
charge on peptide-conjugated liposomes likely to promote macropinocytosis [33, 35]. This is
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consistent with the observation that the macropinocytosis inhibitor EIPA reduced the cellular
internalisation of RI-AGO03-polyR-conjugated liposomes to a greater extent that unconjugated
BODIPY-liposomes (Figure 3A,B). This indicates that the conjugation of RI-AGO03-polyR to liposomes
increased the relative proportion of macropinocytosis-mediated liposome uptake in SH-SY5Y cells.

The CPP present also affects liposomal cellular uptake mechanisms, and we found evidence for
this with both the polyR and TAT CPPs. Nona-arginine peptides induce cell membrane multi-
lamellarity, increasing energy-independent uptake [62]. The surface conjugation of cationic polyR to
liposomes also enhances the apposition and fusion of liposomes with lipid bilayers, promoting
uptake [35, 36]. In addition, high concentrations (40uM) of nona-arganine and TAT promote uptake
through direct membrane penetration, CavME and micropinocytosis rather than through CME [63].
This suggests that coating liposomes with polyR or TAT may enhance liposomal cell membrane
translocation. Such an increase in direct membrane translocation was observed for RI-AG03-TAT-
conjugated liposomes, whose internalisation was increased 3-fold when compared to unconjugated
liposomes (Figure 2A). This occurred in an endocytosis-independent manner (Figure 3C). RI-AGO03-
polyR-conjugated liposomes also showed greater uptake, being 3-fold greater than unconjugated
liposomes (Figure 2A). However, in this case increased uptake was partially mediated by increased
macropinocytosis (Figure 3A, B). Thus, the presence of CPP-containing peptides can enhance cellular
liposome uptake by both energy-independent and endocytosis-mediated uptake, dependent upon
the CPP present.

One important limitation to our studies is that we are unable to investigate several less well
characterised endocytosis mechanisms, such as CLIC/GEEC-driven endocytosis, flotillin-mediated
endocytosis and circular dorsal ruffles [32], as specific inhibitors for these endocytic pathways are
currently lacking [40, 41]. Thus, we cannot ruled out liposome uptake by these alternative endocytosis
mechanisms in SH-SY5Y cells.

In addition, treatment of SH-SY5Y cells with chlorpromazine concentrations that completely
inhibit CME was not possible. Typically, chlorpromazine is used at 50 - 100 uM to inhibit CME in
cells [41], with an ICso of 17.4 uM reported in U20S cells [64]. We were only able to employ 10 uM
chlorpromazine, as 12.5 pM caused SH-SY5Y cell detachment and concentrations =15 pM were
highly toxic (Supplementary material, Figure S1). This is consistent with published data showing
chlorpromazine toxicity in undifferentiated SH-SY5Y cells (LCso = 5 uM) [65]. Therefore, CME was
only partially blocked in our experiments, with complete CME inhibition likely being toxic to SH-
SY5Y cells. Since BODIPY fluorescence from unconjugated, RI-AG03-polyR- and RI-AGO03-TAT-
conjugated liposomes partially co-localised with early endosomes (Supplementary material, Figure
52), which are CME-associated cell organelles [66], it is likely that CME partially contributes to
liposome cellular uptake.

A major challenge for drug-conjugated nanocarriers is to avoid entrapment in cell degradative
compartments, such as endosomes and lysosomes [36]. It has been proposed that the linkage of polyR,
TAT and other CPPs to liposomes facilitates endolysosome membrane fusion, leading to the ejection
of liposome-encapsulated cargo into the cytoplasm [35]. For example, Ruan et al., (2007)
demonstrated that TAT-conjugated quantum dots were internalised by macropinocytosis, becoming
trapped in the inner macropinosome membrane [67]. Thus, linking a CPP to a nanocarrier does not
necessarily improve cell organelle escape, and the utility of additional endosomal escape strategies
might be necessary [35]. In the current study we found that unconjugated, RI-AG03-polyR-
conjugated and RI-AGO03-TAT-conjugated BODIPY-liposomes co-localised with macropinosomes
(Figure 4A), lysosomes (Figure 4B) and the cell membrane (Figure 7) in SH-SY5Y cells. However,
when 6-FAM-labelled RI-AG03-polyR and RI-AGO03-TAT were conjugated to non-fluorescent
liposomes, there was no co-localisation of the fluorescent peptide with these organelles (Figure 5, 6
and 7), early endosomes, the ER or Golgi (Supplementary material, Figure 52-4). Moreover, we also
found that liposome conjugated 6-FAM-RI-AGO03-polyR detached from BODIPIY-labelled liposomes
after fusing with the SH-SY5Y cell membrane (Figure 8). Therefore, this shows that following cellular
uptake, the conjugated peptide dissociates from the liposome vehicle and escapes entrapment in
degrative cell organelles, possibly trafficking into the cytoplasm. Given that unconjugated 6-FAM-
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RI-AG03-polyR/TAT peptides partially co-localised with these degradative cell organelles, but 6-
FAM-RI-AGO03-polyR/TAT-conjugated liposomes did not (Figure 5, 6, 7 and S2), peptide-conjugation
to liposomes might alter peptide trafficking in favour of enhanced cytoplasmic delivery. Moreover,
the lack of 6-FAM-RI-AG03-polyR/TAT peptide co-localisation with the plasma membrane when
conjugated to liposomes (Figure 7) suggests that the peptide does not remain stuck in the cellular
membrane after dissociation from its liposome vehicle. However, further studies are necessary to
confirm cytoplasmic delivery of the peptide, and its interaction with Tau in the cell environment.

Material & Methods

Peptide Synthesis

RI-AGO03-polyR (NHz-r-G-v-g-i-k(Ac)-y-k-p-G-r-r-r-r-r-r-r-r-c), RI-AGO3-TAT (NHz-r-G-v-g-i-
k(Ac)-y-k-p-G-y-G-r-k-k-r-r-g-r-r-r-), 6-carboxyfluorescein (6-FAM)-RI-AG03-polyR and 6-FAM-RI-
AGO3-TAT were synthesised by Severn Biotech Ltd (Kidderminster, UK). Cyanine-5 (Cy5)-RI-AG03-
polyR was synthesised by Cambridge Peptides Ltd (Cambridge, UK). To allow liposome linkage, all
peptides contained an additional cysteine [39]. The peptides contained D-amino acids (denoted by
lower cases) to prevent proteolytic cleavage [18, 25], except for glycine, because this amino acid does
not possess a D-enantiomer.

Preparation of Liposomes and Click Chemistry Attachment of RI-FAGO3

Liposomes were made by dissolving relative molar proportions of the following (all Avanti
Polar Lipids Inc., Alabaster, US) in chloroform: 47.5 % sphingomyelin (SM; egg-derived), 47.5 %
cholesterol (plant-derived) and 5 % maleimide, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000] (DSPE-PEG(2000)-Mal). For BODIPY-liposome uptake and
localisation fluorescence studies, 2 % of the cholesterol was replaced with TopFluor® (BODIPY)
cholesterol (Avanti Polar Lipids Inc., Alabaster, US). The lipid mixture was dried under liquid
nitrogen and the film resuspended in 1x phosphate-buffered saline (1x PBS; 137 mmol/L NaCl,
2.7 mmol/L KCl, 20 mmol/L Na2HPOs and 1.8 mmol/L KH2POs) in a water bath sonicator at 37 °C for
15 min, until fully dissolved. The mixture was then subjected to five freeze-thaw cycles in liquid
nitrogen and extruded eleven times using a Mini-Extruder (Avanti Polar Lipids Inc., Alabaster, US)
and Hamilton 1000pl Syringes (Avanti Polar Lipids Inc., Alabaster, US), through a 0.1 pm
Nuclepore™ Polycarbonate Track-Etched Membrane (Whatman, Maidstone, England) in accordance
with the manufacturer’s instructions.

Because DSPE-PEG(2000)-Mal is randomly incorporated into liposomes, with the maleimide
group facing either inwards or outwards, only half of the DSPE-PEG(2000)-Mal present (2.5%
liposome lipid content) is available for peptide conjugation. To attach the cysteine residue of RI-AG03
to the available DSPE-PEG(2000)-Mal chains via click chemistry, extruded liposomes were incubated
with an excess molar proportion of the peptide (= molar concentration of DSPE-PEG(2000)-Mal (2.5
%) x 1.2) for 2 h at 37 °C. The mixture was vortexed once after 1 h and rocked on a plate shaker at
room temperature overnight. Unbound peptide was removed by ultracentrifugation for 1 h at 172,000
x g (4 °C) and the liposome pellet was resuspended in PBS in a water bath sonicator at 37 °C, in three
15 min sonication cycles with vortexing between cycles. To remove any liposome clumps following
resuspension, the liposomes were centrifuged at max speed (17 x g) in a benchtop centrifuge for 4
min, through 0.22 pm Corning® Costar® Spin-X® centrifuge tube cellulose acetate filters (Corning
Inc., Corning, US). Liposome concentrations were quantified using the LabAssay™ Phospholipid kit
(FUJIFILM Wako Shibayagi Corporation, Osaka, Japan).

Cell Culture

Human neuroblastoma, SH-SY5Y, cells (ATCC®; CRL-2266; Manassas, USA)) were maintained
in Dulbecco's Modified Eagle Medium (DMEM)-F12 (Gibco, Brigg, UK) containing 10 % (v/v) heat-
inactivated fetal bovine serum (FBS; Sigma-Aldrich/Merck Life Science UK Limited, Dorset, UK) and
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https://doi.org/10.20944/preprints202305.1403.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 May 2023 doi:10.20944/preprints202305.1403.v1

16

1 % (v/v) antibiotic-antimycotic solution (Sigma-Aldrich/Merck Life Science UK Limited, Dorset, UK)
at 37 °C and 5 % CO:a.

Flow Cytometry

SH-SY5Y cells were seeded at a density of 350,000 cells in 12 well plates and allowed to settle
overnight. Cells were then treated with a final concentration of 75 uM unconjugated, RI-AG03-polyR-
conjugated or RI-AG03-TAT-conjugated BODIPY-liposomes for 4 h. To investigate endocytosis
pathways, cells were treated with vehicle solution (dimethyl sulfoxide; DMSO) or a final
concentration of 10 uM chlorpromazine hydrochloride, 7.5 uM cytochalasin D, 5 ug/mL filipin III
from streptomyeces filipinensis or 50 uM 5-(N-ethyl-N-isopropyl)amiloride (EIPA, all from Merck Life
Science UK Limited, Dorset, UK) dissolved in DMSO for 30 min prior to further co-incubated with
the liposomes for 4 h at 37 °C. Cells were then trypsinised, pelleted and resuspended in 1 mL 1x PBS.
An equal volume of 4 % (w/v) paraformaldehyde (PFA) in 1x PBS was added, for a final concentration
of 2 % PFA, and the cells were fixed for 30 min at 4 °C in the dark. Median cellular fluorescence was
quantified by flow cytometry (CytoFLEX; Beckman Coulter, High Wycombe, UK) with a minimum
cell count of 10,000 cells per sample. The experiments were performed in triplicates (three wells per
group, treated with the same liposome stock) and repeated over three independent experiments with
fresh liposome stocks (total samples per group: n =9).

Immunocytochemistry

SH-SY5Y cells were seeded onto poly-L-lysine-coated coverslips at a density of 150,000 cells per
well in 24-well plates and allowed to adhere overnight. Cells were then treated with either 6-FAM-
RI-AGO3-polyR/TAT peptide, unconjugated BODIPY-liposomes, RI-AG03-polyR/TAT-conjugated to
BODIPY-liposomes, 6-FAM-RI-AG03-polyR/TAT-conjugated to BODIPY-liposomes or Cy5-RI-
AGO03-polyR-liposomes, and incubated for 2 h or 16 h to investigate cell organelle trafficking. To co-
detect cell organelles, the following live cells stains (all Invitrogen, Massachusetts, US) were used
according to the manufacturer’s instructions: LysoTracker Deep Red (for lysosomes), pHrodo™ Red
Dextran, 10,000 MW ( for macropinosomes), CellLight™ Plasma Membrane-RFP (for cell membrane),
CellLight™ Early Endosomes-RFP (for early endosomes), CellLight™ ER-RFP (for endoplasmic
reticulum) and CellLight™ Golgi-RFP (for Golgi). The cells were flushed in 1x PBS, fixed in 4 % (w/v)
PFA in 1x PBS (4°C for 30 min). The coverslips were then mounted with ProLong™ Diamond
Antifade Mountant containing DAPI (Invitrogen, Massachusetts, US), sealed and stored at 4 °C in the
dark. Atleast 3 images per treatment group from duplicate coverslips were taken at 63x magnification
using a ZEISS LSM880 confocal microscope.

Viability Assays

SH-SY5Y cells were seeded in 96 well plates, allowed to settle overnight and, at a density of ~60
- 80 % confluency, treated with a final concentration of 75 uM unconjugated liposomes or peptide-
liposomes or endocytosis inhibitors, including chlorpromazine, filipin, cytochalasin D and EIPA, for
4.5 h (n = 6; Supplementary material, Figure S1). Cell viability was assessed using Cell Counting Kit
- 8 (Sigma-Aldrich/Merck Life Science UK Limited, Dorset, UK) according to the manufacturer’s
instructions.

Statistical Analysis

Statistical analysis was performed with JASP (University of Amsterdam, Amsterdam, The
Netherlands). To compare the cellular uptake of unconjugated BODIPY-liposomes or peptide-
BODIPY-liposomes in the absence or presence of endocytosis inhibitors, one-way and two-way
ANOVA followed by Tukey’s post-hoc test were applied. One-way ANOVA and Tukey’s post-hoc
correction were used for the viability assays. Significance was set at p < 0.05.
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Conclusions

Conjugating RI-AGO03 to liposomes, independent of the CPP sequence (TAT or polyR) included
in the peptide, enhances cellular liposome uptake by SH-SY5Y cells. Whilst RI-AG03-polyR-
conjugated liposomes are moderately internalised by macropinocytosis, cellular uptake of RI-AG03-
TAT-conjugated liposomes is independent of ATP-dependent endocytosis mechanisms. This
potentially makes RI-AGO3-TAT peptide the preferential choice for RI-AGO03 delivery, given the
energy-impairment of neurons in AD and Tauopathies. Finally, we provide evidence that RI-AG03
detaches from its liposome vehicle following cellular uptake, and that it avoids peptide entrapment
in degrading cell organelles. This suggests that liposome conjugation may enhance the cellular
availability of RI-AGO03, which may increase its utility in preventing cellular tau aggregation. Thus,
RI-AGO3 conjugation to liposomes (PINPs) may be useful for the treatment of Tau pathology in
neurodegenerative diseases.

Supplementary Materials: The following supporting information can be
downloaded at the website of this paper posted on Preprints.org.
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