Foldamers rescue synucleinopathy phenotypes in
multiple in vitro and in vivo models
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Synucleinopathies is an umbrella term for multiple neurological disorders, including Parkinson’s disease (PD), Lewy body dementia (LBD), and
multiple system atrophy (MSA). A central pathological hallmark of synucleinopathies is the aggregation of a-synuclein (aS, a neuronal protein)
and its prion-like spread. Therefore, inhibition of aS aggregation and spread is considered a viable therapeutic approach for the treatment of
synucleinopathies. Foldamers are synthetic ligands that mimic the secondary structure of proteins. Using an oligoquinoline (OQ) scaffold-based
foldamer approach, we have previously identified a foldamer (SK-129) that potently inhibits aS aggregation. Here, using a wide range of
biophysical, cellular, and in vivo methods, we showed that SK-129 rescued synucleinopathy phenotypes in cellular, Caenorhabditis elegans, and
human induced pluripotent stem cell (iPSC)- derived neuron models. SK-129 specifically bound to neurotoxic aS oligomers with ~6-fold higher
affinity (Kd = 221 + 29 nM) than to physiological aS monomer, validating aS oligomers as a therapeutic target. Furthermore, SK-129 efficiently
crossed the blood-brain barrier (BBB) and exhibited favorable pharmaceutical properties in mice. Treatment with SK-129 prevented brain
histopathology and increased survival in a mouse model expressing human A53T mutant aS without showing any apparent cytotoxicity. SK-129
inhibited aS aggregation mediated by exosomes derived from C. elegans or patients with PD in HEK293T reporter cells. SK-129 completely
inhibited the coaggregation of aS-tau, a pathological biomarker for LBD in both cellular and mouse models. Overall, we report a potent foldamer

with therapeutic potential for PD and LBD.

INTRODUCTION

aS isahighly expressed neuronal protein in dopaminergic (DA) neu-
rons and plays a key role in synaptic vesicle trafficking, recycling, and
neurotransmitter release (1-3). Abnormal aggregation of aS underlies
a group of neurodegenerative disorders, including Parkinson’s disease
(PD), Lewy body dementia (LBD), and multiple system atrophy
(MSA), collectively termed synucleinopathies (4). The oS aggregation
proceeds through the formation of pathological oligomers and ulti-
mately insoluble fibers, leading to DA neuron dysfunction, a central
pathophysiological event in synucleinopathies (1-3). Oligomers are
considered as the most neurotoxic conformation of oS and induce
cellular damage through multiple mechanisms (5, 6). In addition, the
depletion of functional monomeric oS due to aggregation impairs
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dopamine trafficking and release, further contributing to PD progres-
sion (7). The pathological aS aggregates can propagate between neu-
rons via a prion-like mechanism, templating soluble oS into insoluble
aggregates (1-3). Also, increasing evidence indicates that coaggre-
gation of aS with tau is a key pathological feature of synucleinopathies
(8-14). Tau, a microtubule-associated protein implicated in Alzheimer’s
disease (AD) and synucleinopathies (15-18), is present as pathologi-
cal aggregates in ~50% of patients with PD (8-10). Coexisting oS and
tau pathologies exacerbate both motor and cognitive deficits, high-
lighting their importance as therapeutic targets (8—10). Additional co-
pathologies involving oS with amyloid-f (Ap) or TAR DNA-binding
protein 43 (TDP-43) further contribute to disease heterogeneity
(8-10, 19, 20). Collectively, synucleinopathies arise from multiple
pathogenic processes, including oS aggregation, toxic oligomer for-
mation, prion-like spread, and coaggregation with tau, AB, or TDP-43
(8-10, 19, 20). Therapeutic strategies that modulate these intercon-
nected pathways may therefore offer disease-modifying potential
(5, 6,21-28).

Although numerous ligands have been reported to inhibit aS ag-
gregation and rescue disease phenotypes (5, 6, 21-28), most have not
advanced to clinical trials. The major limitations include selective
modulation of only a single toxic pathway, poor pharmaceutical
properties, limited blood-brain barrier (BBB) penetration, and in-
complete understanding of their mechanisms of action. Notably, no
ligand has been reported to inhibit aS-tau coaggregation. Conse-
quently, there are currently no effective disease-modifying therapies
for synucleinopathies (5, 6, 21-30). Ligands capable of targeting mul-
tiple pathogenic mechanisms while exhibiting favorable pharmaceu-
tical properties would represent promising therapeutic candidates.
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To address these challenges, we used an oligoquinoline (OQ)
scaffold—based foldamer approach to identify potent antagonists of
aS aggregation. OQs are synthetic foldamers that present chemi-
cally diverse side chains capable of mimicking protein secondary
structural interfaces involved in aggregation (24, 31-33). OQ fol-
damers have been shown to inhibit aggregation of multiple amyloid
proteins, and their side chain diversity can be synthetically tuned to
optimize target interactions (24, 31-33). Using this approach, we
previously identified SK-129 as a potent antagonist of aS aggregation.
SK-129 binds the N terminus of aS by interacting with four se-
quence regions (residues 6 to 12, 15 to 23, 36 to 45, and 48 to 53) and
inhibits aS aggregation in biophysical, cellular, and Caenorhabditis
elegans models (24). Here, we have evaluated its antagonist activity
against aS and aS-tau aggregation, pharmaceutical properties, BBB
penetration and exposure, and efficacy in mice disease models. Over-
all, this study identified lead therapeutics for synucleinopathies,
which could aid in developing promising disease modifying thera-
pies for synucleinopathies.

RESULTS

SK-129rescues the degeneration of DA neurons

We tested the efficacy of SK-129 in inhibiting intraneuronal aS ag-
gregation in DA neurons using UA196 worms, a well-established
PD model (Fig. 1, A and B) (21, 28, 34-36). UA196 worms simulta-
neously express human aS and green fluorescent protein (GFP) in
six DA neurons located in the anterior region (21, 28, 34-36). Dur-
ing aging, oS aggregation induces progressive DA neuron degenera-
tion, as previously reported (21, 28, 34-36). The neurodegeneration
was characterized by a time-dependent loss of DA neuron cell bod-
ies from day 3 to day 15 (Fig. 1, C to H), accompanied by neurite
fragmentation and blebbing (21, 28, 34-36). Each biological rep-
licate consisted of 10 worms (six DA neurons per worm; total =
60 neurons). The average number of healthy DA neurons declined
from 59 on day 3 to 42.1, 20.5, and 15.2 on days 5, 10, and 15, re-
spectively (Fig. 11). To assess neuroprotection, UA196 worms were
treated with SK-129 (50 uM) on days 2 and 4 (Fig. 1A). In the pres-
ence of SK-129, the numbers of healthy DA neurons were 58.2, 56.8,
and 56.5 on days 5, 10, and 15, respectively (Fig. 11, orange; Fig. 1, J
and K). SK-129 rescued DA neuron degeneration in a dose-dependent
manner (Fig. 11) and remained chemically intact in C. elegans, as
confirmed by high-resolution mass spectrometry (HRMS) (Fig. 1L).
Compared with literature-reported ligands targeting PD, SK-129 was
more effective in rescuing DA neuron degeneration in UA196 worms
(Fig. 1M). On day 15, treatment with bexarotene (37), tyrosol (38),
valproic acid (39), and epigallocatechin gallate (EGCG) (40) (50 uM
each)yielded 22.5, 25.5, 22.5, and 34.5 healthy neurons, respectively,
with EGCG showing only moderate efficacy (Fig. 1M).

Treatment of UA196 worms with SK-129 rescues motility

The degeneration of neurons in UA196 worms is associated with im-
paired motor function and reduced motility (2, 3, 7, 28, 34, 41). We as-
sessed the effect of SK-129 on worm motility using a WMicroTracker
ARENA plate reader (42). The UA196 worms were treated with 50 uM
SK-129 on days 2 and 4, and motility was compared with healthy N2
controls (Fig. 1, N and O). As expected, the motility of untreated UA196
worms declined with age relative to N2 controls (Fig. 1, Nand O). In
contrast, SK-129 treatment markedly improved motility and restored
activity to levels comparable to those of N2 worms (Fig. 1, N and O).

Attenuation of ROS by SK-129in UA196 worms

The generation of reactive oxygen species (ROS) drives lipid, pro-
tein, and DNA oxidation, and it is closely linked to PD pathogenesis
(28, 34, 41). In UA196 worms, aS aggregation enhances ROS pro-
duction, which was quantified using the fluorescent probe CM-
H2DCFDA, as previously described (28, 35, 36). Upon reaction with
ROS, probe fluorescence increased over a 2-hour period in untreat-
ed UA196 worms (Fig. 1P). In contrast, treatment with SK-129 (50 uM
on days 2 and 4) resulted in the reduction in ROS-dependent fluo-
rescence intensity (Fig. 1P). This decrease in ROS levels is consistent
with inhibition of intracellular oS aggregation by SK-129.

SK-129 rescues behavioral deficits in UA196 worms

The degeneration of DA neurons reduces dopamine levels and leads
to behavioral deficits in C. elegans, including impaired food-sensing
behavior (28, 34, 42, 43). To test whether SK-129 rescues behavioral
deficits in UA196 worms, we used a well-established chemotaxis as-
say (28, 34, 42, 43). In this assay, worms distinguish food (Escherichia
coli) as an attractant from ethanol as a repellent. The behavioral
performance of UA196 worms treated with SK-129 (x50 uM on
days 2 and 4) was compared with untreated UA196 and healthy N2
worms on days 3 and 10. The worms were placed at the center of
plates containing two quadrants with E. coli and two with ethanol
(Fig. 1Q), and a chemotaxis index (ClI; range —1 to +1) was mea-
sured over time using the ARENA plate reader. On day 3, UA196
(xSK-129) and N2 worms showed no behavioral deficits, with ClI
values of ~1 for E. coli and ~—1 for ethanol, indicating strong attrac-
tant preference (Fig. 1R and fig. S1, A to C). By day 10, untreated
UA196 worms displayed ClI values near zero, indicating the loss of
preference and behavioral impairment (Fig. 1S and fig. S1E). In con-
trast, SK-129-treated UA196 worms retained Cl values of ~1 (E. coli)
and ~—1 (ethanol) comparable to N2 controls (Fig. 1S and fig. S1, D
and F). Collectively, SK-129 rescued both neurodegeneration and
behavioral deficits in UA196 worms.

SK-129 enhances dopamine in UA196 worms
Neurodegeneration in UA196 worms is associated with impaired mo-
tility resulting from reduced dopamine levels (28, 34, 41). We there-
fore hypothesized that motility deficits could be rescued by exogenous
dopamine. UA196 worms were treated with 2 mM dopamine (£50 pM
SK-129 on days 2 and 4), and their motility was compared with N2
worms treated with dopamine under identical conditions. As expected,
dopamine treatment did not alter motility in N2 worms, likely be-
cause of intact DA neuron function (Fig. 2A). In contrast, dopamine
improved motility in UA196 worms, consistent with compensation by
exogenous dopamine (Fig. 2B). Notably, UA196 worms treated with
SK-129 did not show further motility enhancement upon dopamine
supplementation, consistent with rescue of DA neuron degeneration
and restoration of endogenous dopamine synthesis (Fig. 2C).

Treatment with SK-129 reduces neurodegeneration and ROS
production in a postdisease PD model

SK-129 potently rescued DA neurons and PD phenotypes in UA196
worms when administered at early disease stages, mimicking a preven-
tative strategy. However, because current PD therapies are typically ap-
plied after diagnosis (28, 36), we next evaluated SK-129 in a postdisease
model. A loss of ~30% DA neurons by day 5 has been established as
a postdisease time point in UA196 worms (28, 36). Accordingly,
UA196 worms were treated with SK-129 on day 5 (Fig. 2, D and E).



A Days
14 -
UA196 5K-129
B XXX L ]
60-0 7
_ns‘_%e% 1007.28
2 504 e
el : | >
@ 40 9 % 6 5
= % 0.5+
=
%30‘ s :
SK-129 v© £ é & SK-1
204
1013 5 1015i 5 10 15
Days Days 0= o 1
M [ s N ) ”  om 900 1000 1100
60- Bexarotene 1- N2 m/z
< @ Tyrosol BAL30 o
" ns Valporic acid | VATI0ToR-led | ze= P Byesril
550' e SO0 o b é é.... 1 uA19
Li‘“" 8 9 8 ' g 7
S = ] R g
'S 30 3 9 4 & £0.51
201 é é ‘ é &
o . & 0 2
4 5 6 7 8 9 10 11 12 13 Day 9 0 60 120
Days Time (min)
R N2 UA196 UA196+5K-129 S
- . 15
x 2 x
[} S 1
o e)
= c
@ we
o o
€ £.05
— —— V-0.5 [}
- S S -
® Ethanol p
1.5

40 80
Time (min)

60 100 120 40 60 80

Time (min)

100 120

Fig. 1. SK-129 exhibits neuroprotective effects in C. elegans DA neurons. (A) Schematic for the treatment of UA196 worms with SK-129 on days 2 and 4 (arrows).
(B) chemical and a crystal structure of SK-129 depicting side chains (blue arrows). (C to H) representative combined images (white field and confocal) of DA neurons in
UA196 worms expressing oS and GFP on days 3 [(c) and (D)], 5 [(e) and (F)], and 15 [(G) and (h)]. Filled red and yellow arrows = healthy neurons and neurites, empty red

and yellow arrows = degenerated neurons and neurites. (I) numbers of healthy neuro

ns in UA196 worms (+SK-129 doses). (J and K) representative combined images of

DA neurons in SK-129 treated UA196 worms (day 15). (L) hrMS of SK-129 from UA196 worms after 10 days. (M) numbers of healthy neurons in UA196 worms (50 uM
indicated ligands). (N and O) relative motility (normalized to n2) for 13 days of n2 and UA196 and statistics (for day 9, 0) (x50 uM SK-129). (P) Quantification of the roS
in UA196 worms on day 8 (x50 uM SK-129). (Q) Schematic of assay to assess the behavioral deficits in UA196 worms in the presence of ethanol and E. coli. (R and S) The ci graph
forn2, UA196 worms (50 uM SK-129) on day 3 (r) and day 10 (S). roS quantification for >50 worms per condition (n = 3; N = 5). confocal imaging analyzed >10 worms
per experiment, with healthy neurons (YFP) manually quantified across n = 6 independent experiments; images are representative of 10 fields. Motility assays used 50 worms
in duplicate (n =4). chemotaxis assays used 50 worms per condition (n = 3; N = 2). Data are expressed as means + SeM. P values were determined by one-way AnoVA

with Tukey’s multiple comparisons test where relevant. *P < 0.05, **P <0.01, and ***

The number of healthy DA neurons in untreated worms declined
from 58.5 (day 3) to 41.5 (day 5), 21 (day 10), and 13.2 (day 15)
(Fig. 2E). In contrast, treatment with SK-129 on day 5 resulted in
38.4 and 31.8 healthy DA neurons on day 15 at 50 and 25 uM, respec-
tively, indicating robust, dose-dependent rescue (Fig. 2E). Other re-
ported ligands showed minimal efficacy under matched conditions,
yielding 13.3, 13.5, 13.3, and 21.5 healthy neurons for bexarotene,
tyrosol, valproic acid, and EGCG, respectively (Fig. 2E). We next as-
sessed motility after postdisease treatment (fig. S2A). The motility of
untreated UA196 worms declined markedly with age relative to con-
trols (fig. S2, B and C). In contrast, treatment with SK-129 (50 uM on
day 5) improved the motility (fig. S2, B and C). We also evaluated

*P <0.0001. m/z, mass/charge ratio; ns, nonsignificant.

ROS production in the postdisease model. ROS levels were measured
on day 5, followed by treatment with SK-129 (50 pM), and reassessed
on day 8 (Fig. 2F). The untreated UA196 worms showed elevated
ROS because of aS aggregation and DA neuron degeneration (Fig. 2F)
(28, 35, 36). In marked contrast, ROS levels were reduced in the pres-
ence of SK-129 (Fig. 2F). Together, these results demonstrate that
SK-129 effectively rescued neurodegeneration, motor deficits, and
oxidative stress in both early and postdisease PD models.

SK-129inhibits intracellular aS aggregation in HEK cells
We tested the effect of SK-129 on intracellular aggregation of
wild-type (WT) oS in human embryonic kidney (HEK) cells using a
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Fig. 2. SK-129 rescues PD phenotypes in C. elegans and iPSC-derived neurons. (A to C) Motility of n2 worms [+2 mM dopamine (A)], UA196 worms [+2 mM dopamine
(B)], and UA196 worms+50 uM SK-129 [+2 mM dopamine (c)]. (D) Schematic of the treatment of UA196 worms with SK-129 (day 5). (E) numbers of healthy neurons in
UA196 worms when treated on day 5 with the indicated ligands (50 uM). (F) Quantification of the roS on day 8 in UA196 worms (+50 uM SK-129, treatment day 5). (G) Timeline
for treatment of iPSc-derived neurons with SK-129 (10 pM, every third day) and the testing of PD phenotypes. (H and I) confocal images [(h, 4',6-diamidino-2-phenylindole
(DAPI) and Th antibody—Alexa Fluor 488)] and quantification (i) of Th (green) in iPSc-derived neurons under the indicated conditions. (J) representative calcium traces of
iPSc-derived neurons imaged under various conditions, including untreated (blue), vehicle (gray), and 10 uM SK-129 (orange). (K to M) FP titration curves and Kqvalues
for the titration between SK-129¢ and oS monomer (K), aS oligomers (I), and oS fibers (M). Motility assays used 50 worms in duplicate per condition (n =4 independent
experiments; N = 2 technical replicates). roS quantification used >50 worms per condition (n = 3; N = 2). For confocal imaging, healthy neurons from 10 worms per ligand
were manually counted per condition (day) across n = 6 independent experiments (N = 2). FP titrations were performed in triplicate using fresh stocks of aS conformers
and SK-129; fit values represent the mean with SD. Data are expressed as means + SeM. P values were determined by one-way AnoVA with Tukey’s multiple comparisons

test where relevant. *P < 0.05, **P <0.01, ***P <0.001, and ****P < 0.0001.

well-established model that stably expresses yellow fluorescent pro-
tein (YFP)—labeled WT aS (aS-YFP) in the cytoplasm (23, 24, 44).
In this system, transfection with preformed aS fibers templates en-
dogenous monomeric aS-YFP into intracellular aggregates using
Lipofectamine 3000 (23, 24, 44).

Two conditions were used to evaluate inhibition and disaggrega-
tion of aS by SK-129. In the pre condition, HEK cells were treated
with 10 uM SK-129 for 24 hours, followed by incubation with 1 uM
preformed oS aggregates for 24 hours (fig. S3A). In the post condition,

cells were first incubated with 1 uM preformed oS aggregates for
24 hours, followed by treatment with 10 uM SK-129 for 24 hours
(fig. S3A).

The confocal microscopy revealed extensive intracellular aS-YFP
puncta in cells treated with aS fibers (fig. S3B). In contrast, SK-129 treat-
ment under both pre and post conditions markedly reduced puncta
to levels comparable to controls (fig. S3B). These results were validated
using a ProteoStat dye—based assay, which selectively stains amyloid
aggregates (24, 28). The ProteoStat fluorescence was increased ~7-fold



in aS fiber—treated cells but was reduced to ~1.4-fold and ~2-fold
under pre and post SK-129 treatment, respectively (fig. S3C).

SK-129 had no significant effect on HEK cell viability (fig. S4).
Together, these data demonstrate that SK-129 potently inhibited
and disaggregated intracellular WT aS aggregates without inducing
cytotoxicity in HEK cells.

SK-129rescues PD phenotypes in iPSC-derived DA neurons
To examine the effect of SK-129 in a more physiologically relevant
PD model, we used patient-derived induced pluripotent stem cell
(iPSC) midbrain DA neurons containing an SNCA gene triplication.
These neurons exhibit reduced dopamine levels and impaired calcium
activity compared with isogenic controls (45). We therefore tested
whether SK-129 treatment could rescue these phenotypes.

The DA neurons were treated with 10 pM SK-129 from day 28,
every third day until day 42, corresponding to neuronal maturation
(Fig. 2G). Using a fluorescently tagged SK-129 analog (SK-129¢), we
confirmed intracellular uptake of SK-129, with robust localization
in neuronal somas and processes after 2 days of treatment (fig. S5).

Dopamine production was assessed by quantifying tyrosine hy-
droxylase—positive (TH®) DA neurons, because TH is the rate-
limiting enzyme for dopamine synthesis. SK-129 treatment resulted
in an approximately twofold increase in TH* DA neurons compared
with untreated or vehicle-treated controls (Fig. 2, H and I). Neuro-
nal activity was evaluated using the calcium indicator Calbryte (46),
revealing an increase in Ca®* spike frequency in SK-129-treated DA
neurons relative to controls (Fig. 2J and fig. S6, A to C). Together,
these results demonstrate that SK-129 rescued PD-associated defi-
cits in dopamine production in iPSC-derived DA neurons.

SK-129 binds specifically to aS oligomers

We used fluorescence polarization (FP) titrations to quantify the
binding affinity of SK-129 for different aS conformations, including
monomers, oligomers, and fibers. The increasing concentrations of
aS conformers were titrated into 100 nM SK-129¢ until FP signal
saturation was reached (Fig. 2, K to M) and the fitting of the FP
titration curves yielded dissociation constants (Kq) of 1482 + 119,
221+ 29, and 630 + 87 nM for aS monomers (Fig. 2K), aS oligomers
(Fig. 2L), and oS fibers (Fig. 2M), respectively. These data indicate
that SK-129 bound oS oligomers and fibers with ~6-fold and ~3-fold
higher affinity, respectively, than S monomers. Thus, SK-129 prefer-
entially interacted with pathological oS conformations.

SK-129 shows higher affinity for aS oligomers than other
amyloid proteins

We compared the binding affinity of SK-129 for aS oligomers with its
affinity for other amyloid proteins, including Ap and tau, whose ag-
gregation is associated with neurodegenerative disorders (47). The
Kgof SK-129¢ for tau monomers, tau fibers, Ap monomers, and Ap
fibers were 5.75 +0.85, 2.88 + 0.61, 6.17 £ 0.98, and 3.09 + 0.51 uM,
respectively (fig. S7, A to D). Notably, SK-129 exhibited >10-fold
higher binding affinity for oS oligomers than for any conformation of
AP or tau, demonstrating high specificity for pathological oS species
with minimal binding to other neurodegeneration-related proteins.

Tau aggregation in cellular models is unaffected by
treatment with SK-129

We tested the specificity of SK-129 against intracellular tau aggrega-
tion using a HEK293 tau RD P301S fluorescence resonance energy

transfer (FRET) biosensor model that stably expresses tau RD P301S—
CFP and tau RD P301S-YFP in the cytoplasm (48). The treatment
with preformed WT tau fibers induces intracellular aggregation of
tau P301S protein in this model (48).

The HEK cells were treated with 1 uM preformed WT tau aggre-
gates using Lipofectamine 3000 and incubated for 24 hours to induce
tau aggregation (fig. S8A). The cells were then treated with SK-129
(10 uM) and incubated for an additional 24 hours. The confocal mi-
croscopy showed no difference in the numbers of intracellular tau
P301S puncta in the absence or presence of SK-129 (fig. S8B).

Tau aggregation was further quantified using a ProteoStat dye—
based assay as shown by us previously (24, 28). The ProteoStat fluo-
rescence was increased in cells treated with WT tau fibers compared
with controls (fig. S8C), but no noticeable change was observed upon
SK-129 treatment (fig. S8C). Therefore, SK-129 did not have any effect
on tau aggregation.

SK-129 demonstrates target engagement in C.

elegans models

We used extracellular vesicles (EVs) from PD worms to demonstrate
target engagement of SK-129 against aS aggregation. Misfolded aS
species, including oligomers and fibrils, are secreted via EVs and re-
tain seeding competence, enabling prion-like propagation of LB-like
inclusions (2-4, 49, 50), and aS-positive EVs have been detected in
biofluids from patients with PD (51). In worms expressing human asS,
aS has been detected in EV fractions, supporting a conserved EV-
mediated pathway for aS transmission (52). We therefore used EVs
from C. elegans PD models to assess target engagement by SK-129.

We used the NL5901 and UA196 PD models, in which SK-129
potently inhibits oS aggregation and PD phenotypes. Consistent with
our previous findings in NL5901 worms (24), worms were treated
with SK-129 (50 uM; days 2 and 4), and EVs were isolated from
10-day-old worms using established protocols (53). Confocal imaging
revealed abundant aS-YFP aggregates in untreated NL5901 worms
(Fig. 3, A and C), whereas SK-129 treatment markedly reduced oS-
YFP aggregation (Fig. 3, B and C).

The EVsisolated from NL5901 worms (50 uM SK-129; Fig. 3D)
were characterized by transmission electron microscopy (TEM)/
confocal imaging and dynamic light scattering, revealing vesicles
with an average size of ~100 nm across control (N2) and NL5901
worms, regardless of treatment (Fig. 3, E to I). The confocal imaging
demonstrated that EVs from NL5901 worms contained green fluo-
rescent cargo, likely corresponding to aS-YFP (Fig. 3G). The Western
blot analysis confirmed the presence of aS-YFP in NL5901-derived
EVs (Fig. 3J), consistent with previous reports (54).

The aS aggregates were quantified using a FRET-based sandwich
immunoassay (52, 55). Compared with control worms, NL5901
worms exhibited an increase in FRET signal, indicative of elevated
aS aggregation (Fig. 3K). In contrast, EVs from SK-129-treated
NL5901 worms showed a substantial reduction in aS aggregates, ap-
proaching control levels (Fig. 3K).

To assess the competence of EV-associated oS species to cross the cell
membrane, we evaluated EV uptake by HEK cells. Confocal microscopy
and flow cytometry confirmed efficient internalization of NL5901-
derived EVs, with detectable aS-YFP fluorescence in the cytosol within
12 hours of exposure (Fig. 3, L and M, and fig. S9). The untreated cells
showed minimal signal, indicating EV-mediated delivery of oS cargo.

To further investigate the internalization of EVs extracted from
N2 worms, EVs were isolated and stained with carboxyfluorescein
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Fig. 3. Effect of SK-129 on the spread of aS aggregates from EVs derived from C. elegans. (A to C) representative confocal images [(A) and (B)] and quantification (c) of
aS-YFP inclusions (white arrows) in muscle cells of nI5901 worms (day 10) in the absence (A) or presence (B) of 25 uM SK-129 (treated on days 2 and 4). (D) illustration of
eV isolation from nI5901 worms. (E to I) representative TeM images [(e), (F), and (h)] and DIS analysis (i) of eVs from n2 (e), nI5901 (F), and nI5901 worms treated with
25 uM SK-129 (h) on day 10. (G) representative confocal image of nI5901 eVs. (J) Western blot analysis of eV lysates from nl5901 worms (day 10). (K) Quantification of oS
aggregates in eV lysates from n2, nl5901, and nI5901 worms + 25 uM SK-129. (L) Schematic of eV transfer from nl5901 worms to heK cells. (M) representative confocal image
of eV delivery of aS-A53T-YFP in heK cells (hoechst 33342 nuclear staining, wheat germ agglutinin membrane staining) treated for 12 hours with nl5901 eVs. (N) Schematic
of eV transfer from nI5901 worms (+25 uM SK-129, days 2 and 4) to heK cells expressing aS-A53T-YFP. (O to Q) representative confocal images (hoechst 33342 nuclear
staining) [(0) and (P)] and quantification of puncta (Q) in heK cells treated with eV's from nI5901 worms in the absence (0) or presence (P) of 25 uM SK-129. (R) Schematic
of SK-129 treatment (25 uM) 12 hours after eV transfer from nl5901 worms (S). Quantification of puncta in heK cells treated with nI5901 eVs + SK-129. For nI5901 confo-
cal imaging, 10 worms per condition were analyzed across n = 4 independent experiments; inclusions were manually counted. eV isolation used >200 worms per condi-
tion across n = 4 independent experiments. heK cell assays were performed in n = 4 independent experiments; puncta/nuclei were manually counted, and flow
cytometry used >10,000 cells per condition. Data are expressed as means + SeM. P values were determined by one-way AnoVA with Tukey’s multiple comparisons test
where relevant. *P <0.05, **P < 0.01, and ****P < 0.0001.

diacetate succinimidyl ester (CFSE) dye following a published proce-
dure (56), which does not interfere with EV internalization. We treat-
ed Hel a cells with CFSE-stained EVs for 12 hours, and uptake was
assessed by confocal microscopy and flow cytometry. Confocal im-
aging showed internalization of EVs in HeLa cells (fig. S10A). Con-
sistently, fluorescence-activated cell sorting (FACS) analysis revealed
asubstantial population of CFSE-positive cells compared with con-
trol cells without EV exposure (fig. S10, B and C). These results con-
firm efficient cellular internalization of EVs derived from N2 worms.
Next, we tested the effect of SK-129 on intracellular aggregation
of aS-A53T-YFP templated by aS aggregates present in EVs. We used

awell-established HEK293T cell model that stably expresses mono-
meric YFP-labeled aS-A53T mutant in the cytosol (aS-A53T-YFP)
(23, 24, 28, 44). The endogenous aS-A53T-YFP can be templated
into fibers upon exposure to preformed oS aggregates (23, 24, 28, 44).
The HEK cells expressing aS-A53T-YFP were treated with EVs iso-
lated from NL5901 worms (£50 uM SK-129) for 24 hours, a time
sufficient for EV internalization and aggregation templating (Fig. 3,
N to Q).

The EVs from NL5901 worms induced aS-A53T-YFP puncta for-
mation (Fig. 3, O and Q), whereas EVs from N2 worms did not
(Fig. 3Q, black). Treatment with EVs from NL5901 worms (x50 pM



SK-129) resulted in a marked reduction in puncta (Fig. 3, P and Q),
indicating efficient target engagement by SK-129.

Next, HEK cells were treated with EVs isolated from NL5901
worms on day 10, followed by addition of 10 uM SK-129 after
12 hours and incubation for an additional 24 hours (Fig. 3R). EV
treatment resulted in ~1 puncta per nucleus (Fig. 3S, blue), whereas
SK-129 substantially reduced puncta formation to ~0.4 puncta per
nucleus (Fig. 3S, orange).

We further evaluated target engagement in UA196 worms, in
which oS aggregation drives degeneration of DA neurons. EVs were
extracted from UA196 worms (x50 uM SK-129) using the same
protocol as for NL5901 worms. EV size was ~100 nm for control
(N2) and UA196 worms (xSK-129; fig. S11A). The oS aggregate lev-
els in EVs from UA196 worms were markedly higher than those
from control worms and UA196 worms treated with SK-129 (fig. S11B).
EVs from UA196 worms efficiently templated intracellular aS-A53T-
YFP aggregation in HEK cells (~2 puncta per nucleus; fig. S11, C
and E), whereas EVs from SK-129-treated UA196 worms resulted
in a substantial decline in puncta (~1 puncta per nucleus; fig. S11, D
and E). SK-129 also potently inhibited fiber-catalyzed aS-A53T-YFP
aggregation when added 12 hours before or after EV treatment
(<1 puncta per nucleus; fig. S11E, pre- and post-treated), with puncta
numbers approaching control levels. Collectively, these results dem-
onstrate robust target engagement by SK-129 in two C. elegans PD
models and potent antagonism of EV-mediated, fiber-catalyzed in-
tracellular oS aggregation.

We further tested the antagonist activity of SK-129 against fiber-
catalyzed aS aggregation using neuron-derived exosomes (NDEs)
isolated from patients with PD (Table 1). The blood samples from
patients with PD and control individuals were used to isolate NDEs
from plasma following published protocols (Fig. 4A) (57). The size
of control and PD NDEs was ~100 nm, consistent with reported values
(Fig. 4, B to D). Western blot analysis confirmed the presence of
L1CAM, a neuronal transmembrane protein and established NDE
marker, in both control and PD samples (fig. S12) (57). The quanti-
fication of S aggregates using a FRET-based immunoassay revealed
substantially higher levels of oS aggregates in PD-derived NDEs com-
pared to controls (Fig. 4E). We next evaluated the ability of NDEs to
template intracellular aS aggregation.

NDEs were stained with CFSE dye and incubated with HeLa cells
for 12 hours. Confocal microscopy demonstrated efficient internal-
ization of NDEs (fig. S10A), which was further confirmed by FACS
analysis showing a substantial population of CFSE-positive cells
compared with control cells without exosome exposure (fig. S10, B
and C). To further confirm the internalization of preformed o-
synuclein fibers (oS PFFs) and to distinguish templated intracellular
aggregation of aS-A53T-YFP from spontaneous aggregation, we
prepared Alexa633-labeled oS PFFs (a.S-633 PFFs) using a reported
protocol (21, 27). HEK cells expressing cytosolic aS-A53T-YFP
were treated with 1 uM aS-633 PFFs for 24 hours, washed with
phosphate-buffered saline (PBS), and analyzed by live-cell confocal
imaging (fig. S13A). Two types of puncta were detected. The first
showed colocalization of internalized a.S-633 PFFs (fig. S13A) with
intracellular aS-A53T-YFP aggregates (fig. S13A, merge, yellow),
demonstrating templated aggregation by internalized oS PFFs. The
second type consisted of aS-A53T-YFP puncta lacking the Alexa
633 signal (fig. S13A, merge, green), consistent with spontaneous
aggregation. The internalization of aS-633 PFFs was further con-
firmed by flow cytometry. Compared with control cells (fig. S13, B

Table 1. Demographic information for control and PD cohorts to
extract NDEs.

Age (year) Gender Disease duration (year)
PD

60.5 Male 1

51.3 Female 19

711 Male 9

67.5 Female 8

61 Female not applicable (n/A)

67 Female n/A

65 Male n/A

64 Female n/A

68 Female n/A

and C), a large population of cells exhibited the Alexa 633 signal af-
ter treatment with aS-633 PFFs (fig. S13, B and C, red), confirming
efficient uptake and seeding of intracellular aS-A53T-YFP.

To assess the ability of NDEs to template aS-A53T-YFP, HEK
cells were treated with control or PD-derived NDEs for 24 hours
(Fig. 4A). The control NDEs did not induce puncta formation (Fig.
4, F and H), whereas PD NDEs robustly templated aS-A53T- YFP
into intracellular aggregates (Fig. 4, G and H). Adding 10 uM SK-
129 12 hours before or after PD NDE treatment (Fig. 4, H to J, pre-
and posttreated) markedly reduced puncta formation, indicat- ing
potent inhibition of fiber-catalyzed aS aggregation.

SK-129 demonstrates favorable pharmaceutical properties
in animal models

The pharmacokinetic properties of SK-129 were evaluated in vivo in
mice. A single intravenous dose of SK-129 (20 mg/kg) was adminis-
tered, and compound concentrations in plasma and brain homoge-
nates were quantified over 0 to 72 hours by liquid chromatography
tandem mass spectrometry (Fig. 5, A and B, and Table 2) (26, 30, 58—
60). This dose enabled comparison with reported ligands for neuro-
degenerative disorders (26, 30, 58, 59).

SK-129 exhibited an in vivo circulation half-life (T/,) of ~1.8 hours
(Fig. 5A and Table 2), longer than that of aS-targeting small molecules
such as minzasolmin (T, ~ 0.7 hour) (26). This extended circulation
resulted in sustained brain accumulation over 72 hours, yielding a
peak brain concentration (Cpax) of 13.1 + 0.3 pg/ml and a brain-to-
plasma ratio of 9.4% (Fig. 5B and Table 2). The stability and unbound
fraction of SK-129 were assessed in mouse plasma, brain homogenate,
and human liver microsomes using established protocols (see Materials
and Methods for details) (Fig. 5, C to E, and Table 3). SK-129 showed
high stability in mouse plasma (91.9 + 4.8%), brain homogenate
(87.3 £3.2%), and human liver microsomes (94.5 + 5.3%) (Fig. 5, C
to E, and Table 3). The protein-unbound fraction was 4.4 + 0.4, 29.9
+ 3.6, and 7.1 £ 0.8% in mouse plasma, brain homogenate, and
human liver microsomes, respectively (Table 3). Overall, SK-129
demonstrated optimal pharmaceutical properties in mice (plasma
and brain) and human liver microsomes.
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SK-129 inhibits spread of aS aggregates in PD mouse models
We next assessed SK-129°s effect in the M83(A) mouse model. In
this model, transgenic mice expressing mutant human A53T aS are
injected with preformed oS aggregates, which accelerates PD phe-
notypes and reduces survival (median ~ 180 days) compared with
untreated M83 mice (median ~ 360 days), likely through templating
of intracellular AS3T oS (61).

Eight-week-old M83 mice were stereotactically injected with oS
aggregates (100 uM, 200 nl) derived from postmortem PD brain tis-
sue into the substantia nigra (SN; anterior-posterior, —3.4; medial-
lateral, £1.4; dorsal-ventral, —4.0), following published protocols
(Fig. 6A) (62). Two weeks later, mice were randomized to receive
intravenous injections of either vehicle (saline + 2% dimethyl sulf-
oxide ) or SK-129 (20 mg/kg) every other day for 21 days (10 dos-
es; Fig. 6A). Alternate-day dosing was used because of the prolonged
persistence of SK-129 in brain tissue (Fig. 5B and Table 2).

The body weight was monitored every 10 days until 270 days of
age (Fig. 6B). As reported previously, vehicle-treated M83(A) mice
exhibited weight loss (Fig. 6B) (61). In contrast, SK-129-treated
M83(A) mice showed weight gain comparable to that of control
mice (Fig. 6B). Median survival of vehicle-treated M83(A) mice was
~175 days, with fewer than 20% surviving to 270 days (Fig. 6, C and
D), and surviving mice displayed severe motor deficits, including
quadriparesis and postural abnormalities (Fig. 6D) (61, 62). In con-
trast, SK-129-treated M83(A) mice exhibited 100% survival up to
270 days and showed no signs of motor impairment (Fig. 6, D and
E). Immunohistochemical analysis was performed at 6 and 9 months
to assess aS pathology across multiple brain regions (Fig. 6, F to O).
Vehicle-treated M83(A) mice showed extensive deposition of phos-
phorylated oS (aS-129) and p62 throughout brain regions, whereas
SK-129-treated mice showed no noticeable a.S-129 or p62 aggrega-
tion at either time point (Fig. 6, F to M, and figs. S14 to S16). Mi-
croglial activation (Ibal staining) was observed in vehicle-treated
MB83(A) mice but not in SK-129-treated mice (Fig. 6, N and O),
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consistent with reduced neuroinflammation (63). Also, the LB-
associated biomarkers were quantified by counting stained regions
within defined areas. Last, hematoxylin and eosin staining of major
organs revealed no detectable abnormalities in SK-129-treated mice
(fig. S17), indicating good tolerability and lack of systemic toxicity.
Thus, the M83(A) model data confirmed that SK-129 is an effective
and safe ligand for rescuing in vivo PD phenotypes.

Coaggregation of aS and tau is inhibited by SK-129

The coaggregation of aS and tau is a key pathological biomarker ob-
served in PD and LBD (8-10). We therefore tested the antagonist ac-
tivity of SK-129 against aS-tau coaggregation using a thioflavin T (ThT)
aggregation assay. Both aS (1 mg/ml, 70 uM) and tau (1 mg/ml, 27.5 uM)
were incubated in PBS with constant shaking at 37°C. Compared
with aS alone (Fig. 7A), aS-tau coaggregation showed a shortened
lag phase and a higher ThT signal (Fig. 7A), consistent with prior
reports (9). Tau alone did not aggregate under these conditions
(fig. S18). TEM imaging confirmed formation of aS-tau coaggre-
gates, which were more compact and twisted than aS fibrils (Fig. 7, B
and C). No detectable aS-tau coaggregation was observed in the
presence of SK-129 at an equimolar concentration (70 uM), as vali-
dated by ThT and TEM (Fig. 7, A and D). In contrast, UCB0599, a
clinical-stage PD ligand, failed to inhibit aS-tau coaggregation at an
equimolar ratio (70 uM) (Fig. 7, A and E) (54). The cytotoxicity assessed
by an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay showed that a.S-tau coaggregates reduced cell viabil-
ity to 12.2%, whereas SK-129 restored viability to 94.6% compared
with 17.9% with UCB0599 (Fig. 7F). We further compared SK-129
with anle138b using the ThT assay where the ThT intensity of aS-tau
coaggregation decreased from 100 to 1.4% with SK-129 but only to
77.8% with anle138b (fig. S19) (64). Similar trends were observed for
oS aggregation alone, where SK-129 reduced ThT intensity to 1.8%
compared with 72.2% with anle138b (fig. S20), demonstrating the
superior antagonist activity of SK-129.
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Table 2. Physiochemical and in vivo pharmacological properties of
SK-129. clogP, calculated partition coefficient (estimate of lipophilicity);
tPSA, topological polar surface area.

Molecular weight 1006.28 g/mol
clogP 7.2

h- bond donors 5

h- bond acceptors 23

tPSA 306.3 A2

cell permeability 4.6+0.1 x 10%cm/s

Crmax (blood plasma) 139.8 + 26.7vg/ml
T (blood plasma) 1.78 hours
Cmax (plasma, 24 hours) g*1pg/ml
Cinax (brain) 13.1+0.3 pg/ml
Ty (brain) >72 hours
ratio (brain/plasma) 9.4% (max)

Cax (brain, 72 hours) 13.1£0.3 pg/ml

We also examined the effect of SK-129 on preformed fiber-
templated coaggregation of aS-tau. The preformed oS or oS-tau
fibers accelerated oS aggregation (Fig. 7G), whereas no fiber forma-
tion was detected in the presence of SK-129 (70 uM) (Fig. 7G). Last,
we evaluated whether inhibition of aS-tau coaggregation by SK-129
generated fiber-competent cytotoxic species using a cellular assay.
The HEK293T cells expressing monomeric aS-A53T-YFP were trans-
fected with preformed aS or aS-tau fibers (5 uM). The aS fibers in-
duced puncta formation, whereas aS-tau fibers produced a higher

Table 3. Stability and fraction unbound of SK-129 under various
in vivo conditions.

Mouse plasma stability (%, 24 hours) 91.9+438
Mouse plasma unbound %) 4404
Mouse brain stability ¢4 24 hours) 87.3+ 3.2
Mouse brain unbound %) 29.9+ 3.6
human microsomal stability ¢ 24 hours) 945+53
human microsomal unbound (%) 7.1+£0.8

number of smaller puncta, consistent with prior studies (9). In the
presence of SK-129, puncta formation was markedly reduced (Fig. 7,
H to J). The ProteoStat assay quantification confirmed these results,
with fluorescence intensities reduced from 6.6- and 9.6-fold to 1.4-
and 2.3-fold for aS (£SK-129) and aS-tau fibers (£SK-129), respec-
tively (fig. S21).

SK-129 modulates condensates of aS-tau coaggregation
The previous studies have shown that tau complexes with oS to form
liquid condensates by coacervation, which mature into aggregates of
aS-tau (9, 11, 65). The condensates are nearly spherical (Fig. 7, Kand
L), whereas the puncta are irregular, nonspherical structures (Fig. 7,
K and M), consistent with prior reports (9, 65). We did not observe
a noticeable number of puncta/condensates (P/C) when cells were
treated with aggregated aS-tau solutions in the presence of SK-129
(Fig. 7, I and J, mixed).

We next tested whether SK-129 inhibits P/C formation templat-
ed by preformed oS or aS-tau fibers. HEK cells were pretreated with
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Fig. 6. SK-129 rescues PD phenotypes in amouse model. (A) Schematic showing injection of preformed oS aggregates into Sn of M83 mice and intravenous adminis-
tration of SK-129 (20 mg/kg) every other day from days 1 to 21 (n = 12 per condition; equal males and females; c57Bl as a control). (B to E) Body weights (B), survival (c),
and representative images of M83 mice in the absence (D) or presence (e) of SK-129. (F) Quantification of pS129-aS in the Sn of M83 mice at 6 months. (G and H) repre-
sentative ihc images in the absence (G) or presence (h) of SK-129. (1) Quantification of pS129-aS in the Sn at 9 months. (J to M) representative ihc images stained for
pS129-0S and p62 in the absence [(J) and (I)] or presence [(K) and (M)] of SK-129. (N and O) representative ibal staining of microglia in the absence (n) or presence (o) of

SK-129. Scale bars, 100 um. Data are presented as means + SD (n = 3 to 10 mice).

10 uM SK-129 for 12 hours to allow internalization (24), followed by
incubation with preformed aS or aS-tau fibers (5 uM) for 24 hours
(fig. S22A). Compared with untreated cells (Fig. 7J and fig. S22B),
preformed fibers induced a substantial increase in P/C formation
(Fig. 7J and fig. S22C). In contrast, pretreatment by SK-129 mark-
edly reduced P/C formation for both oS and aS-tau fibers (Fig. 7J,
preaddition and fig. S22D). The ProteoStat assay quantification con-
firmed these results, with fluorescence intensities reduced from 6.6-
and 9.6-fold to 1.5- and 2.5-fold for aS and aS-tau fibers, respectively,
in the presence of SK-129 (fig. S23).

To study the effect of SK-129 on the condensates of aS-tau, we
used a recently established experimental system that demonstrates the
colocalization of aS-tau, the formation of condensates, and eventual
termination into amyloids (11). Both aS (20 uM; 19 uM unlabeled
+1 uM AF488 labeled) and tau (10 uM; 9 uM unlabeled +1 uM At-
to647N labeled) were mixed [1x PBS (pH 7.4), 10% polyethylene
glycol (PEG), and 0.02% NaNj3]. The addition of 1 uM SK-129re-
sulted in its colocalization and accumulation within aS-tau con-
densates (Fig. 7N and fig. S24), confirmed by fluorescence analysis
(Fig. 7, O and P).
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Fig. 7. SK-129 modulates the coaggregation of aS-tau. (A) Aggregation kinetics of oS (70 uM) and aS-tau (70/35 uM) in the absence or presence of ligands at equimo-
lar ratios. (B to E) representative TeM images of end-point aggregates from aS-tau (B), aS (c), aS-tau + SK-129 (D), and aS-tau + UcB0599 (e) conditions. Scale bars,
100 nm. (F) Viability of heK cells treated for 48 hours with aggregation end points from (A). (G) Seeded aggregation of aS-tau (70/35 pM) catalyzed by oS or aS-tau fibers
(2%, viv) + SK-129. (H) Schematic of aS-tau coaggregation and cellular effects. (I) representative confocal images of heK cells (expressing aS-A53T-YFP, hoechst 33342
nuclear staining) treated with aggregated oS or aS-tau (5 uM) + SK-129; P/c, white arrows; hoechst, blue. Scale bars, 50 um. (J) Quantification of puncta and condensates
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confocal images of colocalization of premixed aS-tau (aS, green; tau-Atto, red) with SK-129/SK-129F after 30 min. (O and P) Fluorescence intensity profiles quantified at 30 min
(0) and 15 hours (P). (Q and R) 1647 FliM images of aS-tau condensates (aS, Atto647n-labeled tau) + SK-129F after 15-hour incubation (25°c). (S) Single-molecule fluores-
cence analysis showing assembly stoichiometry versus apparent size of salt-resistant aS-tau assemblies + SK-129. ThT data [(A) and (G)] are means + SD (n = 3). cell viabil-
ity (F) data are means + SeM (n =4 biological replicates, N =4 technical replicates). confocal images are representative of 10 fields from n =4 independent experiments.
P/c were manually counted from >50 cells per condition (means + SeM; n =4 biological replicates, N = 2 technical replicates). Data are expressed as means + SeM. P values
were determined by one-way AnoVA with Tukey’s multiple comparisons test where relevant. *P <0.05, **P <0.01, ***P <0.001, and ****P < 0.0001.

We then followed the maturation of the a.S-tau condensates in the
presence of SK-129 by fluorescence lifetime imaging microscopy
(FLIM). We previously showed that amyloid aggregation inside the
condensates can be identified by means of a reduction of the fluores-
cence lifetime of the fluorophores attached to the proteins as a con-
sequence of a pronounced fluorescence quenching in the protein
solid state (11). Using FLIM, we demonstrated the formation of

amyloid-like aggregates inside aS-tau liquid condensates in the ab-
sence (Fig. 7Q) but not in the presence (Fig. 7R) of SK-129. These
smaller aggregates are resistant to high salt concentrations (unlike
the liquid condensates) and are enriched in the tau protein, as indi-
cated by single-molecule fluorescence burst analysis (Fig. 7S), in
agreement with the higher propensity of the tau protein to aggre-
gate. In line with these findings, when a well-established amyloid



aggregation deficient tau variant (referred as AggDef-tau) was used
to generate the heterotypic condensates, no salt-resistant aggregates
were detected upon the aging of the condensates (fig. S25, A and C).
However, when SK-129 was present, the aS-tau condensates under-
went a rapid and drastic change in their maturation process toward a
gel-like state, preventing the transition into amyloid-like aggregates
(SK-129; fig. S25, B and D). These gel-like condensates become resis-
tant to high salt concentrations, and their fluorescence burst analysis
reflects the size and the stoichiometry of the initially formed liquid
condensates [with a stoichiometry of approximately 1:1 between tau
and oS (+SK-129; Fig. 7S and fig. S26)], characteristics of gel-like
electrostatic a.S-tau coacervates (11). These findings suggest that SK-
129 inhibited the formation of amyloid-like coaggregates of aS-tau
and directed condensates to amyloid-incompetent gel-like assemblies.

Formation of aS-tau P/Cis modulated by SK-129
The preformed P/C of aS and tau contribute to synucleinopathy
spreading through seed-catalyzed (prion-like) mechanisms (8-11).
We therefore tested whether SK-129 modulates the seeding activity
of aS-tau P/C under biophysical and cellular conditions (Fig. 8A).
Both aS and tau (70 uM + 27.5 uM; 1 mg/ml) were coaggregated
for 96 hours in PBS (1200 rpm, 37°C) and then incubated with SK-
129 (70 uM) for 24 hours. The ThT signal was close to the control
levels (+SK-129) indicating modulation of preformed aS-tau aggre-
gates by SK-129 (post-mix; Fig. 8B). The comparable ThT signals in
pre- and postmix conditions suggest that SK-129 both inhibits aggre-
gation and remodels preformed aS-tau aggregates (Fig. 8B). Com-
pared with untreated aS-tau fibers (Fig. 8C), SK-129-treated fibers
showed altered morphology, appearing smaller and less twisted
(Fig. 8D). We next assessed whether SK-129-treated aS or aS-tau
fibers could template intracellular aS-A53T-YFP aggregation in HEK
cells. Untreated aS or aS-tau fibers induced a progressive increase in
P/C formation (Fig. 8E), whereas SK-129—treated fibers did not in-
duce a large number of P/C (fiber treated; Fig. 8E). The ProteoStat
assay quantification confirmed these results where the fluorescence
intensity increased 7.1- and 10.1-fold with oS and aS-tau fibers, re-
spectively, but was reduced to 2.8- and 2.2-fold in the presence of SK-
129 (fig. S27). Together, these data show that SK-129 modulated
preformed aS-tau P/C and suppresses their seeding competence.
The decrease in P/C observed with SK-129-treated preformed
aS or aS-tau fibers likely results from fiber modulation or direct
binding of SK-129, thereby reducing their seeding ability. To test
this, we examined the effect of SK-129 on the seeding activity of
preformed oS-tau fibers in HEK cells expressing aS-A53T-YFP. The
cells were treated with preformed aS-tau fibers (5 uM) for 24 hours,
followed by the addition of SK-129 (10 uM) for an additional
24 hours (Fig. 8F). A large number of P/C were observed in cells
treated with aS-tau fibers alone (postaddition; Fig. 8E). In contrast,
SK-129 treatment resulted in a substantial reduction in P/C compa-
rable to control levels (postaddition; Fig. 8E). A similar reduction
was observed for SK-129-treated aS fibers. The ProteoStat assay
quantification confirmed these findings where the fluorescence in-
tensity increased 7.1- and 10.1-fold with oS and aS-tau fibers, re-
spectively, but decreased to 2.3- and 2.8-fold in the presence of
SK-129 (fig. S28). The confocal microscopy also demonstrated that
SK-129¢ (1 uM) colocalized with preformed aS-tau condensates
composed of aS (20 uM) and tau (10 uM) [1x PBS (pH 7.4) and 10%
PEG], indicating stable association (fig. S29, A and B). When SK-129
was added to preformed oS-tau condensates, amyloid-like coaggregates

formed within 5 hours in the absence of SK-129 (Fig. 8, G and H),
whereas SK-129 promoted formation of gel-like aStau structures
(Fig. 8, G and 1), which we previously showed to be noncytotoxic
and nonseeding. Last, SN sections from 9-month-old M83(A) mice
were analyzed for aS-tau coaggregates. The phosphorylated oS and
tau coaggregates were detected in vehicle-treated mice (Fig. 8, Jand
L) but were completely absent in SK-129-treated mice (Fig. 8, K
and L). Together, these results demonstrate that SK-129 potently in-
hibited both aS aggregation and aS-tau coaggregation in cellular
and in vivo models.

DISCUSSION

Synucleinopathies comprise a spectrum of neurodegenerative disor-
ders (PD, LBD, and MSA) for which no disease-modifying therapies
currently exist, underscoring the urgent need for new therapeutic
strategies (10, 66, 67). There are multiple facets of aS that are toxic, in-
cluding de novo aggregation, prion-like spread of oS fibrils, and coag-
gregation with tau. Although numerous ligands inhibit oS aggregation
and rescue disease phenotypes in experimental models (5, 6, 21—
30, 68), most have failed to advance to preclinical development because
of poor pharmaceutical properties, limited BBB penetration, structural
complexity, unclear modes of action, and disease heterogeneity.

Here, we identified SK-129 as a potent foldamer antagonist of oS
aggregation that selectively binds to aS oligomers and fibrils with
higher affinity than aS monomers, indicating preferential targeting
of pathological conformations. Although binding to monomeric oS
cannot be fully excluded, dosing near the K4 for aS oligomers will be
optimized to minimize interference with physiological oS func-
tion. SK-129 rescued aS aggregation phenotypes in cellular sys-
tems, multiple C. elegans models, iPSC-derived neurons, and a PD
mouse model.

Using EVs from C. elegans disease models, we demonstrated tar-
get engagement by SK-129. SK-129 also inhibited the spread of oS
aggregates mediated by NDEs from patients with PD, supporting
activity under clinically relevant conditions. SK-129 exhibited sta-
bility in mouse plasma, mouse brain, and human liver microsomes,
as well as efficient BBB penetration and prolonged brain exposure—
key requirements for central nervous system (CNS) therapeutics.

Although SK-129 exceeds conventional small-molecule thresh-
olds for molecular weight and calculated lipophilicity, it belongs to
the OQ foldamer class, whose folded architectures are not well captured
by standard drug-likeness metrics. OQs adopt compact, helical confor-
mations that shield polar surface area and generate amphiphilic ar-
chitectures, improving apparent lipophilicity, cellular permeability,
and BBB penetration (24, 31, 32, 60). Supporting this, closely related
foldamers exhibit large discrepancies between calculated and ex-
perimentally measured logP values (32). We therefore propose that
the folded architecture of SK-129 contributes to its favorable CNS
exposure and prolonged brain residence, enabling sustained target
engagement. Notably, SK-129 persisted in brain tissue beyond 72 hours
at concentrations >20-fold higher than those reported for other ligands
(26, 30, 58, 59), supporting prolonged antagonism of S aggregation or
LB formation. More than 98% of lead small molecules for CNS disorders
fail to gain US Food and Drug Administration approval because of inad-
equate BBB penetration (66, 69). In contrast, SK-129 efficiently crossed
the BBB and exhibited favorable in vitro physicochemical proper-
ties (Table 2), exceeding those of many reported BBB-penetrant
ligands (26, 30, 58, 59). Further, for a large number of drugs for
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Fig. 8. SK-129 modulates the coaggregation of aS-tau in a postdisease model. (A) Schematic of SK-129 treatment of preformed oS-tau fibers and subsequent effects
in heK cells. (B) ThT fluorescence of aS-tau aggregation or preformed aS-tau fibers (70/35 uM) treated with SK-129 (70 uM) at initiation or after fibril formation (0 and
96 hours). (C) representative TeM images of preformed aS-tau fibers. (D) representative TeM images after SK-129 treatment for 24 hours. (E) Quantification of puncta and
condensates per nucleus in heK cells treated with SK-129—exposed preformed oS or aS-tau fibers (5 uM, fiber-treated) and after posttreatment with SK-129 (10 uM, postad-
dition). (F) Schematic of heK cell pretreatment with preformed oS or aS-tau fibers followed by SK-129 treatment. (G) FliM analysis of uS-tau condensates + SK-129. (H) Single-
molecule fluorescence analysis showing stoichiometry versus apparent aggregate size of salt-resistant aS-tau assemblies without SK-129 after nacl addition (500 mM).
(1) Single-molecule fluorescence analysis of aS-tau assemblies in the presence of SK-129. (J) representative confocal images of Sn from 9-month-old M83 mice stained
with DAPI, pS129-0S, AT8 (phosphorylated tau) and merged channels in the absence of SK-129. (K) representative confocal images in the presence of SK-129 (20 mg/kg,
intravenous). (L) Quantification of pathology. ThT data (B) are means + SD (n = 3). confocal images [(J) and (K)] are representative of 10 fields from n =4 independent
experiments. P/c (e) were manually counted from >50 cells per condition (means + SeM; n = 4 biological replicates, N = 2 technical replicates).

neurodegenerative diseases, the fraction of unbound drugs is >1% (69).
In comparison, SK-129 had a much higher fraction (>4%) unbound in
all tested conditions (Table 3). Ongoing studies aim to further define the
relationship between folding, unbound exposure, and brain distribution.
SK-129 was also a potent antagonist of aS-tau coaggregation, a
pathological feature of PD and LBD that contributes to disease hetero-
geneity (8-14). The pathological oS species interact and accelerate tau
misfolding and fibrillization. The preferential binding of SK-129 to oS
oligomers and fibrils supports a mechanism in which SK-129 blocks

aS-tau interactions and inhibits coaggregation. Together, the selective
targeting of aS oligomers can inhibit aS aggregation, prion-like spread,
and oS-tau coaggregation, addressing multiple pathogenic pathways
underlying synucleinopathic heterogeneity. Overall, foldamers provide
asynthetically tunable scaffold enabling concurrent optimization of ef-
ficacy and pharmaceutical properties, facilitating advancement toward
clinical development for synucleinopathies.

Several limitations of our study should be acknowledged. First,
the preferential binding of SK-129 to toxic aS oligomers over aS



monomers (~6-fold higher) and ~10-fold selectivity over other amy-
loid conformations was established primarily using in vitro assays.
Whether this level of conformational specificity is maintained in vivo,
particularly within the complex protein-rich environment of the
brain, remains to be determined and may influence both therapeutic
efficacy and off-target interactions. Second, although SK-129 did
not exhibit apparent toxicity in mice, a comprehensive toxicological
assessment including chronic dosing, dose-escalation, and organ-
specific safety studies was not performed and will be necessary to
rigorously define its therapeutic window. Third, neurodegeneration
in UA196 worms is accompanied by dopamine depletion and reduced
locomotor capacity, which may confound behavioral assays that de-
pend on worms’ active movement. Because SK-129 inhibits aS aggre-
gation and prevents dopaminergic neuronal loss, treatment restores
motility and neuronal circuit function. As a result, the apparent res-
cue of chemotaxis behavior may overestimate the extent of chemo-
tactic sensory recovery and instead reflect, at least in part, improved
motor output. Accordingly, chemotaxis assay data are interpreted
here as an integrated sensorimotor readout of dopaminergic neuronal
integrity rather than a measure of sensory processing alone. Future
studies incorporating independent locomotor controls or motor-
independent chemotaxis paradigms will be required to further dis-
sociate motor and sensory contributions to behavioral rescue. Last,
although SK-129 robustly rescued molecular and pathological hall-
marks of synucleinopathy in vivo, behavioral outcomes were not as-
sessed in the treated PD mouse model. It remains possible that
pathological rescue may not fully translate into functional or behav-
ioral improvement. Addressing these limitations through expanded
in vivo specificity, safety, and behavioral efficacy studies will be critical
to further validate the translational potential of SK-129 as a disease-
modifying therapeutic for synucleinopathies. In summary, SK-129
emerges as a promising lead for disease-modifying intervention across
synucleinopathies and provides strong mechanistic validation of oS
oligomers and aS-tau coaggregation as therapeutic targets.

MATERIALS AND METHODS

Study design

The objective of this study was to evaluate a foldamer, SK-129, that
inhibits a-synuclein aggregation as a disease-modifying therapeu-
tic strategy for synucleinopathies. SK-129 was administered across
biophysical, cellular, C. elegans, human iPSC-derived neuron, and
mouse models, with efficacy assessed using aggregation and binding
assays, cellular pathology and toxicity measurements, neurodegen-
eration readouts, pharmacokinetic and BBB penetration analyses,
and histopathological evaluations. These complementary approaches
demonstrated SK-129’s ability in target engagement (aS oligomers/
fibers), aggregation inhibition, neuronal protection, pathological res-
cue, and in vivo safety. Biophysical, cellular, C. elegans, and iPSC-
based experiments were performed independently repeated at least
three times; exact sample sizes are reported in the corresponding
figure legends. Data collection for biophysical, cellular, and C. elegans
experiments was terminated upon completion of prespecified exper-
imental end points established in prior studies from our laboratory.
Animals were randomly allocated to experimental groups, and all
animals were included in the analyses. For mouse studies, experi-
ments were terminated when disease progression in the PD model
resulted in mortality exceeding 80% of animals in the affected group.
No data points were excluded from any experiment. Investigators

were blinded for at least one trial in biophysical, cellular, iPSC, and
C. elegans experiments, during which the identity of experimental
conditions was concealed from the investigator performing the as-
says. All mouse studies were conducted in accordance with ARRIVE
(Animal Research: Reporting of In Vivo Experiments) Guidelines 2.0
and were approved by the Institutional Animal Care and Use Com-
mittees of New York University Abu Dhabi (approval no. 23-0003)
and the University of Denver (approval no. 1635903-6). All human
specimens were collected with informed consent under Institutional
Review Board—-approved protocols. Statistical methods were not used
to predetermine sample size; however, sample sizes were consistent
with common practice in the field.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism or Origin-
Lab OriginPro. Data are represented as the means + SD or SEM as
indicated throughout the manuscript. For comparisons involving
more than two groups, ordinary one-way or two-way analysis of
variance (ANOVA) was used with Tukey’s multiple comparisons test
where relevant. A P value of <0.05 was considered statistically sig-
nificant throughout where *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < (0.0001. All individual-level data are available in data file S1.
For detailed methods, see the Supplementary Materials.
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