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Abstract: Neurodegenerative disorders are a major public health issue. Despite decades of research
efforts, we are still seeking an efficient cure for these pathologies. The initial paradigm of large
aggregates of amyloid proteins (amyloid plaques, Lewis bodies) as the root cause of Alzheimer’s
and Parkinson’s diseases has been mostly dismissed. Instead, membrane-bound oligomers forming
Ca?*-permeable amyloid pores are now considered appropriate targets for these diseases. Over the
last 20 years, our group deciphered the molecular mechanisms of amyloid pore formation, which
appeared to involve a common pathway for all amyloid proteins, including A (Alzheimer) and
a-synuclein (Parkinson). We then designed a short peptide (AmyP53), which prevents amyloid pore
formation by targeting gangliosides, the plasma membrane receptors of amyloid proteins. Herein,
we show that aqueous solutions of AmyP53 are remarkably stable upon storage at temperatures up
to 45 °C for several months. AmyP53 appeared to be more stable in whole blood than in plasma.
Pharmacokinetics studies in rats demonstrated that the peptide can rapidly and safely reach the brain
after intranasal administration. The data suggest both the direct transport of AmyP53 via the olfactory
bulb (and/or the trigeminal nerve) and an indirect transport via the circulation and the blood-brain
barrier. In vitro experiments confirmed that AmyP53 is as active as cargo peptides in crossing
the blood-brain barrier, consistent with its amino acid sequence specificities and physicochemical
properties. Overall, these data open a route for the use of a nasal spray formulation of AmyP53 for
the prevention and/or treatment of Alzheimer’s and Parkinson’s diseases in future clinical trials
in humans.

Keywords: Alzheimer’s; Parkinson’s; therapy; peptide; ganglioside; amyloid pore

1. Introduction

Neurodegenerative diseases will undoubtedly be a major pandemic in this century.
Alzheimer’s disease and associated dementias already affect tens of millions of people
worldwide, and that number could reach more than 100 million by 2050 [1], i.e., for the
next generation. For its part, Parkinson’s disease is currently affecting more than 6 million
individuals in the world [2], and its occurrence has more than doubled between 1990
and 2016 [3]. These estimations underline the major impact of these pathologies for our
health systems.

To date, there is no cure for these diseases. In the best of cases, physicians try to treat
the symptoms but not the root causes of these diseases, despite 50 years of intense research
efforts. Indeed, though the proteins responsible for these diseases have been formally
identified, the precise molecular and cellular mechanisms causing these pathologies are still
debated. The initial paradigm of amyloid plaques that have long been held to be responsible
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for Alzheimer’s disease is now abandoned. In fact, the correlation between the presence
of amyloid plaques and the symptoms of Alzheimer’s disease could not be established,
and many arguments have been made on the contrary to dismiss this theory. The famous
“nun study”, conducted by D. Snowdon in the 1990s [4], is a particularly significant
example, but it is far from being the only one. The model of amyloid plaques had been
questioned as early as 1968 by Tomlison et al. [5]. Subsequently, many results reinforced the
skepticism regarding amyloid plaques: the failure of anti-plaque immunotherapies [6-11],
the existence of genetic forms of Alzheimer’s disease (Osaka mutation) without evidence of
plaques in the brains of patients [12,13], the presence of amyloid plaques in nondemented
subjects [14-16], and finally the discovery of amyloid protein (Af3) oligomers and their
correlation with symptoms [10,17-23]. A similar scenario is emerging for Parkinson’s
disease, and numerous data suggest that, instead of Lewy bodies, a-synuclein oligomers
are the real cause of the disease. Gaig et al. have identified a single mutation in the
leucine-rich repeat kinase 2 gene (LRRK2) that causes Parkinson’s disease without Lewy
bodies [24]. Several studies failed to establish a clear-cut correlation between Lewy bodies
and Parkinson’s symptoms [25,26], whereas a large body of evidence suggest that o-
synuclein oligomers are the real culprits [27-33].

Both A3 and «-synuclein oligomers result from the self-assembly of a few molecules
of amyloid proteins according to a perfectly determined and structured mode of building,
whereas the formation of amyloid plaques is rather stochastic. Many types of oligomers
have now been described, but they can be schematically classified into two main groups:
soluble oligomers [34,35] and membrane-associated oligomers [36-38]. Soluble oligomers
that do not interact with brain cells do not appear to be toxic, at least as long as they remain
soluble in the extracellular milieu. On the other hand, they can become highly neuro-
toxic when they interact with the plasma membrane of a neuron or a glial cell [39,40]. As
a matter of fact, the toxicity of oligomers is typically a membrane phenomenon, which
suggests that Alzheimer’s disease is primarily a membrane disorder [41,42]. The inter-
action of these oligomers with the membrane of nerve cells is mediated via special gly-
colipids called gangliosides, which are particularly abundant in the central nervous sys-
tem [43,44]. Gangliosides are grouped together in cholesterol-enriched microdomains of
the membrane, thus forming particular structures referred to as lipid rafts [45,46]. Dur-
ing the last years, lipid raft gangliosides have thus been identified as a prime target for
developing new therapeutic strategies for neurodegenerative diseases [47-51]. The selec-
tion of gangliosides as attachment sites is shared by many amyloid proteins, including
Alzheimer’s disease A3 peptide (Ap) [52-54] and Parkinson’s disease o-synuclein [55-58].
Whether in the form of preformed oligomers, or monomers that first insert into the mem-
brane and then self-assemble into oligomeric structures, these proteins must first bind to
a ganglioside [39]. Membrane-inserted oligomers are referred to as “amyloid pores” [59,60].
Amyloid pores are small channels that let Ca?* ions enter the cell in a permanent and nonreg-
ulated process, which is the primary cause of neurotoxicity [60]. Indeed, Ca?* ions trigger
a downstream cascade of events including tau hyperphosphorylation [61-63], oxidative
stress [64,65], synaptic deterioration [66-69], plasticity dysfunction [70], and eventually
cell death [29,71,72]. Thus, targeting gangliosides and occupying their surface to prevent
amyloid proteins from attaching to them and form amyloid pores is a particularly interest-
ing and innovative therapeutic strategy [60,73]. For this purpose, it is necessary to have
therapeutic molecules recognizing the gangliosides and devoid of toxicity by themselves.
The AmyP53 peptide has been specifically designed for this purpose [74]. Based on 20 years
of research in molecular neurosciences having led to the elucidation of the mechanisms of
neurotoxicity of A and a-synuclein, this peptide combines in its molecular structure the
ganglioside binding properties of these two proteins, i.e., schematically GM1 for Af3 and
GM3 for «-syn [74] (Figure 1).
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Figure 1. AmyP53 blocks a mechanism of neurotoxicity shared by both Alzheimer’s and Parkinson’s
diseases. AmyP53 blocks the neurotoxic cascade triggered by oligomers in the membrane of brain
cells. Amyloid pores may be either preassembled in the extracellular space (soluble oligomers, in
equilibrium with monomers and intermediate assemblies) or within the plasma membrane of brain
cells (from monomers that bind to the membrane). Yet in both cases the formation of these amyloid
pores requires gangliosides that act as specific membrane receptors. Ca?* ions rush into these pores,
triggering a cascade of neurotoxic events that disrupt brain activity and precipitate the disease in
patients. By preventing any amyloid protein from binding to gangliosides, AmyP53 blocks the
overall neurotoxicity cascade at this earliest membrane step that is common to both Alzheimer’s and
Parkinson’s diseases.

To achieve this goal, we first identified the domains responsible for the recognition of
gangliosides in the structure of A3 and «-syn proteins. By testing a series of recombinant
proteins and synthetic peptides derived from distinct parts of these proteins and by mea-
suring their ability to bind to gangliosides, we were able to identify amino acids Afs.16
and a-synszs4s5 as functional ganglioside-binding domains (GBDs) [57,74]. We showed that
Aps.16 preferentially binds to ganglioside GM1, while a-synss 45 rather recognizes GM3,
just like the whole parental proteins do. We then used in silico modeling approaches to
design a chimeric peptide combining the ganglioside-binding properties of both Af3 and
a-syn [74]. Apart from the critical parameters controlling the recognition of gangliosides,
an important criterion was water solubility, with the idea of developing a nasal-spray
formulation. We also took into account the surface electrostatic potential of the chimeric
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peptide, which was deliberately electropositive [74] to be attracted by the electronegative
field of ganglioside-enriched lipid rafts [45]. Thus, the AmyP53 peptide was designed as
a competitive inhibitor of the binding of amyloid proteins to their ganglioside receptors,
with a kinetic advantage over these proteins. It was also conceived as a flexible peptide
lacking a secondary structure in water, thus mimicking the conformational freedom of the
amyloid proteins from which it was derived. We have avoided introducing any potential
proteolytic cleavage site that would decrease the in vivo stability and bioavailability of
AmyP53. Taking into account these strict specifications, we constructed a chimeric peptide
on the backbone of the GBD of «-syn, and we substituted amino acids 9 and 10 with a pair
of histidines conferring the specificity of interaction of A for GM1 [74]. It is important to
note that the GBDs of Af3 and x-syn are located outside the neurotoxic domains of these
proteins, so that the chimeric peptide lacks the capacity of amyloid pore formation [39,40].

By targeting a molecular mechanism common to both Alzheimer’s disease and Parkin-
son’s disease, AmyP53 is thus the first representative of a new class of molecules with high
therapeutic potential [39,40]. We have previously shown the effectiveness of AmyP53 at
blocking the binding of amyloid proteins in different experimental models (in vitro and ex
vivo), whether in the form of a chemically synthesized peptide [60,73] or delivered biologi-
cally by a viral vector [75]. In particular, the therapeutic efficacy of AmyP53 was tested in
an ex vivo model of Alzheimer’s disease based on Af3-associated synaptic perturbations of
brain hippocampal slices that can be assessed in real-time by electrophysiological record-
ings. Remarkably, the addition of equimolar concentrations of AmyP53 in competition with
A proteins was able to prevent the electrophysiological perturbations of brain hippocam-
pal slices [73]. Toxicology studies in rats have then demonstrated the perfect tolerance of
AmyP53 administered intravenously or intranasally [75]. In the present study, we provided
the first preclinical results of the pharmacokinetics of the AmyP53 peptide in rats. We show
that AmyP53 is remarkably stable in aqueous formulation, that it effectively crosses the
blood-brain barrier, and that it can be delivered to the brain after either intravenous or
intranasal administration. Taken together, these new results are an important step in the
development of AmyP53 as a nasal-spray formulation for the treatment of Alzheimer’s and
Parkinson’s diseases.

2. Results
2.1. Chemical Stability of AmyP53 in Water Solution

The main physicochemical properties of the AmyP53 peptide are listed in Table 1. The
stability of AmyP53 solutions prepared in pure water was analyzed by LC-MS. A calibration
curve demonstrated that this method allowed the precise quantitative determination of the
amount of AmyP53 over the 5-100 pmol range (Figure 2). The chemical stability of AmyP53
solutions was analyzed at 4 °C, 20 °C, and 45 °C over a total period of 18 months. AmyP53
was analyzed at several time points during this incubation (24 h, 48 h, 72 h, 16 days, two
months, and finally 18 months). We did not detect any evidence of peptide degradation
at any time, and the HPLC profiles after 18 months of incubation at 4°C, 20 °C, and 45 °C
were remarkably similar to the initial spectra (Figure 2). The quantification of AmyP53 did
not show any variation from the reference. Thus, these data indicate that AmyP53 remains
chemically intact over 18 months in water solution.

Table 1. Physicochemical properties of AmyP53.

Amino Acid Sequence KEGVLYVGHHTK
Molecular weight 1367.57
Powder color white
Isoelectric point (pHi) 8.5
Solubility in water >146 mM (200 mg.mLfl)

Spectroscopic signature A230/A275=6
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Figure 2. Chemical stability of AmyP53 in aqueous solution. AmyP53 was dissolved in pure water at
a concentration of 1 mM and stored for 18 months at 4 °C, 20 °C, and 45 °C. The calibration curve
(upper left) is linear over the 5-100 pmol range (R? > 0.99). The minimal amount detected is 5 pmol.
Representative original raw HPLC spectra at 24 h (upper right) and M18 (18-month, lower panels)
are shown.

2.2. Biological Activity of AmyP53 Solutions upon Long-Term Storage

This chemical analysis was completed by a physicochemical assay to evaluate the
biological activity of AmyP53 solutions over the 18-month storage at 4 °C, 20 °C, and
45 °C. The assay is based on the ganglioside-binding properties of AmyP53. When added
underneath a monolayer of ganglioside GM1, the AmyP53 peptide induces a progressive
increase of the surface pressure, which is the proof of a molecular interaction between
the peptide and the ganglioside. This method is highly specific and sensitive, so that
any decrease in the ganglioside-binding properties of AmyP53 can be demonstrated by
this assay. The data in Figure 3A show the kinetics of interaction of various samples of
AmyP53, including a calibrated reference solution and the solutions stored for 18 months
at4 °C, 20 °C, and 45 °C. Both the typical sigmoidal shape of the curve and the maximal
surface pressure increase appeared to be similar between the reference and the tested
solutions. Moreover, the compilation of all determinations at the three temperatures over
the 18-month incubation time demonstrated a similar ganglioside-binding activity for all
samples, whatever the storage temperature (Figure 3B). Overall, these data indicate that
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long term storage at 4 °C, 20 °C, or 45 °C did not impair the ganglioside-binding properties
of AmyP53 solutions that remained remarkably constant during the experiment.
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Figure 3. Biological stability of AmyP53 in aqueous solution. AmyP53 was dissolved in pure water
at a concentration of 1 mM and stored for a maximal time of 18 months at 4 °C, 20 °C, and 45 °C.
(A) After 18 months (M18) of storage at the indicated temperature, samples were assayed in the
GM1 binding assay. Pure water was used as negative control for the Langmuir monolayer assay.
(B) Comparison of AmyP53 binding to GM1 over a 18-month period at 4 °C, 20 °C, and 45 °C.
Samples were analyzed at 24 h, 48 h, 72 h, 16 days, 2 months, and 18 months. The surface pressure
increase induced by 8 uL of each sample added underneath a stable monolayer of ganglioside GM1
was measured at the end of the experiment. Data are expressed as mean £ SD (n = 6). The differences
between AmyP53 concentrations at 4 °C, 20 °C, and 45 °C were statistically not significant (p > 0.05,
Kruskal-Wallis test).

2.3. AmyP53 Stability in Blood and Serum

Then we studied the stability of AmyP53 in whole blood and serum. To this end, we
initially tested two extraction protocols (methanol and trichloroacetic acid) to determine the
best approach for dosing AmyP53. Methanol extraction was selected because it appeared
to be more sensitive than trichloroacetic acid and trichloroacetic acid was less suitable
for LC/MS analyses. For whole blood extraction, a sonication step was included in the
procedure as it increases the yield of peptide recovery. Under these conditions, we could
reproducibly detect and quantify AmyP53 in rat fresh-blood samples by LC-MS (Figure 4A).
The apparent concentration of AmyP53 started to decline after 5 min of incubation, with
a half-life time of 17 min. The peptide was still detected after 60 min of incubation.
In commercial human serum, the decline of apparent AmyP53 concentration occurred
significantly more quickly than in blood, and the half-life time was 5 min (Figure 4B). The
peptide was no longer detected in serum after 30 min of incubation.

2.4. Pharmacokinetics of AmyP53 in Brain and Blood

The pharmacokinetics parameters of AmyP53 were analyzed in rat brain and blood
after either intranasal or intravenous administration (Figure 5). The method of extraction
was adapted to detect the peptide in brain homogenates by the LC-MS method (Figure 5A).
Intact AmyP53 was detected 5 min after intranasal administration, after which the peptide
concentration regularly declined to the lowest detected values after 60 min (Figure 5B).
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However, the peptide was still detected after two hours. In comparison, the time required
for AmyP53 to reach its maximal concentration (Cmax) in the brain after intravenous
administration was 15 min, i.e., 3 times longer than via the intranasal pathway (5 min)
(Figure 5B). The pharmacokinetics parameters of the two administration pathways are
listed in Table 2. In summary, the intranasal route had a higher Cmax (1766 ng/mL) and
shorter Tmax (5 min) compared with the intravenous pathway (Cmax = 1095 ng/mL,
Tmax = 15 min). Based on the AUC determinations of the pharmacokinetics study (Table 2)
and considering the amounts of AmyP53 injected, we calculated that 1.57% of AmyP53
reached the brain after intranasal administration and 0.2% after intravenous injection. Thus,
nose-to brain delivery was 7.85-fold more efficient than blood circulation for AmyP53.

B
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Figure 4. In vitro stability studies of AmyP53 in rat whole blood and human serum. AmyP53 was
incubated at a concentration of 300 uM with rat whole blood (A) or human serum (B). At the indicated
times, samples were extracted and underwent AmyP53 quantification by LC-MS. Data are expressed
as mean £ SD (n = 3).

Table 2. Pharmacokinetics parameters following the intravenous and nasal administration of AmyP53
in rats.

Parameter Route Blood Brain
Intranasal (IN) 347 1766
Cmax (ng/mL) Intravenous (IV) 254 1095
Tmax (min) il\\; 150 155
. IN 15,240 62,794
AUC 0—120 (ng.mL/min) v 12342 67140
Ratio of AUCyy/AUG;, (%) 123 94
. IN 132 61
T1/2 (min) v 114 547
IN - 157

AmyP53 reaching the brain (%) v ) 0.20
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Figure 5. Pharmacokinetics studies of AmyP53 administered in rats by either the intravenous or
intranasal routes. (A) Calibration curve of AmyP53 detection in brain homogenates after methanol
extraction and quantification by LC-MS. The insert shows the 250-1000 ng/mL range. Data are
expressed as mean £ SD (n = 4). (B) At the indicated time following intravenous (red symbols) or
intranasal administration (black symbols), brain homogenates were prepared and extracted with
the methanol method, and AmyP53 was quantified by LC-MS. Data are expressed as mean £ SD
(n = 3). (C) Comparison of AmyP53 determinations in perfused (P) and nonperfused (NP) brain
30 min after intranasal injection. The data considered the time required for perfusion (15 min). Data
are expressed as mean =+ SD (n = 3). (D) AmyP53 quantified in whole blood samples after intravenous
(red symbols) or intranasal administration (black symbols). Data are expressed as mean & SD (n = 3).
In panel C, the differences were not statistically significant (p > 0.05, Kruskal-Wallis test).

To ensure that the AmyP53 detected in the brain was recovered from brain tissue and
not from brain vessels, a control experiment was performed that included brain perfusion
before homogenate preparation. Since the perfusion protocol required 15 min, it was not
possible to study the pharmacokinetics of AmyP53 during the first time points. However,
we could compare the amount of Amy53 detected in the perfused brain and compared the
values obtained from the nonperfused brain at 30 min (Figure 5C). At this time, similar
AmyP53 amounts were measured in both conditions, showing that the therapeutic peptide
is indeed able to reach brain tissue after intranasal administration.

Finally, we studied the pharmacokinetics of AmyP53 in blood (Figure 5D). In this case,
the peptide peaked immediately after intravenous injection, whereas there was a lag fol-
lowing intranasal administration. In both cases, the amount of AmyP53 recovered in blood
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was lower than the amount detected in brain. A major outcome of these pharmacokinetics
studies is that AmyP53 is able to reach the brain after either an intranasal or an intravenous
treatment. In the latter case, the data strongly suggest that the peptide is able to cross the
blood-brain barrier. Since transport through the blood-brain barrier is of high interest for
the development of a therapeutic drug, we decided to conduct a series of experiments to
document the blood-brain-barrier-penetration capability of AmyP53.

2.5. Kinetics of AmyP53 Transport through an In Vitro Model of the Blood—Brain Barrier

The transport of intact AmyP53 through the blood-brain barrier was studied with
three reconstituted in vitro cellular models cultured in a two-compartment chamber [76]
(Figure 6A). These three models consist of (i) pure bEnd.3 cells (mouse endothelial brain
cells), (ii) bEnd.3/CTX (rat brain astrocytes) co-cultures, and (iii) bEnd.3/C6 (rat brain
glial cells) co-cultures [77]. The impermeability of each of these cellular barriers was
assessed by transendothelial resistance measurements. Experimental data have shown
that an electrical resistance > 100 Q).cm? is sufficient to prevent the paracellular passage
of ions [78], radioactive iodine [79], and sodium fluorescein (a compound with a Mw of
376 Da, i.e., 34 fold smaller than the AmyP53 peptide) [80], reflecting the presence of
functional tight junctions on the entire surface monolayer [78,81,82]. The transendothelial
resistance measurement results for the three models are as follows: pure bEnd.3 cells,
185 =+ 24 O).cm?; bend-3/CTX system, 153 & 18 Q.cm?; bend-3/C6 system, 186 =+ 22 Q.cm?.
Although higher values (>1000 Q.cm?) have been recorded with induced pluripotent stem-
cell-derived endothelial cells (iPSC-ECs) [83], which may be more representative of the
in vivo conditions, these three reconstituted systems fulfill the minimum electrophysiologi-
cal requirements for in vitro models of the blood-brain barrier [80,84]. In order to compare
the transport efficiency of the AmyP53 peptide through such blood-brain barrier models,
we presented the results in the form of histograms summarizing the concentration of the
peptide in the acceptor compartment after 1 h and 24 h of incubation (Figure 6B). The com-
parison of these results shows a remarkable reproducibility in the three systems studied.
bEnd.3/C6 co-cultures gave the best combined results at 1 h and 24 h. The experiment in the
presence of PBS alone (without peptide) shows that bEnd.3 cells do not secrete any factor
that interferes with our peptide assay protocol of dosing. Moreover, we carefully checked
that the transendothelial resistance values remained unchanged during the incubation with
AmyP53, which demonstrates that AmyP53 did not impair the leakproof properties of this
reconstituted blood-brain barrier.

Based on these data, we selected bEnd.3/C6 co-cultures as our reference model for
studying the kinetics of AmyP53 transport through the blood-brain barrier. Firstly, we
observed that the passage of the peptide resulted in a decrease in the concentration in the
donor compartment associated with a progressive increase in the acceptor compartment
(Figure 6C). Secondly, we demonstrated that bovine serum albumin (BSA), a non-permeant
high-molecular-weight protein, did not cross the blood-brain barrier at all, illustrating
the high selectivity of AmyP53 transport (Figure 6D). Thirdly, we analyzed two short
polybasic peptides (cell penetrating peptides) used as cargo vehicles to transport therapeutic
molecules from the blood to the brain via the blood-brain barrier (Figure 6D). These
two peptides, synB3 and synB5 [85], display a central tyrosine residue and several lateral
(or terminal) basic amino acids, i.e., sequence characteristics that are also shared with
AmyP53. Both synB3 and synB5 efficiently crossed the blood-brain barrier but with
markedly different kinetics, which argues against a paracellular free diffusion. The AmyP53
peptide appeared to be almost as effective as synB3 and more than synB5. These data fit with
the analysis via the C2Pred server, a sequence-based tool for identifying cell-penetrating
peptides (CPP) [86], which predicted a CPP probability >90% for AmyP53.
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Figure 6. Passage of the AmyP53 peptide through the blood-brain barrier. (A) Two-compartment
cell culture device. At time t0, AmyP53 is injected in the basal (donor) compartment (1), and it is
progressively transported into the apical (acceptor) compartment (2). When indicated, CTX or C6
cells (3) are seeded in the basal compartment (non-contact model). The endothelial bEnd.3 cells
(represented in green) (4) colonize the permeable filter (red dashed line) (5) that separates both
compartments. AmyP53 molecules in the donor and acceptor compartments are respectively noted
(6) and (7). (B) Detection of AmyP53 in the acceptor compartment after 1 h and 24 h of incubation.
The cell models are bEnd.3 cells (a, b), bEnd.3/CTX (c), or bEnd.3/C6 (d). PBS (a) or AmyP53 (b, ¢, d)
was added in the basal compartment. Data are expressed as mean + SD (n = 6). (C) Simultaneous
detection of AmyP53 in the donor (full squares, blue curve) and acceptor (open triangles, red curve)
compartments. The data show the typical simultaneous disappearance of AmyP53 from the basal
donor compartment and its progressive appearance in the apical acceptor compartment (bEnd.3/C6
model). (D) Comparison of AmyP53 transendothelial transport (black symbols) with two cargo
peptides (synB3, red symbols, and synB5, blue symbols) and bovine serum albumin (BSA, green
symbols) (bEnd.3/C6 model) in a typical experiment. The amino acid sequence of AmyP53 vs. syn
B3 and syn B5 is shown in the left panel. Data are expressed as mean + SD (n = 6).

2.6. Biological Activity of AmyP53 after Blood—Brain-Barrier Transport

Finally, we checked the biological activity of the AmyP53 peptide harvested in the
apical compartment of the culture chambers after transport through the reconstituted
blood-brain barrier (bEnd.3/C6 model). Incubated in competition with the 3-amyloid 1-42
peptide, which forms amyloid pores and induces an influx of calcium ions into the SH-SY5Y
cells, the transported AmyP53 peptide remained fully active: it blocked the formation of
amyloid pores (Figure 7). In this experiment, calcium fluxes were measured with the
Fluo-4AM probe, a fluorescent indicator sensitive to calcium concentration. Fluorescence
microscopy analysis then makes it possible to follow in real time the evolution of the
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calcium concentrations of individual cells, to determine the calcium concentration of each
of these cells and to sum the values resulting from the analysis of hundreds of cells (150 for
the histograms shown in Figure 7).
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Figure 7. Therapeutic efficiency of AmyP53 recovered after blood-brain-barrier transport (bEnd.3/C6
model). AmyP53 was injected in the donor compartment and recovered from the acceptor compart-
ment after 24 h of incubation (left panel). Samples were tested in the amyloid pore assay (right panel)
in presence of AB1-42. Control supernatants (— AmyP53) did not inhibit the Ca?* flux triggered by
AB1-42, whereas AmyP53 transported through the reconstituted blood-brain barrier (+AmyP53) was
fully active. Data are expressed as mean =+ SD (n = 6); *** indicates p < 0.005 (Kruskal-Wallis test).

Overall, these data showed that intact and biologically active AmyP53 can be trans-
ported through the blood-brain barrier, consistent with pharmacokinetics data obtained in
rodents. Finally, toxicology data demonstrated the safety of AmyP53 intranasal adminis-
tration over a 7-day period, confirming and extending the data of a previous study [75]
(Table 3). For both male and female Wistar rats, no mortality, no behavioral changes, no
body weight loss, and no alterations of brain tissue at autopsy were observed after repeated
intranasal injections of AmyP53 at doses up to 5 mg/kg body weight.

Table 3. Safety data relative to the intranasal administration of AmyP53 in rats.

Group Number of Inflammation at Body Weight Behavior Brain Histology 2
and Dose (mg/kg) Animals Nostrils (Day 7) (Days 1-7) 8y

Vehicle Male 4 No 246.99 + 3.41 NTR ! NTR
0 Female 4 No 192.46 + 5.44 NTR NTR
Gl Male 4 No 248.94 + 8.51 NTR NTR
0.2 Female 4 No 189.46 £+ 15.15 NTR NTR
G2 Male 4 No 252.26 +5.77 NTR NTR
1.0 Female 4 No 191.03 £ 3.13 NTR NTR
G3 Male 4 No 250.90 + 5.68 NTR NTR
5.0 Female 4 No 185.70 £ 5.77 NTR NTR

Male and female rats of the 4 experimental groups injected intranasally with doses of aqueous solutions of
AmyP53 of 0.2, 1.0, and 5.0 mg/kg body weight every two days during 7 days. ! NTR, nothing to report. 2 Brain
histology. Data are expressed as mean + SEM (n = 4). The differences in body weight between animals treated
with vehicle or with AmyP53 were statistically not significant (p > 0.05, Kruskal-Wallis test).
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3. Discussion

A cure for Alzheimer’s and Parkinson’s disease is urgently needed, as these neuro-
logical disorders are expected to affect more and more people over the next few years. In
this study, we present the first pharmacokinetics data of AmyP53, a therapeutic peptide
specifically designed to block a common root cause of both diseases, i.e., the initial binding
of amyloid proteins A and x-synuclein to cell membrane gangliosides [60,73].

The peptide nature of AmyP53 gives to this potential solution a clearcut advan-
tage over alternative treatments such as immunotherapies, since peptides represent a
unique class of pharmaceutical compounds with distinct biochemical and therapeutic
characteristic [87,88]. More than 400 peptide drugs are under clinical evaluation, and 60
have already been approved for clinical use worldwide, including the US, Europe, and
Japan. Among key advantages of therapeutic peptides, one can cite high specificity, lack of
accumulation in tissues, and low toxicity because peptides are metabolized into non-toxic
metabolites (natural amino acid components) [89,90]. Hence, there are no safety concerns
after catabolism for peptides composed of only naturally occurring amino acids [91]. Con-
sistently, peptides can reach biomolecular targets that are difficult to tackle with small
molecules, which generally suffer from low affinity, poor selectivity, and low solubility in
water [88]. Moreover, peptides are also superior to large proteins such as antibodies that
have bioavailability issues, especially for brain diseases [92], and can also induce serious
immune responses [93].

For these reasons, peptides are considered alternative therapeutic approaches for
various pathologies, including neurological disorders [94]: PACAP, a neuroprotective
peptide [95], p8, an inhibitor of the protease that cleaves the APP precursor and generates
Ap amyloid [96], and liraglutide, a peptide analog of glucagon-like peptide 1 [97]. Liraglu-
tide has been shown to rescue A{31-42-induced Tau hyperphosphorylation and to improve
memory in an animal model of Alzheimer’s disease [98]. This peptide also showed activity
in mouse models of Parkinson’s disease [99,100], which illustrates the existence of common
mechanisms of neuropathology shared by both Alzheimer’s and Parkinson’s diseases [60].

The AmyP53 peptide tackles one of these common mechanisms directly at the brain
cell plasma membrane level, where both diseases may start. AmyP53 has been designed on
the basis of the deciphering of the biological code controlling the interaction of amyloid
proteins with gangliosides [74]. In this respect, it is the first drug ever to target gangliosides
on a structurally based drug design strategy [39,40]. Both its small size (Mw < 1400) and
its amino acid sequence confer a very high solubility in water (>200 mg/mL-146 mM)
(Table 1). Its cationic properties allow an efficient and rapid association with cell mem-
branes, a property shared by cell-penetrating peptides (CPP) [101,102] that cross the blood-
brain barrier [85].

Previously published toxicology data indicated that AmyP53 is very well tolerated
in rats, as no undesirable effect could be detected at doses up to 5 mg/kg body weight
(intranasal administration) or 80 mg/kg (intravenous administration) [75]. In particular,
no inflammatory reaction could be observed in the nostrils and the tails of AmyP53-
treated animals [75]. Herein, we provide the results of a complementary toxicology study
conducted in four groups of eight rats (four males, 4 = four females) (Table 3), which further
demonstrates the safety of AmyP53 intranasal administration [75]. Moreover, neural cells
engineered to permanently secrete AmyP53 (AmyP53* cells) were as healthy as control
cells (AmyP53~ cells), although the culture supernatants of AmyP53" cells contained high
amounts of the biologically active AmyP53 peptide [75]. These data further demonstrated
the safety of the long-term chronic exposure of neural cells to AmyP53. To complete the
preclinical characterization of AmyP53, we provide herein stability and pharmacokinetics
data, as well as the first demonstration that AmyP53 can reach the brain after either
intranasal or intravenous administration.

The chemical stability of AmyP53 in water solution was studied at three temperatures
(4°C,20°C, and 45 °C) for a total period of 18 months. We found that AmyP53 remained
remarkably stable under all these conditions (Figure 2). These data demonstrated that the



Int. . Mol. Sci. 2022, 23, 13383

13 of 23

peptide bonds of AmyP53 behaved as expected for synthetic peptides, which, among other
advantages, are generally stable at room temperature [103,104]. Nevertheless, a potential
drawback is that chemical stability may not always correlate with biological activity, since
the molecule could, for instance, self-aggregate during its storage [105]. Thus, we checked
that the stored solutions contained not only chemically intact but also biologically active
AmyP53. To this end, we carefully evaluated the ganglioside-binding capacity of stored
peptide solutions, which indeed was the case at all temperatures tested during the whole
18-month incubation period (Figure 3).

Then we studied the apparent stability of AmyP53 in whole blood and in serum
(Figure 4). In agreement with previous data obtained with synthetic peptides, AmyP53
was more stable in whole blood than in serum [106], with half-life times of 17 min and
5 min, respectively. This difference may reflect a protective effect of red blood cells that
could probably adsorb AmyP53 on their own plasma membrane gangliosides [107]. One
could also consider the possibility that AmyP53 could bind to serum albumin [108], which
could decrease the yield of extraction by methanol. Future studies will help clarify this
issue. In any case, it should be noted that AmyP53 does not display any identified cleavage
site for blood proteases. Finally, the half-life times determined for AmyP53 in whole blood
and serum were consistent with comparable peptides [109-113].

Following a single intranasal administration of AmyP53, the peptide was rapidly
detected in the brain (Figure 5B), suggesting an efficient transport via the direct nose-to-
brain pathway [94] (Figure 8). In comparison, AmyP53 could also reach the brain tissue
after intravenous administration but after a lag of 15 min (Figure 5B). The presence of
AmyP53 in the brain after intravenous administration strongly suggests that the peptide is
able to cross the blood-brain barrier. To check this possibility, we used in vitro reconstituted
models of the blood—brain barrier [77,114] and compared the transendothelial transport
of AmyP53 with two cargo peptides, synB3 and synB5 (Figure 6). Interestingly, all three
peptides shared a common amino acid signature consisting of a central tyrosine residue and
lateral basic amino acids. We confirmed that AmyP53 efficiently crosses the blood—brain
barrier, at least as efficiently as syn B3 and even more than syn B5. In fact, we could
establish a relationship between the size of the peptides and their kinetics of transport
through the blood-brain barrier, the shortest being the best. Moreover, AmyP53 retained
its therapeutic activity after the blood-brain barrier transport, as tested in the amyloid pore
assay (Figure 7). Overall, these data gave a mechanistic explanation for the detection of
AmyP53 in the brain after intravenous administration. On the other hand, AmyP53 was
consistently detected in circulating blood after intranasal administration, which may also
suggest some transport through the indirect pathway [94] (Figure 8).

The pharmacokinetics of AmyP53 in the brain suggest a rapid decline of the peptide
after the initial peak at 5 min, but the peptide was still detected after 2 h. The minimal fully
active concentration of AmyP53 has been determined in the amyloid-pore-forming assay at
50 nM in presence of a large excess of amyloid proteins [75]. Thus, the amount of AmyP53
detected in the brain after a single intranasal administration (Table 2) is significantly higher
than the dose required for a therapeutic effect. On the basis of these data, we definitely
selected the intranasal administration for delivering AmyP53 to the brain with a dedicated
nasal-spray device. Indeed, AmyP53 is highly soluble in water and stable over storage, and
it efficiently and rapidly reaches the brain tissue through the nose-to-brain pathway. This
mode of delivery is obviously particularly comfortable for patients and healthcare workers,
but it also bypasses the potential issues associated with the impairments of the blood-brain
barrier in patients with neurodegenerative diseases [115]. Among the therapeutic peptides
delivered to the brain via the nose-to-brain pathway (e.g., vasopressin [116], VIP [117],
PACAP [118], TGF-p [119], NGF [120], EPO [121], or B-IFN [122]), a common parameter
seems to be the cationic charge since all of these peptides have an isoelectric point (pH;)
higher than eight (Table 4). The number of amino acids is not discriminant since the list
includes both short and large peptides (from 9 to 166 residues). With a pH; of 8.5 and
a length of 12 amino acids, AmyP53 is ideally placed in this list.
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Figure 8. Pathways of AmyP53 intranasal transport. Following intranasal administration, AmyP53
can reach the brain by direct and indirect pathways. The direct pathway may occur via the trigeminal
nerve or the olfactory bulbs. The indirect pathway may involve successively blood circulation and
the blood-brain barrier (BBB).

Table 4. Therapeutic peptides delivered to the brain via the intranasal route.

Peptide AmyP53 Vasopressin VIP PACAP TGEFE-B NGF EPO B-IFN
Length (aa) 12 9 28 38 112 120 165 166
pHi 8.5 8.0 9.8 10.4 8.6 9.0 8.7 8.9

Finally, according to the therapeutic peptide database THPdb [123], which lists all
FDA-approved therapeutic peptides and proteins, there are currently 11% of peptides with
1-30 amino acids and 2% for neurological diseases. Interestingly, a large ratio of therapeutic
peptides (46%) are directed against receptors, but none against gangliosides, which remains
a distinctive innovation of AmyP53.

4. Materials and Methods
4.1. Materials

AmyP53 (purity >98%), free of endotoxin and residual solvents, was synthesized by
Proteogenix (Schiltigheim, France). Stock solutions (up to 200 mg/mL) were prepared in
HPLC-grade water and stored at —20 °C before use. Cell-penetrating peptides synB3 and
synB5 (17-mer) (purity >95%) were purchased from SchaferN (Copenhagen, Denmark).
Ganglioside GM1 was purchased from Matreya (State College, PA, USA).

4.2. Cell Penetrating Prediction Method

The amino acid sequence of AmyP53 was submitted to the C2Pred server, a sequence-
based tool for identifying cell-penetrating peptides (CPP) [86].

4.3. Microtensiometry (Ganglioside Binding Assay)

The interaction of AmyP53 with ganglioside monolayers was analyzed at the air-water
interface with a dedicated tensiometer (Kibron pTrough, Helsinki, Finland) as described
previously [74,124].



Int. . Mol. Sci. 2022, 23, 13383

15 of 23

4.4. Animals

Male and female Sprague Dawley rats, 6 weeks old at receipt, weighing around 300 g
at the beginning of the experiments were used for pharmacokinetics studies. The animals
that were included in these experiments were naive to the previous administration of drugs.
The acclimatization of rats lasted at least 5 days. Animals had free access to food (RM1,
SDS Dietex) and drinking water ad libitum. Animal studies were conducted by Syncro-
some (Marseille, France) for pharmacokinetics studies and by EtapLab (Vandoeuvre-les-
Nancy, France) for toxicology studies. The protocol used by Syncrosome was approved by
an Animal Ethical Committee (French National Committee N°71) and by the Higher Ed-
ucation and Research Ministry (#2015070314429284_v2). The Toxicology Department of
EtapLab has obtained the ISO 9001:v2008 certification for “Consulting, advising expertise
in toxicology, studies in toxicology performed or conducted by the Toxicology Depart-
ment”. The experiments performed by EtapLab have been approved by the CELMEA
ethics committee (AMYPORE/P4-T-0919/ AmyP53/DRF-IN/v1 and AMYPORE/P3-T-
0719/ AmyP53/IV-IN/v1) and the study has been carried out in compliance with the
ARRIVE guidelines. Every effort was done to minimize animal suffering and to reduce the
number of animals used in the experiments in compliance with the ARRIVE guidelines.

4.5. Toxicology Studies

Male and female Wistar rats (4 animals per group) were treated with the indicated
dose of AmyP53, and toxicology studies were conducted as previously described [75].
Statistical analysis was performed with the Kruskal-Wallis test.

4.6. Pharmacokinetics Studies

One compound formulation at one dose for each route of administration was tested
during the present study. The data were treated with the PKsolver add-in of Excel [125].

4.7. Intravenous (IV) Administration

Anesthetized (ketamine/medetomidine or isoflurane 4% for induction and then 2.5%)
rats were treated intravenously once. The final volume of administration was 0.5 mL/kg
(100 mg/kg body weight). As soon as the administration was performed (tp), a timer
was started.

4.8. Intranasal (IN) Administration for Nose to Brain Delivery

A catheter was introduced into each nostril of the rat with a depth of 7 mm [126].
Anesthetized (ketamine/medetomidine or isoflurane 4% for induction and then 2.5%)
rats were treated once. The volume of administration was 10 puL/nostril (20 pL per rat,
12 mg/kg body weight). As soon as the administration was performed (tp), a timer
was started.

4.9. Blood Sampling and Plasma Preparation

Blood samples of 2 mL were collected through direct intracardiac puncture and sepa-
rated on two K3-EDTA Greiner Bio-One tubes of 1 mL (ref. 454034A, Dominique Dutscher,
Bernolsheim, France). A 100x solution of protease inhibitors (ref. 1862209, ThermoScien-
tific, Waltham, MA, USA) was added immediately after sampling (10 uL/tube). The first
tube of the blood sample was then separated in 2 samples with different procedures (with
and without sonication) and the other one was used for plasma preparation.

4.10. Brain Collection

Brains were collected immediately after blood collection, split in 2 hemispheres, and
then transferred into Eppendorf tubes. Brain samples were placed into crushed dry ice
for several minutes and frozen at —80 °C. When indicated, the rats were transcardially
perfused with a solution of phosphate-buffered saline (PBS) for 10 min with a flow rate
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of 40 mL/min to remove blood in the brain tissue. A subcutaneous administration of
buprenorphine (0.03 mg/kg) was performed at least 30 min prior to transcardial perfusion.

4.11. AmyP53 Extraction

For blood and serum stability and for pharmacokinetics studies, blood and plasma
samples (200 pL) were incubated with 3 volumes of methanol for 30 min at 4 °C and then
centrifuged at 4 °C for 5 min (16,000x g). Supernatants were stored at —20 °C before
analysis. Brain homogenates were prepared at 4 °C in PBS containing 1 mM EDTA and
protease inhibitors (ref. 1862209, ThermoScientific, Waltham, MA, USA) in a glass Potter
homogenizer. Homogenate samples (600 uL) were incubated with 3 volumes of methanol
for 30 min at 4 °C and centrifuged at 4 °C for 5 min (16,000x g). Supernatants were
evaporated under nitrogen flux and then diluted in 100 pL of 0.1% formic acid in water.

4.12. AmyP53 LC-MS Measurements

The concentrations of intact AmyP53 in biological samples were determined by liquid
chromatography-mass spectrometry (Acquity iClass-Vion LC-MS; Waters, Guyancourt,
France). A total of 1-10 pL of each extract was injected into a C18 reverse phase column
(BEH 2.1 x 50 mm, 1.7 um; elution gradient H20/CH3CN 0.1% formic acid). The injec-
tion needle was rinsed with 20% isopropanol (to avoid memory effects). Positive-mode
electrospray ionization was performed at 2.5 kV/40 V, and AmyP53 [M+3H]3+ major
ions were selectively monitored by a Tof-MRM method using 3 fragmentation transitions
(456.58 — 527.32; 456.58 — 579.30; 456.58 — 841.43). CID fragmentations were operated at
20 eV for the three transitions. Data processing was performed with the UNIFI software
(Waters, Milford, MA, USA). Quadratic external calibration was performed with AmyP53
standards (in 0.1% formic acid water) for sample concentration estimation.

4.13. In Vitro AmyP53 Stability Studies

AmyP53 samples (1 mM in water) were stored at 4 °C, 20 °C, and 45 °C in sealed
Eppendorf tubes and analyzed at different time points for chemical integrity (LC-MS
method) and biological activity (binding to ganglioside GM1). For calibration, different
dilutions of the standard solution were injected three times, and the peak area was measured
for all three. The % RSD for the area of three replicate injections was found to be within
the specified limits [127]. The percentage of recovery was >98%, in full agreement with the
certificate analysis of AmyP53 batch # #P190628-LL735654. LC-MS linearity was observed
over the 5-100 pmol injected range (R? > 0.99). The minimal amount detected was 5 pmol.

4.14. AmyP53 Stability in Blood and Serum

AmyP53 in water solution (300 uM) was mixed with rat blood (obtained from Syncro-
some, Marseille, France), or commercial human serum (Sigma-Aldrich, St. Louis, MO, USA).
AmyP53 concentrations were then determined by LC-MS at the indicated times after ex-
traction, as detailed above.

4.15. Blood—Brain Barrier Studies

An in vitro model of the blood-brain barrier was reconstituted with bEnd.3 murine en-
dothelial cells obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) ref. bEnd.3 [BEND3] (ATCC CRL-2299). These cells were cultured in
chambers with two compartments separated by a filter with a porosity of 0.4 um (Corning-
Transwell, Dominique Dutscher, Bernolsheim, France). The cells were seeded at a density of
50,000 cells per individual filter and cultured in a growth medium containing 10% fetal
calf serum. After an initial spreading step, the bEnd.3 cells colonized the entire surface
available on the filter, thus reconstituting a functional endothelium. At this stage, the
cells established tight junctions preventing the passage of molecules and ions. In order to
improve the differentiation of bEnd.3 cells, we also set up two coculture systems: [bEnd.3
+ astrocytes (CTX cells)] and [bEnd.3 + glioma (C6 cells)]. In these cases, the glial cells
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were seeded in the basal compartment (non-contact model) [114] and co-cultured for
6 days before using bEnd.3 cell monolayers for transport experiments. The impermeability
of each of these cellular barriers was assessed by transendothelial resistance measure-
ments with a Voltmeter-Ohmmeter Millicell-ERS (Merck-Millipore, Burlington, MA, USA).
The tested peptides (or bovine serum albumin) were injected in the lower compartment
and their concentration in the upper compartment was analyzed as a function of time by
spectrophotometry. All experiments were performed 6 times.

4.16. Calcium Flux Measurements (Amyloid Pore Assay)

SH-SY5Y cells were used as a model for testing the amyloid-pore-blocking properties
of AmyP53 [60,73] recovered from the acceptor compartment of reconstituted blood-brain-
barrier systems. The cells were loaded with 5 pM Fluo-4AM for 30 min in the dark, washed
three times with HBSS, and incubated for 30 min at 37 °C. Calcium fluxes by Af31-42 were
measured as described previously [75] in the absence or presence of AmyP53~ or AmyP53*
culture supernatants (competition experiment). Signals were expressed as fluorescence
after treatment (F;) divided by the fluorescence before treatment (Fyy) multiplied by 100. All
experiments were performed at 30 °C. All experiments were performed 6 times. Statistical
analysis was performed with the Kruskal-Wallis test.

5. Conclusions

Overall, we showed that AmyP53 is a cationic peptide, is highly soluble in water, and
is remarkably stable upon storage in aqueous solution. It can reach the brain after intranasal
administration via two distinct routes: (i) the direct pathway (through the olfactory bulbs
and/or the trigeminal nerve) and (ii) the indirect pathway (via the systemic circulation
and transport to the brain by transport through the blood-brain barrier) [94,128]. This
therapeutic peptide can thus be formulated in a nasal spray for delivery via the nose-
to-brain route, a noninvasive solution especially well adapted to the treatment of brain
diseases [129-134].
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