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Epilepsy affects approximately 50 million people worldwide,
and over 30% of patients are considered treatment resistant
to currently available anti-seizure drugs. Neuropeptide Y
(NPY) has been shown to inhibit excitatory synaptic transmis-
sion in hippocampal slices from human epilepsy patients via
Y2 receptors (Y2Rs), and overexpression of NPY and/or Y2R
in the hippocampus reduces seizures in rodent models of epi-
lepsy. In this study, we demonstrate that AAV-mediated deliv-
ery of NPY and Y2R using a novel vector (SPK100.NPY-Y2R)
inhibits seizures in rodents. SPK100.NPY-Y2R reduced spon-
taneous neuronal activity in primary rat cortical cultures and
attenuated evoked neuronal activity in ex vivo slices of mouse
hippocampus. Furthermore, intrahippocampal administra-
tion of SPK100.NPY-Y2R reduced the progression and dura-
tion of seizures in a rat model of rapid kindling. Parallel exper-
iments confirmed that hippocampal overexpression of NPY
and Y2R is also sufficient to reduce spontaneous seizures in
a genetic mouse model of epilepsy (synapsin triple knockout).
We also demonstrated successful magnetic resonance-guided
convection enhanced delivery of SPK100.NPY-Y2R to the hip-
pocampus of Papio hamadryas (baboon). This approach
achieved favorable vector biodistribution and transduction
in the hippocampus, with no observed adverse events. These
findings support the development of an intrahippocampal
AAV.NPY-Y2R therapy for treating seizures in patients with
temporal lobe epilepsy.

INTRODUCTION

Epilepsy is a chronic neurological disorder, characterized by sponta-
neous and recurrent seizures, that affects around 50 million people
worldwide." Temporal lobe epilepsy (TLE) comprises a major part
of focal epilepsy cases, wherein seizures can originate from the struc-
tures of the temporal lobe such as the hippocampus and surrounding
areas.”” In addition to seizures, patients can experience cognitive
impairment, mood changes, and hippocampal sclerosis and degener-
ation, significantly impacting quality of life and increasing risk for
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early mortality.*”” Unfortunately, upward of 30% of all epilepsy pa-
tients are refractory to currently available anti-seizure medications,
highlighting the urgent need to develop additional therapies for
the management and treatment of seizures in this patient
population.®

Neuropeptide Y (NPY) has been reported to exhibit anti-seizure ef-
fects, primarily in the hippocampus but also in other brain re-
gions.”"? NPY is typically upregulated in the hippocampus after
seizure induction; NPY knockout mice present with increased sus-
ceptibility to both electrical kindling and chemoconvulsant-induced
seizures; and intracerebroventricular delivery of recombinant NPY
abrogates EEG-detected seizures in the hippocampus of mice."*™"”
Bath application of NPY is also capable of reducing evoked excitatory
transmission at Schaffer collateral-CA1 synapses of the hippocampus
in resected epileptic tissue from human TLE patients.'>'® NPY is a
36-amino-acid neuropeptide primarily released from pre-synaptic
terminals of GABAergic neurons through dense core vesicles in
response to high-frequency burst firing. It serves as an endogenous
modulator of synaptic transmission via the NPY receptor family of
G-protein-coupled receptors (GPCRs) including Y1, Y2, Y4, and
Y5."72! The NPY Y2 receptor (Y2R) is a pre-synaptically localized
GPCR highly expressed in the hippocampus, where it functions to
reduce neurotransmitter release by decreasing intracellular cAMP
levels and inhibiting voltage-gated Ca** channel activity.”>*’
ous studies have supported a role for Y2R in mediating the

Previ-

seizure-suppressant effects of NPY through pre-synaptic inhibition
of glutamate release, and have shown Y2R upregulation following
seizures in rodent models and human patients with TLE.'>'®**2¢
Therefore, the endogenous NPY-Y2R signaling pathway can be
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leveraged to mitigate the aberrant excitatory neurotransmission
occurring during seizures.

Localized delivery of a gene therapy in focal epilepsy patients could
serve as an alternative to surgical resection or focal ablation for those
who are drug-refractory and have limited treatment options, or
could provide a treatment option for the sub-population of patients
not eligible for surgery.””>' Recombinant adeno-associated viral
(rAAV) vectors provide several advantages for targeted delivery of
genetic therapies in vivo, including their relative safety and low
immunogenicity compared with other viral modalities, as well as
their ability to transduce a variety of cell types, including non-
dividing cells such as neurons of the brain.>*>* Furthermore,
AAV-mediated overexpression of NPY and/or Y2R has been shown
to reduce seizures in rodent models of epilepsy, with co-administra-
tion of rAAV-NPY and rAAV-Y2R into the rat hippocampus confer-
ring an additive, anti-seizure effect in an electrical kindling model of
seizures.” >’ In contrast, NPY action at Y1 receptors has been re-
ported to facilitate seizure activity.”® *° Therefore, our dual NPY-
Y2R approach aims to boost Y2R-mediated signaling of NPY to
confer seizure suppression.

In this study, we build on these previous findings by utilizing our bio-
engineered capsid, AAV-Spark100, to deliver human NPY and hu-
man Y2R (referred to as SPK100.NPY-Y2R) to the hippocampus
of both rodents and non-human primates. AAV-Spark100 is a bio-
engineered capsid originally described in a clinical trial for a hemo-
philia B gene therapy with demonstrated safety in human patients.*'
Our findings demonstrate the anti-seizure effects of AAV-Spark100-
mediated NPY and Y2R overexpression across relevant in vitro,
ex vivo, and in vivo rodent models. We also report the first successful
AAV delivery to the Papio hamadryas (baboon) NHP’s hippocam-
pus, demonstrating precise hippocampal vector biodistribution
with minimal off-target spread beyond the targeted structure. These
findings lend further support toward the development of this therapy
for treating seizures in patients with TLE.

RESULTS

SPK100.NPY-Y2R reduces spontaneous neural activity in vitro
SPK100.NPY-Y2R is a single-stranded, rAAYV vector consisting of a
bioengineered capsid (AAV-Spark100) and an expression cassette
containing the human NPY coding sequence and human Y2R coding
sequence separated by an internal ribosomal entry site (IRES) and
downstream of a ubiquitously active, cytomegalovirus immediate-
early enhancer/B-actin (CAG) promoter (hereafter referred to as
SPK100.NPY-Y2R). The vector also contains a modified woodchuck
hepatitis virus post-transcriptional regulatory element (WPRE) and
the bovine growth hormone polyadenylation sequence (BGHpA), as
previously described.*® See further details on vector design and pro-
duction in materials and methods.

Intracellular calcium ion (Ca®*) concentrations can be visualized
in vitro and in vivo using fluorescent Ca** indicators providing a
measure of cell activity.*>*’ To assess the effects of NPY and Y2R
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overexpression on neuronal activity, we applied an in vitro system
for long-term monitoring of spontaneous activity of rat primary
cortical neurons via Ca®>* imaging (Figure 1A). First, experiments
with an AAV-Sparkl00 reporter vector (SPK100.CAG-eGFP)
confirmed the ability of AAV-Spark100 to transduce approximately
95% of rat primary cortical neurons in vitro (indicated by GFP
expression and immunopositivity for microtubule-associated pro-
tein 2 [MAP2; a neuron-specific cytoskeletal protein]) at 5 x 10° vec-
tor genomes (vg) per cell with a small reduction in cell viability
(Figures S1A and S1B). As expected, spontaneous activity of rat
cortical neurons significantly increased over time in culture under
control conditions (Figures 1B-1E). Over 35 days in culture, both
the total number of active neurons and the average neuronal activity
were significantly reduced in SPK100.NPY-Y2R-treated wells
compared with mock-treated (vehicle) wells (Figures 1B and 1C).
The average neuronal burst rate and burst strength were also
significantly reduced in SPK100.NPY-Y2R-treated wells versus
mock-treated wells (Figures 1D and 1E). In a parallel experiment,
AAV9-mediated delivery of NPY and Y2R similarly attenuated
neuronal activity when compared with a negative control AAV
(Figures SIC-S1F). These results collectively demonstrate a signifi-
cant reduction in primary rat cortical neuron activity upon AAV-
mediated delivery of NPY and Y2R.

NPY peptide or SPK100.NPY-Y2R attenuate evoked circuit
activity in slices of mouse hippocampus ex vivo

We next used microelectrode array (MEA) recordings to capture pop-
ulation activity of intact, neuronal networks, providing spatial resolu-
tion within the hippocampal microcircuit.****
pocampal slices were harvested from adult, male mice, and both
spontaneous and 4-aminopyridine(4-AP)-evoked network activity
was measured using an MEA system (see materials and methods for
details). Bath application of NPY peptide did not affect spontaneous
activity measured from the hippocampal CA1 subfield of ex vivo slices
at any dose prior to 4-AP addition (Figures S2A and S2B). However,
bath application of NPY peptide dose dependently and significantly
reduced the number of 4-AP-evoked spikes and bursts measured
from the hippocampal CA1 subfield compared with baseline, with
the most pronounced effect observed at 1 pM (Figures 2A and 2B;
n = 8 slices per group, 1-3 slices per mouse from 3 to 5 mice). Concom-
itant application of a Y2R inhibitor (BITE0246; 0.6 pM) trended toward
attenuating the effects of NPY peptide at 1 uM on 4-AP evoked spiking
(unpaired t test, p = 0.05) and bursting (unpaired t test, p = 0.09) activ-
ity in the hippocampal CAl, suggesting that the inhibitory effects of
NPY are at least partially mediated by Y2R at this dose (Figures 2A
and 2B).*° Similar results of NPY and Y2R inhibitor application
were obtained in the hippocampal CA3 subfield (data not shown).
To validate the utility of the MEA approach in detecting inhibitory ef-
fects on evoked neuronal activity, a high dose of Retigabine, a voltage-
gated potassium channel opener, was bath applied to the slices,
demonstrating suppression of 4-AP evoked activity at 10 pM (a clini-
cally supra-physiological [higher than expected at the therapeutic dose
range] concentration).*”*** These results confirm that bath application
of NPY reduces network excitability evoked by 4-AP, likely by

Transverse, ex vivo hip-
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Figure 1. Spontaneous neural activity is attenuated
by SPK100.NPY-Y2R in primary rat cortical cultures
(A) Schematic describing experimental timeline. Primary
rat cortical neurons were cultured in vitro (day in vitro
[DIVO]). On DIV4, cells were transduced with a lentivirus
delivering a genetically encoded calcium indicator (In-
cucyte Neuroburst Orange Lentivirus, Sartorius, cat. no.
4736), and received either SPK100.NPY-Y2R (5 x 108 vg
per cell; green line) or mock treatment (black line) on DIV7.
Calcium ion (Ca®*) signal was measured and recorded
daily until DIV35. (B) The number of active neurons
(number of objects that burst at least once above the
minimum burst threshold over the total scan time) was
significantly reduced in SPK100.NPY-Y2R-treated cells
compared to mock-treated control cells (effect of time,
p < 0.0001; effect of treatment, p = 0.0038; effect of
interaction, ns). (C) The mean Ca" signal intensity
(mean fluorescence intensity of an object over the total
scan time, averaged across all objects) was significantly
reduced over time in SPK100.NPY-Y2R-treated
neurons versus mock-treated control neurons (effect of
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decreasing excitatory transmission in the mouse hippocampus in a
Y2R-dependent manner.

To evaluate the effects of AAV-mediated NPY and Y2R overexpres-
sion, a separate experiment was conducted in which mice received
bilateral, intrahippocampal delivery of either vehicle (vector diluent)
or SPK100.NPY-Y2R at varying doses (3 x 10%,9.5 x 10°, 0r 3 x 10'°
vg per hippocampus; 6 x 10%, 1.9 x 10'% or 6 x 10'° vg total per an-
imal) 3 weeks before harvesting hippocampal slices for ex vivo MEA
recordings. SPK100.NPY-Y2R pre-treatment dose dependently and
significantly reduced the number of 4-AP-evoked spikes and showed
a trend to reducing the number of bursts in the hippocampal CA1
subfield when compared with diluent-injected controls (Figures 2C
and 2D; n = 10 slices per group; 1 slice per mouse from 10 mice).
Similar effects were seen in the hippocampal CA3 subfield
(Figures S2C and S2D). Importantly, circuit activity recorded at
baseline (before 4-AP) was not significantly different in SPK100.
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time, p < 0.001; effect of treatment, p < 0.0001; effect
of interaction, p < 0.0001). (D) The mean burst rate (the
number of Ca®* bursts over the total scan time divided
by the scan time) was significantly reduced over time
in SPK100.NPY-Y2R-treated neurons versus mock-
treated control neurons (effect of time, p < 0.0001;
effect of treatment, p = 0.0012; effect of interaction,
p < 0.0001). (E) The mean burst strength (the area
under each Ca®* burst divided by the duration of that
burst, averaged across all bursts) was significantly
decreased in  SPK100.NPY-Y2R-treated neurons
versus mock-treated control neurons (effect of time,
p < 0.0001; effect of treatment, p = 0.0022; effect of
interaction, ns). All data: mixed effects analysis followed
by a Sidak’s multiple comparisons test (*p < 0.05,
**p < 0.01). Data are represented as mean +standard
deviation. n = 8-16 wells per condition per time point.
LV, lentivirus; AAV, adeno-associated virus.

NPY-Y2R-treated hippocampi (CA1) versus diluent-treated controls
(Figures S2E and S2F). Analysis of all slices used for MEA recordings
confirmed a dose-dependent and significant increase in vector
genome copies and NPY protein abundance in the hippocampus
of SPK100.NPY-Y2R-treated mice compared with diluent-injected
controls (Figures 2E and 2F). NPY protein abundance was also
significantly and positively correlated with vector genome copies de-
tected in each hippocampal slice (Figure S2G). Furthermore, the
number of 4-AP-evoked spikes measured from the hippocampal
CA1 was significantly reduced with increasing NPY protein abun-
dance (Figure 2G). These results build on the data using NPY bath
application and confirm that AAV-mediated overexpression of
NPY and Y2R can significantly attenuate evoked excitatory transmis-
sion in the hippocampal microcircuit of mice.

Given that NPY is also a well-established orexigenic factor that influ-
ences feeding behavior and body weight through its actions on
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Figure 2. NPY peptide or SPK100.NPY-Y2R reduce 4-AP-evoked activity in ex vivo slices of mouse hippocampus

(A) Bath application of NPY (0.1, 0.5, and 1 uM) dose dependently and significantly reduced the number of spikes in the hippocampal CA1 subfield evoked by 4-AP (ex vivo
microelectrode [MEA] array recordings). The inhibitory effects of NPY at 1 pM were partially attenuated by addition of a Y2 receptor antagonist, BIIE0246, at 0.6 pM
(p < 0.0001). Unpaired, t test between 1 uM NPY and 1 uM NPY + BIIE0246 groups, p = 0.05. (B) Bath application of NPY significantly reduced the number of 4-AP-evoked
bursts detected by MEA in the hippocampal CA1 at 1 pM (Kruskal-Wallis, p < 0.0001). Unpaired, t test between 1 pM NPY and 1 pM NPY + BIIE0246 groups, p = 0.09.
(C) Intrahippocampal delivery of SPK100.NPY-Y2R 3 weeks prior to ex vivo MEA recordings dose dependently and significantly (1.9 x 10" and 6 x 10'° Vg per mouse)
reduced the number of 4-AP-evoked spikes detected in the hippocampal CA1 (p < 0.0001), and (D) trended toward reduced burst activity (Kruskal-Wallis, p = 0.005).
(E) Vector genome copies in ex vivo hippocampal slices used for MEA recordings reflected a dose dependent and significant increase in vector copies in SPK100.NPY-Y2R-
treated hippocampi versus diluent-treated controls (Kruskal-Wallis, p < 0.0001). Data are represented as vector copies per pg of DNA on a log-scale. (F) NPY protein
abundance was also dose dependently and significantly increased in ex vivo hippocampal slices used for MEA recordings compared with diluent-treated controls (Kruskal-
Wallis, p < 0.0001). One animal in the high dose group (6 x 10'° vg per animal) reflected minimal vector copies and NPY protein abundance in the hippocampus. (G) There
was a significant, negative correlation between neuronal spiking activity (count) in the hippocampal CA1 and the abundance of NPY protein (ng mL~") in ex vivo hippocampal
slices (simple linear regression, R® = 0.2, p = 0.0054). All data: one-way ANOVA followed by Holm-Sidak’s multiple comparisons test referenced to aCSF/Diluent + 4-AP
(100 pM) conditions unless otherwise noted; Dunn’s multiple comparisons test used with Kruskal-Wallis (o < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001). Data are
represented as mean + standard deviation. For NPY peptide experiments: n = 8 slices per group (1-3 slices per mouse from 3 to 5 mice). For SPK100.NPY-Y2R experiments:
n =10 slices per group (1 slice per mouse from 10 mice). aCSF, artificial cerebrospinal fluid.

hypothalamic neurons, we measured any effects of SPK100.NPY-Y2R
treatment on body weight.*’>' Notably, mice receiving bilateral in-
trahippocampal delivery of SPK100.NPY-Y2R showed a dose-depen-
dent and significant increase in body weight by 21 days post-treat-
ment when compared with diluent-treated controls (Figure S2H).

Intrahippocampal SPK100.NPY-Y2R treatment reduces seizure
severity and duration in a rat model of epilepsy

Previous work demonstrated the seizure-suppressant effects of AAV.
NPY-Y2R in rats using intrahippocampal delivery with an AAV1
capsid serotype.”® To maximize hippocampal coverage and treat-
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ment efficacy, we compared the resultant vector biodistribution
and NPY protein abundance after intrahippocampal delivery of
either AAVI.NPY, AAVI.NPY, or AAV-Sparkl00.NPY vectors in
mice, and found that both AAV9 and AAV-Sparkl00 conferred
improved biodistribution when compared with AAV1 (Figures S3
and S4). Specifically, AAV9 and AAV-Sparkl00 demonstrated
higher and more consistent transduction of cells through the dentate
gyrus, CA3, CA2, and CA1 hippocampal subfields compared with
AAV1 when measured by RNAscope in situ hybridization
(Figures S4A and S4B). These data, as well as the fact that the
AAV-Sparkl100 capsid is on our manufacturing platform, motivated
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Figure 3. Intrahippocampal delivery of SPK100.NPY-Y2R reduces seizure severity and duration in the rat, in vivo rapid kindling model of epilepsy

(A) The threshold current (uA) required to elicit an EEG afterdischarge of >5 s recorded from the hippocampal depth electrode was significantly greater, on average, in
SPK100.NPY-Y2R-treated rats versus diluent-treated controls (p = 0.0036). (B) The total number of Racine grade 4 or 5 behavioral seizures (severe seizures) over all 40
kindling stimulations was significantly lower, on average, in SPK100.NPY-Y2R-treated rats compared with diluent-treated controls (p = 0.016). (C) The latency to the first
Racine grade 4 or 5 behavioral seizure event was significantly increased in SPK100.NPY-Y2R-treated rats versus diluent-treated controls (long-rank [Mantel-Cox], p = 0.025).
(D) The afterdischarge duration (seconds) measured from the hippocampal depth electrode after each 400 pA stimulation, and averaged across all 40 stimulations, was lower
in SPK100.NPY-Y2R-treated rats compared with diluent-treated controls (p = 0.0067). (E) The cumulative seizure severity over all 40 kindling stimulations was significantly
lower in SPK100.NPY-Y2R rats compared with diluent-treated controls (two-way, repeated measures ANOVA: effect of stimulation, p < 0.0001, effect of treatment,
p < 0.001, effect of interaction, p = 0.03). (F) Vector genome copies (represented as per pg of DNA and normalized to rat Gapdh) detected across both left and right
hippocampi of SPK100.NPY-Y2R-treated rats were dose dependently and significantly increased over diluent-treated controls (Kruskal-Wallis, p < 0.0001). (G) NPY protein
abundance was significantly increased in SPK100.NPY-Y2R-treated rat hippocampi (left and right hemispheres) compared with diluent-treated controls (represented as
ng mL~" normalized to Cofilin protein levels) (Kruskal-Wallis, p < 0.0001). All data: one-way ANOVA followed by Holm-Sidak’s multiple comparisons test referenced to Diluent
unless otherwise noted; Dunn’s multiple comparisons test used with Kruskal-Wallis (*o < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001). All data are represented as mean +
standard deviation. Diluent: n = 25 rats; SPK100.NPY-Y2R (1.2 x 10'°vg per animal): n = 22 rats; SPK100.NPY-Y2R (1.2 x 10" vg per animal): N = 28 rats. LLOQ, lower limit
of quantification.

our continued investigation of the AAV-Spark100 capsid to deliver
our payload to the hippocampus in vivo.

Prior to initiating the rapid kindling procedure, the threshold cur-
rent (the current required to elicit an EEG afterdischarge of >5 s
measured from the hippocampal depth electrode) was measured

We next sought to determine the anti-seizure potential of SPK100.
NPY-Y2R treatment in vivo. We employed the well-established rat
rapid kindling model to track the progression of seizures induced
by electrical stimulation of the hippocampus, providing a reliable
measure of seizure development and severity.”>”” In this paradigm,
rats receive 40 suprathreshold (400 pA) current stimulations into
the ventral hippocampus, gradually developing longer and more
behaviorally severe seizures. To test the anti-seizure effects of
our therapy, adult male rats received bilateral, intrahippocampal
delivery of either SPK100.NPY-Y2R at two doses (1.2 x 10'° or
1.2 x 10" vg total per rat) or vehicle (vector diluent), 4 weeks
before kindling.

for each animal. The current (nA) required to induce a >5 s afterdi-
scharge in the hippocampus was significantly higher in SPK100.
NPY-Y2R-treated rats (at both doses) compared with diluent-treated
controls (Figure 3A).

During the rapid kindling period, SPK100.NPY-Y2R-treated animals
exhibited a significant reduction in the number of severe, tonic-clonic
(Racine grade 4 or 5) seizures (Figure 3B). The latency to the first se-
vere seizure event was increased compared with diluent-treated
controls (Figure 3C). Correspondingly, the average afterdischarge
durations over all 40 stimulations measured by the hippocampal
depth electrode and surface electrodes (electroencephalogram
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[EEG]) were significantly reduced in SPK100.NPY-Y2R-treated ani-
mals versus diluent-treated controls. However, this reduction was
only statistically significant in the 1.2 x 10'* vg per animal dose group
(Figures 3D and S5B). Furthermore, the cumulative seizure severity
measured over all 40 stimulations was significantly reduced in
SPK100.NPY-Y2R-treated rats versus
(Figure 3E). No significant difference was found between the two
doses of SPK100.NPY-Y2R in any of the investigated outcome
parameters.

diluent-treated controls

Bioanalysis of micro-dissected hippocampal brain tissues from all
rats after the study confirmed a dose-dependent and significant in-
crease in vector genome copies in SPK100.NPY-Y2R-treated animals
compared with diluent-treated controls (Figures 3F and S5C). NPY
protein abundance was also significantly increased in both hippo-
campi of SPK100.NPY-Y2R-treated rats compared with diluent-
treated controls (Figures 3G and S5D). However, a plateau in NPY
protein abundance was observed once a certain threshold of
SPK100.NPY-Y2R vector copies was reached in the hippocampus
(Figure S5E). Body weight was slightly, but significantly, increased
in the 1.2 x 10'° vg per animal dose group of SPK100.NPY-Y2R
over diluent-treated controls (Figure S5A), mirroring the findings re-
ported above in mice receiving bilateral, intrahippocampal delivery
of SPK100.NPY-Y2R. Collectively, these results support the idea
that AAV-mediated NPY and Y2 overexpression in the hippocam-
pus can reduce seizure severity and burden in a focal model of

epilepsy.

The electrical kindling model is limited by the evoked nature of each
seizure event compared with models presenting with spontaneous
seizures. Parallel experiments using AAV9-mediated delivery of
our same, dual construct (AAV9.NPY-Y2R), showed that bilateral,
intrahippocampal AAV.NPY-Y2R (5 x 10'° vg total per animal) is
also able to significantly reduce the number of spontaneous seizures
and delay seizure onset in a genetic model of epilepsy (synapsin triple
knockout [TKO] mice; Figures S6A-S6C). In this model, deletion of
the three murine synapsin genes (Synl, Syn2, and Syn3) results in an
increased propensity to develop spontaneous seizures that arise
between 40 and 120 days of life.”* Importantly, we confirmed over-
expression of both NPY and Y2R proteins in the hippocampus
after intraparenchymal delivery of AAVI.NPY-Y2R at this dose
(Figures S7A and S7B). In line with the results reported above for
mice receiving intrahippocampal SPK100.NPY-Y2R (Figure S2H),
there was also a significant increase in body weight in AAV9.NPY-
Y2R-receiving mice (Figure S6D). These additional data further sup-
port that AAV-mediated NPY and Y2 overexpression in the hippo-
campus can suppress seizures.

Successful SPK100.NPY-Y2R biodistribution in Papio
hamadryas hippocampus following MRI-guided CED
Building upon the efficacy demonstrated in rodent models, we aimed
to evaluate the feasibility of SPK100.NPY-Y2R delivery in non-hu-
man primates to further bridge the translational gap toward human
applications. Non-human primates, due to their larger brains and
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more complex anatomy, offer a critical step forward in determining
the suitability of this approach for clinical application. We aimed to
characterize vector biodistribution and transduction in non-human
primate brain after intraparenchymal delivery to inform future
human trials. We also extended our capsid comparison initially
performed in mice (Figures S3 and S4) to compare AAV9- versus
AAV-Spark100-mediated delivery of our payload to the non-human
primate hippocampus. SPK100.NPY-Y2R or AAV9.NPY-Y2R
(1 x 10" vg mL ") was unilaterally infused into the right hippocam-
pus of adult, Papio hamadryas (baboon) females via magnetic reso-
nance imaging (MRI)-guided convection enhanced delivery (CED)
(Figure 4A). Baboons were chosen due to their larger hippocampal
volume and closer anatomical similarity to humans compared with
other non-human primates commonly used in biomedical research,
making them a more suitable model for evaluating the delivery and
biodistribution of the therapy.”>*® Importantly, all animals were
screened for the presence of antibodies to the AAV-Spark100 and
AAV9 capsids prior to dosing and were considered seronegative
with serum neutralizing antibody titers lower than 1:1 at baseline
(see materials and methods for details). Each animal was injected
with approximately 200 pL into the right hippocampus, correspond-
ing to a total of 2 x 10" vg, except for one animal that received
142 pL due to smaller hippocampal size (Table 1). The left hippo-
campus was administered SPK100.dTomato or AAV9.dTomato us-
ing the same infusion protocol and the same capsid as on the right
hemisphere (Figure 4A). The bilateral administrations resulted in
an average coverage of around 72% based on the MRI contrast
agent (ProHance) volume of distribution to hippocampal volume
(Figure 4A; Table 1). Overall, the MRI-guided CED targeting of
the hippocampus of baboons was quantitatively successful.

No mortality or adverse events were reported for any animals
throughout the study, including during cage-side neurological func-
tion assessments measured up to the l-month post-treatment
endpoint. Overall, no significant changes in body weight (defined
as weight change exceeding 20%) were observed from baseline to
necropsy, and all animals were deemed healthy per veterinarian-per-
formed physical exam. Analysis of NPY protein abundance from ce-
rebrospinal fluid (CSF) and blood plasma samples showed no signif-
icant change in NPY abundance in SPK100.NPY-Y2R-treated
baboons when compared with pre-surgery baseline levels, but did
reflect an increase in NPY abundance in the CSF of AAV9.NPY-
Y2R-treated animals, specifically (Figures S8A and S8B). Each ani-
mal (n = 6) was humanely euthanized 1-month post-infusion
(3 days), and brain tissues were collected for evaluation of vector
biodistribution and NPY protein abundance.

Histological analysis of brain tissues revealed NPY protein in the tar-
geted hippocampus of both SPK100.NPY-Y2R- and AAV9.NPY-
Y2R-treated baboons, particularly in the body (intermediate hippo-
campus) and head (anterior hippocampus) of the structure
(Figures 4B and S9). Furthermore, vector genome copies and NPY
protein were enriched in the right hippocampus 1 month after
AAV9/SPK100.NPY-Y2R infusion compared with non-targeted



www.moleculartherapy.org

AAV9/SPK100.CAG-NPY-Y2R
(right hippocampus)

/ firesgm——)

AAV9/SPK100.CAG-dTomato
(left hippocampus)

R

AAV9.NPY-Y2R

=)

imm 1mm 1mm

Overlay

Overlay Overlay

100pm

(¢}
w)

Vector Biodistribution
Baboon Brain

(ng/mL total protein; log)

LLoQ

Vector Copies/g DNA (log)
3
NPY Protein
Normalized to Cofilin

SPK100.NPY-Y2R

e AAVI.NPY-Y2R A

brain regions (Figures 4C, 4D, S8C, and S8D). Specifically, vector
genome copies and NPY protein abundance were highest in brain
tissue samples collected from the hippocampal CA1, CA3, and den-
tate gyrus subfields, with no significant difference between AAV9-
and AAV-Spark100-treated animals (although the number of ani-
mals in this initial study was limited) (Figures 4C, 4D, S8C, and
S8D). In contrast, NPY protein was nearly undetectable in brain
areas distal to the infusion site, such as motor cortex and putamen
(Figures 4C, 4D, S8C, and S8D). One baboon receiving AAVO.
NPY-Y2R into the right hippocampus had suboptimal delivery/tar-
geting noted during the surgery based on contrast agent visualiza-
tion, with minimal vector copies and NPY protein abundance
detected in the hippocampus (Figures 4C, 4D, S8C, and S8D). Over-
all, the surgery with AAV administration to the hippocampus was
successful in achieving vector genome enrichment in the target brain

Representative Left Hippocampus Infusion:

NPY Protein

Baboon Brain

Figure 4. MRI-guided convection enhanced delivery
of SPK100.NPY-Y2R results in successful coverage
and vector biodistribution of baboon hippocampus
(A) Left: schematic demonstrating the study approach
for bilateral, hippocampal delivery of AAV-Spark100 or
AAV9 vectors. Right: representative MRI contrast agent
(ProHance) signal from the left (top) and right
(bottom) hippocampus of one, representative baboon
demonstrating infusion coverage upon hippocampal
intraparenchymal infusion using MRI-guided convection
enhanced delivery. (B) Immunohistochemistry of NPY
protein (red) demonstrating expression in targeted,
right hippocampus of a representative AAVI.NPY-Y2R-
receiving (left) and SPK100.NPY-Y2R-receiving (right)
baboon. DAPI stain (nuclei) is depicted in cyan. (C) Vector
genome copies detected across various, micro-dissected
brain regions of the right hemisphere of each baboon
1 month after infusion reflect comparable vector
biodistribution between SPK100.NPY-Y2R- and AAV9.
NPY-Y2R-treated baboons (mixed-effects analysis, ns).
Data are represented as vector copies per pg of DNA on
a log-scale. (D) NPY protein abundance across the same
micro-dissected brain regions analyzed for vector
genome copies 1 month after infusion was not
significantly different between SPK100.NPY-Y2R- and
AAVO.NPY-Y2-treated baboons (mixed-effects analysis,
ns). Data are represented as ng mL~" of NPY normalized
to Cofilin protein on a log-scale. One baboon receiving
AAVONPY-Y2R into the right hippocampus had
suboptimal delivery/targeting noted during the surgery
based on contrast agent visualization, with minimal vector
copies and NPY protein abundance detected in the
hippocampus. Green: AAVO.NPY-Y2R; Purple: SPK100.
NPY-Y2R. Data are represented as mean + standard
deviation. n = 3 Papio hamadryas females per group
(n = 6 animals total). LLOQ, lower limit of quantification.
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region and was well tolerated by the baboons.
These data also reflect that our platform capsid,
AAV-Spark100, provides comparable vector
biodistribution to AAV9 in the baboon hippo-
campus. Collectively, the biodistribution pattern of SPK100.NPY-
Y2R in the non-human primate brain is encouraging for further
translational research with this approach.

Taken together, the results from both rodent and baboon studies
provide compelling evidence that SPK100.NPY-Y2R can be deliv-
ered safely and effectively into the hippocampus. The successful tran-
sition from rodent to non-human primate models positions this
approach as a strong candidate for clinical development in humans.

DISCUSSION

Overall, our study presents strong new evidence supporting the anti-
seizure effects of the newly developed AAV vector, SPK100.NPY-
Y2R, which mediates overexpression of NPY and Y2R across several
relevant preclinical models of epilepsy. We leveraged our previously

Molecular Therapy Vol. 33 No 9 September 2025 4245



Molecular Therapy

Table 1. Hippocampal volumes of infusion and distribution in Papio hamadryas hippocampus

Intrahippocampal
ProHance distribution Hippocampus coverage
Infusate delivered (pL) (mm?) (%)

Animal Capsid (AAV.NPY-Y2R) Left Right Left Right Left Right
1 AAV-Spark100 202 202 470 537 69.7 74.3
2 AAV-Spark100 202 198 535 488 73.0 71.2
3 AAV-Spark100 142 202 430 424 70.0 70.2
4 AAV9 202 202 476 443 68.9 63.7
5 AAV9 202 202 499 458 78.6 78.6
6 AAV9 202 202 513 499 72.7 69.8

The left hippocampus was injected with AAV9/SPK100.dTomato and the right hippocampus with AAV9/SPK100.NPY-Y2R.

described construct expressing both NPY and Y2 (originally encap-
sulated in AAV1) in combination with a bioengineered capsid, AAV-
Spark100, to significantly enhance our therapeutic biodistribution.”
We also validate in vitro, ex vivo, and in vivo models suitable for
testing AAV-based gene therapies, particularly for TLE. Importantly,
we demonstrate effective biodistribution of our new vector to the
hippocampus in a non-human primate brain, a critical step for trans-
lating this therapy to human clinical trials.

Preclinical assays for validation of anti-seizure effects of AAV
gene therapies

Numerous in vitro and in vivo models of epilepsy have been devel-
oped and used for screening of various anti-seizure therapies.”””®
However, many in vivo epilepsy models which are ideal for early-
stage candidate screening tend to induce generalized seizures that
respond to systemically delivered small molecules. This limits their
usefulness in assessing the efficacy of locally targeted gene therapies
designed for treating focal seizures, such as in TLE.”” Furthermore,
the advancement of gene therapies for epilepsy has been hindered
by the inherently high variability of many seizure models and scar-
city of models that accurately replicate human pathophysiology.*’
Therefore, in this study, we sought to develop a reliable road map,
from in vitro through in vivo, for pre-clinical evaluation of gene ther-
apy vectors specifically aimed at modulating neuronal activity for the
treatment of TLE. This work adds to the current landscape of gene
therapies in-development for TLE, including a gene therapy vector
sponsored by UniQure currently in clinical trial (ClinicalTrials.gov
NCT06063850).°%2

The ability of several AAV capsids to effectively transduce cultured
primary neurons makes calcium imaging an attractive and high-
throughput in vitro screening system for therapies that effectively
modulate neuronal activity.”> The in vitro method described in this
report provides a valuable, long-term activity assay based on primary
cortical neurons, allowing for the assessment of payloads that modu-
late neuronal activity over extended periods. Indeed, our present re-
sults demonstrate that AAV-mediated overexpression of NPY and
Y2R in this system significantly reduces multiple Ca**-based read-
outs of spontaneous neuronal activity over nearly 1 month in vitro.
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There was a reduction in cell viability of primary cortical neurons
in vitro after transduction with SPK100.NPY-Y2R (Figure S1B).
However, the doses applied in our proof-of-concept in vitro experi-
ments (up to 5 x 10° vg per cell) were fairly high and may not accu-
rately model the vector genomes per cell ultimately delivered in vivo
using our intraparenchymal route of administration. Notably, we did
not observe any behavioral adverse events in rodents or non-human
primates receiving intrahippocampal delivery of SPK100.NPY-Y2R
at our tested doses in vivo. There were also no neurological pheno-
types reported for any non-human primates during cage-side neuro-
logical function assessments measured up to the 1-month post-treat-
ment endpoint. Despite this, it remains critical to establish a safety
window for SPK100.NPY-Y2R, particularly within an efficacious
dose range and using the intended route of administration/delivery
device.

Furthermore, our efforts in bridging ex vivo and in vivo TLE models
for assessing gene therapy efficacy underscores the importance of
focusing seizure suppression testing on specific, focal regions, in
this case the hippocampus. Ex vivo, the spatial resolution and sensi-
tivity of MEA recording systems can be utilized to gain detailed in-
sights into population-level neural activity within specific circuits of
interest.* In this study, we report that SPK100.NPY-Y2R treatment
significantly reduces population activity in hippocampal CA1 neu-
rons, which contain the primary output projections from the hippo-
campus, during 4-AP evoked burst firing. These findings support the
potential of AAV-mediated NPY and Y2R overexpression in the hip-
pocampus to reduce evoked, seizure-like activity within this circuit,
and possibly limit seizure spread beyond the site of origin in TLE. In
line with our results, it has been reported that epileptiform activity
induction can be suppressed using bath-applied NPY.**%>%

In our in vivo TLE model, the ventral hippocampus of rats was
kindled by electrical stimulation, successfully triggering seizures
and hippocampal EEG discharges. These progressive seizures were
effectively counteracted by local overexpression of NPY and Y2R
in the hippocampus. It is nonetheless important to highlight that
the rapid kindling model applied in this study is limited by the
evoked nature of each seizure event, as well as the number of severe,
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generalized seizures elicited in rapid succession. Given our localized
therapeutic delivery, we leveraged the electrical kindling model using
stimulating electrodes implanted directly into the ventral hippocam-
pus for our initial in vivo efficacy experiments. In parallel, we report
that AAV9-mediated delivery of our same construct significantly re-
duces seizures in a genetic model presenting with spontaneous sei-
zures (synapsin TKO mice; Figure S6). However, it will be important
to expand upon these findings, particularly in future dose-finding
studies, by specifically screening SPK100.NPY-Y2R in additional
seizure models such as those presenting with spontaneous seizure
events (e.g., kainate- or pilocarpine-induced post-status epilepticus
models). Thus, although a combination of ex vivo and in vivo models
strongly suggests that hippocampal overexpression of NPY and Y2R
is sufficient to suppress seizures in TLE, differences in ictogenesis
compared with human patients make prediction of the extent of clin-
ical efficacy from rodent to human challenging.

Of note, there was no significant difference in seizure phenotypes
measured in the rat kindling model between the two doses of
SPK100.NPY-Y2R administered in this study (1.2 x 10'° and
1.2 x 10" vg per animal). Interestingly, there was also a plateau in
the NPY protein abundance detected in the hippocampus of rats
receiving intrahippocampal SPK100.NPY-Y2R, with no significant
increase in NPY protein (despite a dose-dependent increase in vector
copies) between the lower and higher dose groups (Figures 3G and
S5E). This may reflect a ceiling in transgene overexpression achiev-
able in the rodent hippocampus using this route of administration,
perhaps as a result of the high doses delivered in this initial efficacy
study. This limits the interpretation of a dose-response relationship
between the administered viral doses and any seizure phenotype
outcome in this model. It will be important to expand upon these
findings in future dose finding studies, including at lower doses, to
properly evaluate a dose-response relationship and establish a min-
imal effective dose for SPK100.NPY-Y2R.

Leveraging the endogenous NPY-Y2R signaling pathway as a
therapeutic approach for focal epilepsy

The endogenous neuropeptide signaling system presents an attrac-
tive target for modulating neuronal activity in a disease context
such as epilepsy.”” Endogenous neuropeptides like NPY are typically
released by local interneurons to modulate glutamatergic transmis-
sion of principal cells within specific circuits such as the hippocam-
pus.”® However, the loss and dysfunction of interneurons has been
linked to epileptogenesis and the subsequent occurrence of sei-
zures.”’
therapy-mediated overexpression harnesses an innate mechanism
for regulating excitatory transmission in the hippocampus, even in
a dysregulated environment. Our rationale for including both NPY
and Y2R in our vector was motivated by previous reports that
have supported a role for Y2R in mediating the seizure-suppressant
effects of NPY by pre-synaptically inhibiting glutamate release.”**
Y2R agonists mimic the NPY-mediated inhibition of glutamatergic
transmission and epileptiform discharges in two different slice
models of TLE (stimulus train-induced bursting and 0-Mg>*).”*

Boosting of the NPY-Y2R signaling system through gene

Similarly, the Y2R-specific inhibitor (BIIE0246) attenuates the inhib-
itory effects of NPY on evoked burst firing in hippocampal slices of
both rodents and humans.'>'®*>% Finally, Y2R binding is upregu-
lated in rodents after seizures as well as in human patients with
TLE.””*® In contrast, NPY action at Y1 receptors has been reported
to facilitate seizure activity.”*** Therefore, our dual NPY-Y2R
approach aims to boost Y2R-mediated signaling of NPY to confer
seizure suppression. Additional data have more directly evaluated
the seizure-suppressant effects of NPY or Y2R alone or NPY in com-
bination with Y2R. Overexpression of Y2R in the hippocampus of
rats using rAAV vectors is sufficient to reduce seizures in two distinct
rodent models of TLE: electrical kindling and the kainate-induced
seizures.”” Importantly, co-administration of rAAV-Y2R with
rAAV-NPY into the rat hippocampus was reported to confer an ad-
ditive, anti-seizure effect beyond rAAV-Y2R-only in the same elec-
trical kindling model of seizures.”> These findings support the
seizure-suppressant effects of Y2R overexpression alone and rein-
force the rationale for pursuing a dual NPY-Y2R therapy for treat-
ment of hippocampal seizures. In fact, AAV-mediated overexpres-
sion of NPY and Y2R has been shown to decrease glutamate
release in nearby synapses that are not actively releasing NPY during
high-frequency stimulation in the CA1 area of the hippocampus.'’
Supporting this, several studies have demonstrated the anti-seizure
effects of AAV-mediated overexpression of NPY and/or Y2R in
various rodent models of epilepsy.”>>>~” It is important to highlight
that one of these studies demonstrated a reduction in the number of
spontaneous recurrent seizures in already epileptic rats after unilat-
eral intrahippocampal delivery of an AAV1.NPY-Y2R vector.”®

Therefore, our working hypothesis is that the activity-dependent
(“on-demand”) release of NPY overexpressed by our vector is suffi-
cient to reduce pre-synaptic release of glutamate during prolonged,
high-frequency burst firing of neurons to attenuate aberrant activity.
It is possible that co-expression of NPY and Y2R in the same cells
may lead to auto-inhibition of NPY release (as has been described
for sympathetic neurons).”” While we cannot exclude this possibility
for hippocampal neurons, it is important to note that the mecha-
nisms and timing of neuropeptide release, signaling, and reuptake
differ from those of traditional neurotransmitters such as glutamate.
For example, neuropeptides can be released extra-synaptically, signal
via volume transmission, and are more slowly removed from the
extracellular space due to the lack of specialized transporters.”' A
combination of these factors may contribute to the relatively long-
lasting effects of neuropeptides compared with classical neurotrans-
mitters, and in this case, may allow for attenuated glutamate release
by NPY despite any auto-inhibition. Importantly, baseline excitatory
synaptic transmission in the hippocampal CAl is reportedly not
affected by AAV-mediated overexpression of NPY and Y2R, sup-
porting the hypothesis of an on-demand, autoregulatory loop for
NPY release and action.”® The results of this current study align
with these findings, wherein SPK100.NPY-Y2R treatment did not
impact spontaneous spiking or bursting activity at baseline in
ex vivo mouse hippocampal slices compared with vehicle-treated
controls (Figures S2E and S2F). Additionally, no overt neurological
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abnormalities were observed in adult baboons up to 1 month
after receiving unilateral, intrahippocampal infusion of SPK100.
NPY-Y2R.

The relative stoichiometry and absolute levels of NPY and Y2R pro-
teins required for optimal seizure-suppression remains uncertain,
particularly within specific cell types of the hippocampus. Our ratio-
nale in selecting a strong, ubiquitous promoter (CAG) was driven by
a desire to maximize our vector potency and efficacy. In future exper-
iments, it would be informative to evaluate efficacy and potency after
restricting NPY and/or Y2R expression using cell-type-specific pro-
moters. Importantly, we demonstrate that our vector is capable of
overexpressing both the NPY and Y2R transgene proteins in the tar-
geted hippocampus (Figure S7). In future studies, it will be informa-
tive to interrogate the exact stoichiometry of NPY and Y2R proteins
necessary for therapeutic efficacy in the hippocampus, as well as the
specific cell types necessary to mediate seizure-suppressant effects.
Notably, a recent publication has demonstrated that lentiviral-medi-
ated delivery and expression of NPY and Y2R restricted to excitatory
neurons of the hippocampus (CaMKII promoter) is sufficient to
reduce seizures in a genetic model of epilepsy, the synapsin TKO
mouse.”

In addition to its role in the hippocampus, NPY is a well-established
orexigenic factor that influences feeding behavior and body weight
through its actions on hypothalamic neurons.*’>' Specifically,
AAV-mediated NPY overexpression in the dorsomedial hypothala-
mus and paraventricular nucleus of the hypothalamus is reported
to result in increased food intake and weight gain.”>’* In this study,
we report that unilateral, intrahippocampal infusion of SPK100.
NPY-Y2R into baboons did not result in significant weight gain
1 month after delivery, in contrast with what was observed upon
bilateral delivery in rodents. This discrepancy may be due to several
factors, including differences in access to food (rodents, but not ba-
boons, had ad libitum access), unilateral versus bilateral NPY and
Y2R administration, differences in SPK100.NPY-Y2R vector bio-
distribution between rodents and primates, differences in extrahip-
pocampal infusion leakage given the different surgical approaches
in rodents versus baboons, anatomical differences in subcortical
structures (such as the relative proximity of the hypothalamus to
the hippocampus) between the two species, or the impact of intrahip-
pocampal SPK100.NPY-Y2R dose on weight gain. We had previ-
ously not observed weight gain in rats following bilateral or unilat-
eral intrahippocampal administration of AAV1.NPY-Y2R.**”° In
addition to differences in AAV serotype, other significant modifica-
tions in the present study were the number of infusion sites and total
volume administered, resulting in twice the volume compared with
what was used previously. Moreover, the larger relative weight
gain seen in mice versus rats reported here may be explained by
the larger volume of infusate per volume of hippocampus adminis-
tered in the mouse versus rat. It is conceivable that the high volumes
used in rodents in the present study led to vector overspill into adja-
cent brain regions, thus contributing to exposing the hypothalamus
to exogenous NPY and possibly triggering an orexigenic effect. These
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results highlight the need to model potential on- and off-target ef-
fects of NPY-Y2R overexpression using the same doses and surgical
delivery methods proposed for human use.

Successful delivery and biodistribution of AAV-Spark100 capsid
to Papio hamadryas hippocampus

Non-human primates (NHPs) serve as an effective test system for
nonclinical therapeutic biodistribution and toxicity studies accepted
by regulatory agencies.”*””® NHPs have been shown to produce trans-
gene expression levels comparable to those observed in humans in
other AAV-based gene therapy studies. Importantly, NHPs can
model the production of neutralizing antibodies to both AAV capsid
proteins and transgene proteins, which can substantially alter vector
biodistribution and subsequent efficacy; NHPs can thereby provide
biodistribution and expression data that are translatable for future
developmental studies.”* " We hypothesized that Papio hamadryas
(baboon) could be an advantageous model for evaluating intraparen-
chymal surgical delivery methods and vector biodistribution, given
their larger brain size compared with other NHPs commonly used
in biomedical research (e.g., a 12 kilogram baboon has a median brain
mass of 140-150 g).*° Baboons also have favorable subcortical brain
structures, with the hippocampus being 2- to 3-fold larger in volume
than other Old World NHP species (e.g., Macaca fasciularis).”>"!
Additionally, the baboon hippocampus is only 2- to 3-fold smaller
in volume than that of the human, allowing for the scaling up of
AAV doses based on volume.’® This larger neuroanatomical target
makes baboons a valuable model for studying delivery methods and
therapeutic effects. Although less common, baboons are also an
accepted test system for nonclinical biodistribution and toxicity
testing by regulatory agencies, including gene therapy.”®’%%

This study is, to our knowledge, the first to report successful MRI-
guided, CED of AAV into the hippocampus of baboons. No adverse
events or premature mortality were observed in any of the animals
included in this study. Cage-side neurological assessments up to
1-month post-surgery showed no overt signs of neurological impair-
ment, and no unexpected gross findings or lesions were reported at
necropsy. Bioanalysis revealed an enrichment of vector copy
numbers and NPY protein in the targeted hippocampus, particularly
the CA1, CA3, and dentate gyrus subfields, with minimal spread to
non-targeted brain areas. Vector genomes outside the hippocampus
were largely confined to hippocampal-associated projections
including subiculum, entorhinal cortex, para-hippocampal cortex,
and perirhinal cortex at about 100 to 1,000-fold lower compared
with the hippocampus, with NPY protein abundance at or below
the limit of detection. Our present data also reflect no significant
difference in vector biodistribution in the brain between AAV9.
NPY-Y2R- and SPK100.NPY-Y2R-treated animals, providing
encouraging evidence that our platform AAV-Spark100 capsid can
be suitable for brain-directed gene therapies.

Bridging an NPY-Y2R gene therapy to mesial TLE patients
Several alternative gene therapies approaches are being explored and
developed for the treatment of refractory epilepsy, each targeting
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different mechanisms to reduce neuronal excitability. These include
overexpression of an engineered potassium channel which dampens
excitability by promoting a prolonged influx of potassium, stabilizing
neural activity.” Another strategy, currently in clinical trial as
mentioned above, leverages two anti-GRIK2 micro-RNAs to lower
the levels of a kainate receptor subunit in the hippocampus and
reduce excessive excitatory signaling during seizures.”' Finally, over-
expression of the neuropeptide dynorphin has also shown promise in
preclinical models for its potential to mitigate seizures.* The dual-
NPY/Y2R strategy described here offers distinct advantages, notably
in that the neuropeptide is demonstrated to release and signal on de-
mand, potentially reducing adverse effects associated with contin-
uous activity modulation.”® Furthermore, boosting the innate
NPY-Y2R signaling pathway over NPY action on other endogenous
receptors such as Y1 can lead to a more effective therapeutic action.
In the context of epilepsy therapeutics more broadly, focal overex-
pression of NPY and Y2R holds some advantages over existing sur-
gical methods available for patients with refractory seizures (e.g.,
laser interstitial thermal therapy, surgical resection, or stereo EEG-
guided radiofrequency thermocoagulation). The most prominent
advantage is the less invasive nature of the administration compared
with in situ resection or coagulation, including possible treatment
and preservation of the eloquent cortex.

NPY abundance in the baboon CA1 and CA3 reached approximately
10 ng mL~" total protein (Figure 4D). This is significantly lower than
the 80-120 ng mL ™" total protein range of NPY protein observed in
rats receiving intrahippocampal delivery of SPK100.NPY-Y2R
(Figure 3G), likely due to the relatively lower dose per tissue volume
that was administered to the baboons. Given the non-linear relation-
ship between vector copy numbers and resultant NPY protein abun-
dance observed in the rats of this study (Figure S5E), it remains diffi-
cult to scale effective dose from the rat kindling model presented here
to the human situation based on structure volume alone. Further
dose-finding in the baboons using the device and route of adminis-
tration intended for clinical use will guide the extrapolation to hu-
man patients. Direct targeting to the hippocampus in human
mTLE patients may also involve a more individualized approach.
For example, mTLE with Ammon’s horn sclerosis is associated
with pyramidal cell loss in predominantly in the CAl and CA4,
whereas cells in the CA2 and the dentate gyrus are generally more
preserved.”” Therefore, targeting may need to be individualized
(e.g., via MRI-guided CED) to some extent depending on the partic-
ular patient pathology in order to prioritize more preserved hippo-
campal regions.

There was an increase in NPY abundance in the CSF, but not blood
plasma, of AAVI.NPY-Y2R-receiving baboons, specifically, pre- and
post-dosing in the same animals (Figures S8A and S8B). However,
NPY levels in plasma and CSF of SPK100.NPY-Y2R-treated animals
remained unchanged pre- and post-dosing, with plasma NPY levels
remaining nearly undetectable 1 month after delivery, suggesting
minimal peripheral exposure to vector or transgene protein after in-
traparenchymal administration of SPK100.NPY-Y2R. While these

results may reflect differences in AAV9 versus AAV-Spark100 capsid
transduction and biodistribution in the baboon, conclusions are
limited by the small number of animals in this study as well as the
exploratory nature of our novel, surgical approach. This initial study
aimed to pilot/optimize intrahippocampal delivery of AAV in ba-
boons and provides encouraging data for leveraging this model in
future, direct-injection routes of AAV administration to the brain.
These findings indicate that AAV.NPY-Y2R delivery to the baboon
hippocampus was well tolerated and effective, and that the AAV-
Spark100 capsid confers comparable transduction of hippocampal
tissue to AAV9 in this model.

Overall, our results demonstrate the feasibility of safely and accu-
rately delivering SPK100.NPY-Y2R into the hippocampus of an
NHP, with favorable biodistribution and minimal spread beyond
the temporal lobe. In the baboon study, we tested a single dose of
the novel SPK100.NPY-Y2R vector to assess its feasibility, tolera-
bility, and biodistribution following intraparenchymal delivery to
the hippocampus. Moving forward, this work will guide the estab-
lishment of an efficacious dose range of this new vector (including
the minimal effective dose) and a thorough evaluation of its safety,
tolerability, and biodistribution before proceeding to human trials.
It will also be important to expand upon the SPK100.NPY-Y2R ro-
dent efficacy findings reported here and evaluate the minimal effec-
tive dose in a model presenting with spontaneous recurrent seizures,
such as the kainic acid-induced mouse model of post-status epilepti-
% Additionally, given the intraparenchymal delivery
approach, it will be important to optimize hippocampal coverage
while avoiding off-target leakage. The differences in weight gain
observed with NPY-Y2R overexpression between rodents and ba-
boons highlight the need to model potential on- and off-target effects
in the appropriate species, using the same doses and surgical delivery
methods proposed for human use.

cus seizures.

In conclusion, our findings lend support toward the use of baboons
as a model system for evaluating biodistribution of AAV-based gene
therapies following intraparenchymal delivery. These results provide
a solid foundation for advancing the safe and effective delivery of an
AAV-based gene therapy overexpressing NPY and Y2R in the hippo-
campus for treating seizures in patients with TLE.

MATERIALS AND METHODS

Vector design and production

SPK100.NPY-Y2R is a single-stranded, (rAAV vector consisting of a
bioengineered capsid (AAV-Spark100) and an expression cassette
containing the human NPY coding sequence and human Y2R coding
sequence separated by an IRES and downstream of a ubiquitously
active, cytomegalovirus immediate-early enhancer/p-actin (CAG)
promoter. The vector also contains a modified WPRE and the
BGHpA, as previously described.”® The same construct was encapsu-
lated in the AAV9 serotype to generate AAVO.NPY-Y2R. For com-
parison of AAV1, AAV9, and AAV-Sparkl00 serotypes in mice
(Figures S3 and S4), the same expression cassette above was modified
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Table 2. Calcium imaging methods

Endpoint

Description

Active object count (total active neurons)

the number of objects that burst at least once above the minimum burst threshold over
the total scan time

Mean intensity (mean calcium signal intensity)

the mean fluorescence intensity of an object over the total scan time. All objects within the
image are calculated individually and then values are averaged

Mean burst rate (per min)

the number of calcium bursts over the total scan time divided by the scan time in minutes

Mean burst strength (mean calcium signal intensity area)

the area under each calcium burst divided by the duration of that burst is calculated
individually and then values are averaged

Calcium imaging parameters measured using Incucyte Neuronal Activity Analysis Software Module for in vitro experiments in primary cortical neurons.

to contain only the human NPY coding sequence with the same CAG
promoter, modified WPRE, and BGHpA retained.

All vectors were manufactured by transient, triple transfection of
HEK293 cells in adherent culture, purified from clarified cell lysates
by density gradient centrifugation, and then diafiltrated into an
isotonic formulation. Titer was determined by means of quantitative
polymerase chain reaction (QPCR).

Culturing of rat cortical neurons

Primary rat cortical neurons (Sprague Dawley, Thermo Fisher Sci-
entific, cat. no. A36512) were seeded (35,000 cells per well) onto
poly-D-lysine-coated 96-well optical plates (PerkinElmer Pheno-
Plate, cat. no. 6055300) in neuronal plating medium (Neurobasal
Plus medium [Thermo Fisher Scientific, cat. no. A3582901], B-27
Plus Supplement [Thermo Fisher Scientific, cat. no. A3582801],
GlutaMAX Supplement [Thermo Fisher Scientific, cat. no.
350500061], and fetal bovine serum [10%]) and cultured at 37°C,
5% CO,. Half-medium changes were performed the day after
plating and three times per week using neuronal medium (Neuro-
basal Plus medium, B-27 Plus Supplement, GlutaMAX Supplement,
and penicillin/streptomycin [0.5%]).

Calcium imaging

Primary rat cortical neurons were transduced with the Incucyte
NeuroBurst Orange Lentivirus (Sartorius, cat. no. 4736) reagent
delivering a proprietary, genetically encoded calcium indicator
(mRuby based) driven by a synapsin promoter on day in vitro 4
(DIV4). Neurons were incubated in the Incucyte SX5 Live-Cell Anal-
ysis System (37°C, 5% CO,) for long-term, calcium imaging. Two,
75% medium changes with neuronal medium (see above) were per-
formed the day after lentiviral infection (DIV5) to avoid oxygen
exposure to the neurons.

Neurons were transduced with AAV (5 x 10° viral genomes per cell
or 5 x 10° viral genomes per cell) diluted in neuronal medium on
DIV7. Two, 75% media changes with neuronal medium were per-
formed the day after AAV infection (DIV8). Calcium signals (mini-
mum burst threshold was defined as 0.2 relative fluorescence units)
were recorded in the Incucyte system twice daily until DIV35. Using
the Incucyte Neuronal Activity Analysis Software Module (Sartorius,
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cat. no. 9600-0032), the parameters outlined in Table 2 were
measured and averaged per well per day.

Immunocytochemistry

Brain cortices were harvested from embryonic day 18 (E18) rat em-
bryos (Sprague-Dawley, Janvier Labs, Le Genest-Saint-Isle, France),
and dissociated enzymatically and mechanically. Dissociated cells
(10,000 cells per well) were plated in poly-D-lysine-coated imaging
plates (384-well) (Corning, cat. no. 356663) in neuronal growth me-
dium (Neurocult Neuronal Basal medium [Fisher Scientific, cat. no.
11570556], SM1 neuronal supplements, L-glutamine, and HEPES).
Cells were incubated at 37°C, 5% CO,, with half-medium changes
occurring every 3-4 days. Cells were infected with AAV on day 3
in vitro, and immunocytochemistry initiated on day 14 in vitro. Cells
were infected with five different multiplicities of infection of AAV-
Spark100.CAG-eGFP: 5 x 10% 1 x 10° 5 x 10° 1 x 10 or
5 x 10° viral genomes per cell.

Immunocytochemistry was performed to quantify the transduction
efficiency of the AAV-Sparkl00 capsid using a reporter vector
(AAV-Spark100.CAG-eGFP). Briefly, wells were rinsed with cold
phosphate-buffered saline (PBS) and then fixed in 4% paraformalde-
hyde solution for 20 min at room temperature (RT). Cells were per-
meabilized using 0.1% Triton for 10 min at RT then rinsed with PBS.
Next, cells were incubated in a blocking solution (10% normal goat
serum) for 30 min then rinsed with PBS. Primary antibodies were
dissolved in PBS at the following dilutions and incubated overnight
at 4°C: Chicken anti-MAP2 antibody (BioLegend, cat. no. 822501), 1
to 1,000. After two PBS washes, cells were incubated with secondary
antibody for 1 h at RT: goat anti-chicken Alexa Fluor 647 (Invitro-
gen, cat. no. A21449), 1 to 500. After two PBS washes, cells were incu-
bated with DAPI to stain nuclei (1 pg mL™" final). Images were ac-
quired using a fluorescence microscope platform (HSC ArrayScan
VTI microscope, 20x images). The number of GFP-positive cells co-
localized with MAP2 was evaluated and expressed as a percentage.

Animals

Mice

Male, naive mice (C57BL/6]Rj; Janvier Labs) were used for all ex vivo
MEA experiments, and were acclimated to the test facility for at least
5 days prior to study initiation. Mice were 8 weeks old and weighed
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Table 3. Intrahippocampal infusion coordinates for mouse

Target Anterior-posterior to bregma (mm) Lateral to bregma (mm) Ventral from skull surface at trajectory (mm) Volume (pL)
Dorsal hippocampus 1 -2.0 +1.5 -2.0 1

Dorsal hippocampus 2 -2.0 +1.5 —2.4 1

Ventral hippocampus 1 -3.0 +3.0 -2.8 1.5

Ventral hippocampus 2 -3.0 +3.0 —4.3 1.5

Stereotactic coordinates and infusate volumes used for intrahippocampal delivery of AAV in mice. Note that the ventral coordinates are relative to the skull surface above the

intended ventral trajectory and not relative to bregma or dura.

approximately 25-35 g at the beginning of the experiment. Mice
were group-housed in macrolon cages (no more than 10 animals
per cage) on wood litter (SAFE, 89290 Augy, France). Environmental
enrichment (e.g., tunnel, gnawing material, nesting material, etc.)
was provided. Mice were housed under controlled temperature
(22°C + 2°C) conditions with a 12-h light/dark cycle. Food and water
were provided ad libitum. Terminal body weight was collected for all
animals at the study endpoint.

Synapsin TKO mice on the C57BL/6 N genetic background were
kindly provided by Dr. Flavia Valtorta at the Vita-Salute San Raffaele
University (Milan, Italy), and have previously been described.®”
Male, TKO mice were housed under controlled temperature
(22°C £ 1°C) and humidity (50%) conditions with a 12-h light/
dark cycle. Food and water were provided ad libitum. The weight
of the animals was monitored weekly, beginning on the first day of
surgery at postnatal day 45, until the study endpoint.

Rats

Young adult, male Sprague-Dawley rats (225-250 g) from Taconic Bio-
sciences (Germantown, NY) were used for electrical kindling experi-
ments and group housed in ventilated cages in groups of 2-3 per
cage. All rats were acclimated to the colony room for at least 1 week
before testing. After surgical implantation of EEG stimulating/
recording electrodes, each animal was single housed for the remainder
of the study with enrichment. Rats were examined on a regular basis,
handled, and weighed to assure adequate health and suitability. Rats
were housed under controlled temperature (20°C-23°C) and humidity
(50%) conditions with a 12-h light/dark cycle. Food and water were
provided ad libitum for the duration of the study.

Intracranial delivery of adeno-associated viral vectors

Mice

Mice (C57BL/6JRj [Janvier Labs] or TKO mice described above)
were anesthetized under isoflurane anesthesia (5% for induction
and 2% for maintenance, under 100% O,) and placed in a stereotaxic
frame. Animals were given 5 mg kg™ ' carprofen (Rimadyl) subcu-
taneous (s.c.) on the back. A midline sagittal incision was made in
the scalp and holes were drilled in the skull bilaterally using the co-
ordinates outlined in Table 3.

For ex vivo MEA experiments, each mouse received bilateral injec-
tions of either vehicle (vector diluent) or AAV-Spark100.NPY-Y2R

(6 x10',1.9 x 102, 0r 6 x 102 vg mL™") into the dorsal and ventral
hippocampus (6 x 10%, 1.9 x 10", or 6 x 10'° vg total per animal).
For experiments in TKO mice, animals received bilateral injections
of either vehicle (vector diluent) or AAVO.NPY-Y2R (1 x 10" vg
mL ™" 5 x 10" vg total per animal) into the dorsal and ventral hip-
pocampus. Infusions were performed at 0.4 uL min ' through a
33-gauge (G) stainless steel needle (beveled needle point [point style
4]) using a 5 pL. Hamilton Neuros 700 Series syringe (Hamilton, cat.
no. 14-785-709) mounted on a vertical perfusor (Harvard apparatus,
cat. no. 70-4507). Delivery coordinates and infusion volumes are out-
lined in Table 3. At each trajectory, the more dorsal coordinate was
infused first prior to moving down to the more ventral coordinate. Af-
ter each infusion, the cannula was left in place for 5 min to prevent
backflow of the infusate along the cannula track. At the end of sur-
gery, the animals were placed on a heat pad until awakening. The an-
imals were given 5 mg kg ' carprofen (Rimadyl) s.c. at 24- and 48-h
post-surgery.

Rats

Rats (young adult, male Sprague-Dawley rats [225-250 g] from Ta-
conic Biosciences) underwent two separate, stereotactic surgeries for
intraparenchymal injections and electrode implantation (see EEG
electrode implantation and recordings below), respectively. Rats
received Meloxicam-SR s.c. in the interscapular region (4.0 mg kg™ ')
immediately prior to each surgery, and were anesthetized under iso-
flurane anesthesia (3% for induction and 2% for maintenance, under
100% O,). The scalp was prepared for surgery by cleaning the clipped
injection site with Povidone iodine and a 70% ethanol rinse. A 1.5-2 cm
center incision was made in the scalp.

Animals received bilateral, intraparenchymal injections of either
vehicle (vector diluent) or AAV-Spark100.NPY-Y2R into the hippo-
campus. Two 33-G stainless steel [blunt needle point (point style 3)]
injector cannulas (Plastics One, C315I) were used for simultaneous
bilateral injections with a glass Hamilton syringe. Each stainless steel
injector cannula was attached to a 50 pL glass Hamilton syringe
(Hamilton, cat. no. 1705) via polyethylene (PE-50) tubing (Plastics
One, cat. no. C232C). The injection needle/cannula was attached
to a stereotaxic apparatus (Model 942, David Kopf Instrument),
and the Hamilton syringes were operated by an injection pump
(Stoelting Dual Syringe Pump, Model 210). Rats was infused with
either 1.3 or 1.13 uL of dosing solution (1 x 10" or 1 x 10" vg
mL_l) into each injection site, bilaterally (total 10 injections, 5 per
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Table 4. Intrahippocampal infusion coordinates for rat

Target Anterior-posterior to bregma (mm) Lateral to bregma (mm) Ventral from skull surface at trajectory (mm) Volume (pL)
Dorsal hippocampus 1 -3.7 +2.2 —2.8 1.3

Dorsal hippocampus 2 -3.7 +2.2 -3.7 1.3

Ventral hippocampus 1 —5.8 +5.1 —4.0 1.13

Ventral hippocampus 2 —5.8 +5.1 —5.6 1.13

Ventral hippocampus 3 —5.8 +5.1 -7.3 1.13

Stereotactic coordinates and infusate volumes used for intrahippocampal delivery of AAV in rats. Note that the ventral coordinates are relative to the skull surface above the intended

ventral trajectory and not relative to bregma or dura.

hemisphere) at a rate of 0.5 uL min~' and with a 5 min rest period
following each injection (1.2 x 10" or 1.2 x 10"" vg total per ani-
mal). See Table 4 for coordinates and infusion volumes at each target
trajectory. At each trajectory, the more ventral coordinate was
infused first prior to moving up to the more dorsal coordinate.

Ex vivo MEA recordings

Acute hippocampal slices were obtained from either naive (NPY
peptide experiments) or AAV-injected (3 weeks prior; SPK100.
NPY-Y2R experiments), adult male mice (C57BL/6JRj; Janvier
Labs). Briefly, mice were sacrificed by decapitation, and their brains
immediately removed and placed in chilled (4°C) artificial CSF
(aCSF) oxygenated with a carbogen gas mixture (95% O 5%
CO,). Composition of aCSF was as follows: 124 mM NaCl,
3.5 mM KCl, 1.5 mM MgSO,, 1.2 mM NaH,PO,, 2.5 mM CaCl,,
26 mM NaHCOs3, 12 mM D-glucose. Transverse hippocampal slices
(400 pm thick) were cut using a tissue slicer (Stoelting tissue slicer,
cat. no. 51425) and maintained for 1 h in warmed and oxygenated
aCSF (28°C).

After a minimum of 1 h of recovery at 28°C, hippocampal slices were
placed in a MEA well (Multi Channel System, Germany, MEA2100,
60 electrodes; electrode spacing: 100 pm) for ex vivo recordings and
maintained with a harp slice grid. To evaluate the health of each slice,
an electrical pulse (internal MEA electrode, 100 ps, 3,000-5,000 mV)
was delivered to the Schaffer collaterals of the hippocampal forma-
tion. Dendritic responses were obtained in the CAl area. The
stimulation and recording electrodes were chosen according to the
placement of the slice in the MEA well. Slice placement was moni-
tored via a camera placed under the MEA well to maintain the
same distance between stimulation electrode and recording electrode
for each slice. Hippocampal slices with acceptable CA1 responses
to Schaffer collateral stimulation were subsequently used for the
experimental recordings (fEPSP amplitude between —500 mV s '
and —1,000 mV s~ ' with good shape obtained following electrical
stimulation of Schaeffer collaterals at 3,500 mV). Both ventral and
dorsal hippocampal slices were tested in the NPY peptide experi-
ment, and only dorsal hippocampal slices were tested in the
SPK100.NPY-Y2R experiments.

Spike detection threshold was set such as the amplitude of the signal
was seven times higher than the baseline (background). This was

4252 Molecular Therapy Vol. 33 No 9 September 2025

automatically adjusted by the software for each electrode and each
slice. Burst detection parameters were as follows: maximum (max)
interval to start burst, 10 ms; max interval to end burst, 50 ms; min-
imum (min) interval between bursts, 100 ms; min duration of burst,
200 ms; min number of spikes in burst, 6.

NPY peptide experiments

After 10 min of baseline recording, the respective treatment (0.1 pM
NPY, 0.5 uM NPY, 1 pM NPY, or 1 pM NPY with 0.6 pM BIIE0246)
or reference substance (Retigabine, 10 pM) was bath applied for
20 min before adding 4-AP (~2.65 mL min'). After the addition
of 100 pM 4-AP (a voltage-gated potassium channel blocker), re-
cordings were performed for an additional 20 min for a total of
50 min of recordings. See schematic of experimental timeline for
NPY peptide experiments in Figure S10. Experiments included a to-
tal of n = 8 hippocampal slices per group (1-3 slices per mouse from
3 to 5 naive mice).

The following parameters were assessed in the CA1 and CA3 region
of each hippocampal slice: change in mean number of spikes over the
treatment period (20-30 min) or over 4- AP period (40-50 min) from
baseline (0-10 min) and change in mean number of bursts over the
treatment period (20-30 min) or over 4-AP period (40-50 min) from
baseline (0-10 min).

SPK100.NPY-Y2R experiments

Slice harvesting and recording took place 3 weeks after intrahippo-
campal SPK100.NPY-Y2R delivery. A 10 min baseline recording
was first performed for all slices. The reference substance (Retiga-
bine, 10 pM) was then bath applied 20 min prior to 4-AP perfusion
(~2.65 mL min ) for slices receiving Retigabine. After baseline re-
cordings, all slices had 100 pM 4-AP bath applied, and then were re-
corded for an additional 20 min for a total of 50 min of recordings.
See schematic of experimental timeline for vector experiments in
Figure S11. Experiments included a total of n = 10 dorsal hippocam-
pal slices per group (1 slice per mouse from 10 SPK100.NPY-Y2R-
treated mice).

The following parameters were assessed in the CA1 and CA3 region
of each hippocampal slice: mean number of spikes and bursts prior
to 4-AP addition (20-30 min); mean number of spikes and bursts
over the 4-AP period (40-50 min).
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EEG electrode implantation and recordings

Mice

TKO mice intended for video-EEG recordings underwent surgery
for a transmitter implant between age 52 and 55 days, and 1 week af-
ter the delivery of vehicle or AAV. The ETA-F10 transmitter (Data
Sciences International, St. Paul, MN) was positioned in a subcutane-
ous pocket on the back of the mouse with the wires guided to the
skull. The recording electrode was placed on the dura mater above
the hippocampus, and the reference electrodes were placed contral-
aterally on the dura mater, anterior to the bregma. Once the elec-
trodes were in position, dental cement (Harvard Apparatus) was
added to cover and attach the implant to the skull.

Video-EEG recording started 2 weeks after vehicle/AAV delivery
and was performed continuously for 24 h a day, 7 days a week,
over a period of 2 weeks. Neuroscore (Data Sciences International)
was used for EEG analysis. All traces were visually inspected for
the detection of seizures and duration was measured as the period
of paroxysmal activity of high frequency (>5 Hz) characterized by
a 3-fold higher amplitude over baseline with a minimum duration
of at least 5 s.

Rats

Two to 3 weeks after intraparenchymal injections, rats underwent elec-
trodes implantation for EEG recordings. A stimulating/recording elec-
trode (two twisted, stainless steel wires, E363/3-2TW/SPC ELEC .005/
.125MM SS 2TW, P1 Technologies) was placed into the ventral hippo-
campus for kindling and local field potential (LFP) recordings (unilat-
erally on right side of the brain: —4.8 mm caudal to bregma, +4.8 mm
lateral to bregma, and —7.0 mm below the brain parenchyma surface).
A stainless steel screw connected with a wire for EEG recordings was
also implanted at the coordinates of +2 mm rostral to bregma, +3 mm
lateral. A ground electrode was implanted —2 mm caudal to lambda (at
the midline) and attached to a stainless steel screw. The entire electrode
assembly was connected to a head stage attached to the skull with
dental cement. EEG and LFPs were recorded during kindling. Data
were acquired using the CED Data Acquisition and Analysis System
(Cambridge Electronic Design), with Spike2 software for digitizing
signals.

In vivo electrical kindling

Rapid kindling occurred at least 4 weeks following injection with
vehicle or SPK100.NPY-Y2R. Before starting the data acquisition,
the EEG signals were briefly inspected for their quality to eliminate
any noise (60 Hz) or movement artifact. The animal was tethered
to a stimulation/recording panel through a cable connected to its
head mount. The depth electrode implanted into the right hippo-
campus was used as both the stimulation and recording electrode
(field potential recording).

The stimulation threshold for each animal was determined prior to
the rapid kindling session. Stimulating intensity started at 10 pA
(1 ms monophasic square wave pulses, 100 Hz, 1 s duration) and
was subsequently increased by 10 pA steps until a maximum of

400 pA, or the animal displayed at least 5 s of afterdischarge via
the LFP signal in the hippocampal, bipolar depth electrode. This in-
tensity was defined and recorded as the afterdischarge threshold.
Surface EEG was recorded simultaneously through the screw elec-
trode to reveal the spread of the afterdischarge signal.

The procedure for rapid kindling started immediately after the
threshold testing. During the rapid hippocampal kindling procedure,
animals were stimulated with 40, suprathreshold stimulations
(400 pA) of a monophasic square wave current (1 ms square wave
pulses, 10 Hz, 10 s duration) with an inter-stimulation interval of
5 min. Focal epileptiform activity (afterdischarge duration) was de-
tected via the LFP signal in the hippocampal, bipolar depth electrode
and screw electrode after each stimulation episode. All behavioral
seizure scoring was performed by a researcher blinded to treatment
group. The following endpoints were measured for each rat tested:
(1) threshold current (the current intensity [pA] at which an animal
displayed at least 5 s of afterdischarge via the EEG signal measured
from the hippocampal depth electrode prior to undergoing
kindling), (2) afterdischarge duration (afterdischarge duration [s]
following each, 400 pA stimulation episode of the rapid kindling
test from both the hippocampal depth electrode and the EEG surface
electrodes), (3) seizure severity (behavioral seizure score [Racine
scale] after each, 400 pA stimulation episode of the rapid kindling
test), and (4) number of seizure events (the total number of events
at each Racine seizure stage observed).

All rats were euthanized 2 weeks after the rapid kindling paradigm
and had each hippocampus individually micro-dissected for down-
stream bioanalysis of vector genome copies and NPY protein
abundance.

MRI-guided CED of AAV9 and AAV-Spark100 to baboon
hippocampus

Six female, adult baboons (Papio hamadryas; 9.0-12.0 kg) were
included in this biodistribution study. Animals were screened for
the presence of antibodies to AAV9 and SPK100 capsids prior to
dosing and were considered seronegative with serum neutralizing
antibody titers lower than 1:1 at baseline. Serum samples for each an-
imal were collected and analyzed for neutralization capacity against
the capsids being used (AAV-Spark100 and AAV9) in a cell-based
transduction assay using values derived from reciprocal dilution to
determine a dilution in which relative luminescence units were
reduced by 50% compared with control wells. Animals selected for
this study had low or no detectable NAbs for the capsid being used.

For intraparenchymal infusion of AAV9/SPK100.NPY-Y2R, animals
were sedated with ketamine (8 mg kg™') and dexmedetomidine
(0.02 mg kg~ ') and then maintained under anesthesia with isoflurane.
All animals were treated with levetiracetam (10 mg kg™') prophylac-
tically to prevent seizure activity. Then, animals were placed prone in
an MRI-compatible ClearPoint Pre-Clinical Orchestra Frame and un-
derwent MRI-guided CED using the ClearPoint SmartFlow MR
Compatible Ventricular Cannula (cat. no. CUS-SMFL-03) to deliver
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approximately 200 pL (1 x 10" vg mL™") of an AAV9.NPY-Y2R or
SPK100.NPY-Y2R dosing formulation containing 2 mmol L'
contrast agent (ProHance) into the right hippocampus. All baboons
also received approximately 200 pL (1 x 10'' vg mL™') of an
AAV9 or AAV-Sparkl00 reporter vector (AAV9/SPK100.CAG-
dTomato) dosing formulation into the contralateral (left) hippocam-
pus containing 2 mmol L' contrast agent (ProHance). MRI se-
quences, ClearPoint hardware, and ClearPoint software were used
to plan trajectories and enable cannula placement at the identified
infusion target locations within the hippocampus. Upon completion
of the first infusion, MRI contrast on post-infusion scans was analyzed
for distribution of hyperintense signal.

Veterinary personnel monitored all animals after AAV delivery until
the end of the study to identify any possible adverse effects. Cage-side
observations were also performed twice daily throughout the study
to evaluate general health, appearance, and appetite in all animals.
Cage-side neurological assessment for signs of neurological impair-
ment, specifically, were performed at baseline and then 2, 7, 14, and
29 days post-surgery. Animals were weighed prior to surgery, and
then again 2, 7, and 30 (terminal) days after surgery. None of the an-
imals showed any adverse effects.

Blood plasma and CSF were collected from each animal for analysis
of NPY protein abundance by ELISA. Blood plasma was collected at
baseline, 2 days post-surgery, 7 days post-surgery, and the day of nec-
ropsy (30 days post-surgery). CSF was collected at baseline and the
day of necropsy (30 days post-surgery). Animals were fasted and
anesthetized with ketamine and dexmedetomidine for all scheduled
blood and CSF sample collection procedures. Blood was collected by
femoral, cephalic, or saphenous venipuncture; CSF was collected by
lumbar puncture procedure.

After surgery (30 + 3 days), all animals were anesthetized with keta-
mine and dexmedetomidine to obtain terminal body weight, blood,
and CSF samples. Following blood and CSF samples collection, an-
imals were transitioned to isoflurane anesthesia and underwent
transcardial perfusion with cold 1x PBS (Fisher Scientific, cat. no.
BP24384) to exsanguinate them from the right atrium. Alternating,
4 mm coronal slabs of the brain were collected for either formalin-
fixation and subsequent histology or fresh tissue biopsies (2-4 mm
punches) for bioanalysis of vector genome copies and NPY protein
abundance. Coronal brain slabs (4mm) for histology were sub-
merged in 10% neutral-buffered formalin for 48 h and then trans-
ferred to 70% ethanol prior to paraffin-embedding. Fresh frozen tis-
sue biopsies were immediately flash frozen.

Bioanalysis of vector biodistribution and transgene expression
Co-extraction of DNA and protein

Micro-dissected brain tissues were homogenized in N-PER Neuronal
Protein Extraction Reagent (Thermo Fisher Scientific, cat. no. 87792)
containing Halt Protease and Phosphatase Inhibitor Cocktail, 100x
(Thermo Fisher Scientific, cat. no. 78440) with one stainless steel
bead (QIAGEN, cat. no. 69989) using a TissueLyser (QIAGEN) at
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25 Hz for 20 s, twice. A portion of the homogenized sample (two-
thirds) was transferred to a new tube and reserved for DNA extrac-
tion. Homogenized samples for protein extraction were incubated on
a rotator for 20 min at 4°C, centrifuged at 21,000 x g for 20 min at
4°C to pellet the cell debris, and had the resultant supernatant
collected as total protein extract. Total protein was quantified using
a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, cat. no.
23225). DNA was extracted using a DNeasy Blood & Tissue Kit
(QIAGEN, cat. no. 69506), and DNA concentrations were deter-
mined using a NanoDrop.

Vector biodistribution

Vector genome levels were assessed by a real-time qPCR assay multi-
plexed to detect 2 targets: CAG.NPY-Y2R vector DNA and mouse/
rat/baboon glyceraldehyde 3-phosphate dehydrogenase DNA. Stan-
dard curves were generated by serially diluting 1:10 a stock solution
containing linearized ss. CAG.NPY-Y2R plasmid, mouse/rat/baboon
gDNA, and Salmon Sperm DNA (Agilent, cat. no. PN201190). gPCR
was run with the TagMan Multiplex Master Mix (Thermo Fisher Sci-
entific, cat. no. 4461881) on a QuantStudio Flex7 system, using
custom primer/probe sets from Integrated DNA Technologies. Stan-
dard curves were analyzed to ensure a qQPCR efficiency of 100 + 10%
(slope between —3.6 and —3.3) and R* > 0.98. Vector genome copies
were reported as vector copies per ug DNA.

NPY protein expression analysis

NPY protein levels from tissue samples were analyzed using Simple
Western Automated Western Blot Systems (Protein Simple) with the
2-40 kDa Separation Module for WES or Sally Sue (Protein Simple,
cat. no. SM-W009 and cat. no. SM-S003) according to the manufac-
turer’s instruction. NPY protein was detected with rabbit anti-Neu-
ropeptide Y (D7Y5A) XP (Cell Signaling Technology, cat. no. 11976)
ata 1 to 25 dilution. Cofilin protein was assessed as a loading control
using rabbit anti-Cofilin (Novus Biologics, cat. no. NB100-1900) at a
1 to 200 dilution. The anti-rabbit detection module (Protein Simple,
cat. no. DM-001) was used according to the manufacturer’s instruc-
tion. Recombinant NPY protein (Sigma, cat. no. N5017) was used to
generate a standard curve by serial 2-fold dilutions from 150 to
1.95 ng mL™". NPY protein levels in samples were extrapolated
from the standard curve and back-calculated to account for the dilu-
tion factor, and reported as ng mL ™" of total protein (normalized to
Cofilin).

NPY protein levels from Papio hamadryas (baboon) blood plasma
and cerebrospinal fluid were analyzed by ELISA (Human NPY
ELISA, Sigma, cat. no. EZHNPY-25K) according to the manufac-
turer’s instructions. NPY protein levels in samples were extrapolated
from the kit standard curve and reported as pg mL ™" of total sample.

Immunohistochemistry of NPY and Y2R proteins

Formalin-fixed brain samples from mice and baboons were paraffin-
embedded using an automated tissue processor (Sakura Finetek
USA, model Tissue-Tek VIP 6 AI, SN 60400848-0221). Paraffin
blocks were cut into 5 pm thick sections using a microtome
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(Leica, model RM2255, SN 13102). Immunofluorescence staining for
NPY was performed with an automated instrument (Leica, model
Bond RX, cat. no. 3498291) using rabbit anti-Neuropeptide Y (Ab-
cam, cat. no. ab30914) at a 1 to 2000 dilution for 6 h at RT followed
by donkey anti-rabbit Alexa Fluor 647 (Jackson ImmunoResearch,
cat. no. 711-605-152) secondary antibody at a 1 to 1,000 dilution
for 1 h at RT. Slides were counterstained with DAPI, coverslipped,
and imaged with a 20X objective lens using a slide scanner (Axio
Scan Z1, Zeiss).

For experiments in TKO mice, brains were fixed in 4% paraformal-
dehyde for 16 h at 4°C before being cryoprotected in 30% sucrose in
1x PBS for 2 days. Brains were then embedded in Killik, O.C.T. (Bio-
Optica), rapidly frozen, and cut into 50 pm thick coronal sections us-
ing a CM3050s cryostat (Leica Microsystems). Free-floating slices
were incubated with a blocking solution containing 1% normal
goat serum and 0.3% Triton in 1x PBS for 1 h at RT. The immuno-
fluorescence procedure for Y2R also included heat-induced antigen
retrieval with sodium citrate (10 mM sodium citrate [pH 6.0]) at
75°C for 20 min. Immunofluorescence staining for NPY and Y2R
was performed using rabbit anti-Neuropeptide Y (Cell Signaling
Technologies, cat. no. 11975) at a 1 to 250 dilution or rabbit anti-
NPY2R (Neuromics, cat. no. RA14112) at a 1 to 200 dilution over-
night at 4°C followed by goat anti-rabbit Alexa Fluor 488 (Thermo
Fisher, cat. no. A-11008) secondary antibody at a 1 to 1,000 dilution
for 1.5 h at RT. Slices were counterstained with DAPI (5 mg mL™;
5 min) and then mounted onto microscope slides. Once dried (at
50°C), coverslips were mounted with DAKO fluorescent mounting
medium (Agilent), and images were acquired with a Mavig RS-G4
Confocal. Image analysis and composition were performed with
Fiji Image]J software.

Statistics

For in vitro experiments, we chose similar sample sizes for Ca®* im-
aging readouts in primary neuronal cultures based on published
literature and pilot studies performed in-house. Each endpoint was
analyzed using a mixed effects model, where “treatment” and
“time” were modeled as fixed effects and “well” was modeled as a
random effect, followed by a Sid4k’s or Holm- Sid4k’s multiple com-
parisons test.

The number of animals/slices used in ex vivo and in vivo experiments
was predetermined prior to the start of each experiment based on pi-
lot studies to establish innate model variability as well as predicted
effect size. All datasets were analyzed using the Shapiro-Wilk test
for normality. For 2-sample comparisons, datasets with normal dis-
tributions were analyzed for significance using the unpaired
Student’s t test, whereas datasets with nonnormal distributions
were analyzed using the Mann-Whitney U test. For three-sample
comparisons, datasets with normal distributions were analyzed for
significance using a standard, one-way analysis of variance
(ANOVA) with a post hoc Holm-Sidak’s multiple comparisons
test, whereas datasets with nonnormal distributions were analyzed
using the Kruskal-Wallis test with a post hoc Dunn’s multiple com-

parisons test. One- or two-way, repeated measures ANOVA was
conducted for the appropriate datasets with a post hoc Dunnett’s
or Dunn’s multiple comparisons tests. All comparisons were two-
tailed.

All graphs are plotted using Prism (GraphPad). Bolded center lines
reflect the mean, and all error bars indicate standard deviation.

Study approvals

Animal experiments were conducted in accordance with the ethical
guidelines of the NIH and with the approval of the Institutional An-
imal Care and Use Committee of PsychoGenics (rat studies) or
ClearPoint, Neuro (baboon study), or the Animal Health regulations
of France and in accordance with the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) and Porsolt’s
Ethical Committee (mouse studies). TKO mice were maintained
and bred at the animal house of Ospedale San Raffaele in compliance
with institutional guidelines and international laws (EU Directive
2010/63/EU EEC Council Directive 86/609, OJL 358, 1, December
12, 1987, NIH Guide for the Care and Use of Laboratory Animals,
U.S. National Research Council, 1996). All efforts were made to
minimize animal suffering.
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