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Abstract

Pharmacologic lowering of PrP expression is efficacious against prion disease in animal models
and is now being tested clinically. 50% lowering of PrP increases both survival time and healthy
life in prion-infected mice, but does not prevent symptom onset nor halt disease progression.
Additional drug candidates should seek to reduce PrP expression to even lower levels. Divalent
siRNA is a novel oligonucleotide drug modality with promising potency, durability, and
biodistribution data in preclinical models, inspiring us to seek in this technology a new drug
candidate for prion disease. Here, we first identify a tool compound against the mouse PrP gene
and establish the efficacy of PrP-lowering divalent siRNA in prion-infected mice. We then
introduce humanized transgenic mouse lines harboring the full non-coding sequence of the
human PrP gene as tools for identifying human sequence-targeted drugs. We identify a highly
potent siRNA sequence against the human PrP gene and determine that a chemical scaffold
incorporating extended nucleic acid and a 3' antisense tail unmatched to the RNA target yields
superior potency. We nominate PrP-lowering divalent siRNA 2439-s4 as a new drug candidate
for human prion disease.
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Introduction

Prion disease is a fatal, incurable neurodegenerative disease caused by misfolding of prion
protein (PrP), encoded in humans by the gene PRNP'. Convergent lines of evidence implicate
PrP as the drug target in this disease?, and indicate that lowering PrP should be both safe®*®
and effective'®"®. PrP-lowering antisense oligonucleotides (ASOs) both delay onset and slow
progression of prion disease in mice'®'®, which has led to an ongoing Phase I/l clinical trial of
an intrathecal PrP-lowering ASO, ION717, in symptomatic patients with prion disease
(NCT06153966).

We seek to augment the therapeutic pipeline for prion disease, for several reasons. Only 8-14%
of drug candidates that enter Phase | ultimately reach approval'®', and while drug targets
backed by human genetic evidence enjoy increased success rates®?, even these targets may
take many drug candidates and many trials to yield a success?. In mice, lowering by
approximately half via heterozygous knockout or chronic early ASO treatment prolongs survival
up to 3-fold, but all mice ultimately succumb to fatal prion disease'®, consistent with prion
replication continuing, albeit at a reduced rate?. Thus, to halt or indefinitely delay prion disease
will require deeper than 50% target lowering.

We sought to develop a divalent siRNA drug candidate for prion disease. Like ASOs, siRNAs
are chemically modified oligonucleotide drugs that bind a target RNA through Watson-Crick
base pairing, but whereas ASOs recruit RNase H1 to cleave the target RNA?, siRNAs engage
the RNA Induced Silencing Complex (RISC) to cleave their target®®. Like ASOs, siRNAs
accumulate in endosomal depots?’, and their slow release from this compartment combined with
their chemical stabilization allows them to provide months of pharmacologic effect following a
single dose into cerebrospinal fluid (CSF). Divalent siRNA? is a novel siRNA architecture
designed to enhance gene silencing within the central nervous system (CNS). It consists of two
fully chemically modified siRNA molecules connected by a linker, forming a larger molecule that
distributes broadly in the brain following direct delivery into cerebrospinal fluid (CSF) and
potently lowers its target RNA. Inspired by deep lowering of HTT, APOE, and SOD1 in the
rodent CNS%-%, we set out to identify potent reagents against PRNP and to improve upon the
divalent siRNA technology. Divalent siRNA incorporates a variable number of phosphorothioate
(PS) linkages at the 5’ and 3' ends of each strand; PS is vital for cellular uptake and durability of
oligonucleotide drugs but also mediates at least some toxicological properties, at least for
single-stranded oligonucleotides®'*2. We therefore also tested the hypothesis that the recently
reported highly nuclease-resistant extended nucleic acid (exNA) nucleotide linkage®® would
permit us to reduce the number of PS linkages. In addition, because full complementarity to
target RNA can result in RISC unloading or siRNA degradation®***°, we also sought to test the
hypothesis that a fixed, non-complementary 3' tail at the end of the antisense (AS) strand would
improve potency.

Herein, we identify a modestly potent tool compound against mouse Prnp and demonstrate that
~50% PrP lowering with this new modality extends survival in prion-infected wild-type mice,
replicating work with ASOs. We develop transgenic human PRNP mouse models and use them
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to identify a highly potent drug candidate against human PRNP, yielding as little as 17%
residual PrP in whole brain hemisphere after a single dose. We demonstrate that a fixed tail and
a reduced phosphorothioate AS strand with exNA linkages improve potency. We find activity out
to 6 months post-dose and characterize the effect of repeat dosing on target engagement.
Ultimately, we nominate a new drug candidate for prion disease.

Methods

Oligonucleotide synthesis — UMass

Oligonucleotides were synthesized by phosphoramidite solid-phase synthesis on automated
synthesizer using a MerMade12 (Biosearch Technologies, Novato, CA), Dr Oligo 48 (Biolytic,
Fremont, CA) or AKTA Oligopilot 100 (Cytiva, Marlborough, MA). 5'-(E)-Vinyl tetraphosphonate
(pivaloyloxymethyl) 2'-O-methyl-uridine 3'-CE phosphoramidite was used for the addition of 5'-
Vinyl Phosphonate, 2'-F, 2'-OMe phosphoramidites with standard protecting groups were used
to make the modified oligonucleotides. Phosphoramidites were dissolved at 0.1 M in anhydrous
acetonitrile (ACN), with added anhydrous 15% dimethylformamide in the case of the 2'-OMe-
Uridine amidite. 5-(Benzylthio)-1H-tetrazole (BTT) was used as the activator at 0.25 M. Coupling
times were 4 minutes. Detritylations was performed using 3% trichloroacetic acid in
dichloromethane or Toluene. Capping reagents used were CAP A (20% N-methylimidazole in
ACN) and CAP B (20% acetic anhydride and 30% 2,6-lutidine in ACN). Phosphite oxidation to
convert to phosphate or phosphorothioate was performed with 0.05 M iodine in pyridine-water
(9:1, v/v) or 0.1 M solution of 3-[(dimethylaminomethylene)amino]-3H-1,2,4-dithiazole-5-thione
(DDTT) in pyridine for 3 min, respectively. All reagents were purchased from Chemgenes,
Wilmington, MA, phospohoramidites were purchased from Chemgenes and Hongene Biotech,
Union City, CA. Oligonucleotides were grown on long-chain alkyl amine (LCAA) controlled pore
glass (CPG) functionalized via succinyl linker with either Unylinker terminus for unconjugated
oligonucleotides 500A (Chemgenes), with cholesterol through a tetraethylene glycol linker 500A
(Chemgenes), or with a di-trityl protected support separated by a tetraethylene glycol linker
1000A (Hongene Biotech) for divalent sense oligonucleotides.

For in cellulo experiments, oligonucleotides with or without cholesterol conjugate were cleaved
and deprotected on-column with Ammonia gas (Airgas Specialty Gases). Briefly, columns were
pre-wet with 100uL of water and immediately spun to remove the excess water. Columns were
then placed in a reaction chamber (Biolytic) 90min at 65°C. A modified on-column ethanol
precipitation protocol was used for desalting and counterion exchange. Briefly, 1mL of 0.1M
sodium acetate in 80% ethanol is flushed through the column, followed by a rinse with 1mL 80%
ethanol and finally after drying the excess ethanol, oligonucleotides were eluted with 600uL of
water in 96 deep well plates.

For in vivo experiments, 5'-(E)-Vinyl-phosphonate containing oligonucleotides were cleaved and
deprotected with 3% diethylamine in ammonium hydroxide, for 20 h at 35°C with agitation.
Divalent oligonucleotides were cleaved and deprotected with 1:1 ammonium hydroxide and 40%
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aqueous monomethylamine, for 2 h at 25°C with slight agitation. The controlled pore glass was
subsequently filtered and rinsed with 30 mL of 5% ACN in water and dried overnight by
centrifugal vacuum concentration. Purifications were performed on an Agilent 1290 Infinity I
HPLC system using Source 15Q anion exchange resin (Cytiva). The loading solution was

20 mM sodium acetate in 10% ACN in water, and elution solution was the loading solution with
1M sodium bromide. Both oligonucleotide strands were eluted using a linear gradient from 30 to
70% in 40 min at 50°C. Peaks were monitored at 260nm. Pure fractions were combined and
desalted by size exclusion using Sephadex G-25 resins (Cytiva). Oligonucleotides were then
lyophilized and resuspended in water.

Purity and identity of oligonucleotides were confirmed by IP-RP HPLC coupled to an Agilent
6530 Accurate-mass Q-TOF. LC parameters: buffer A: 100 mM 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) (Oakwood Chemicals) and 9 mM triethylamine (TEA) (Fisher
Scientific) in LC-MS grade water (Fisher Scientific); buffer B:100 mM HFIP and 9 mM TEA in
LC-MS grade methanol (Fisher Scientific); column, Agilent AdvanceBio oligonucleotides C18;
linear gradient 5-35% B 5min was used for unconjugated and divalent oligonucleotides; linear
gradient 25-80% B 5min was used for cholesterol conjugated oligonucleotides; temperature,
60°C; flow rate, 0.85 ml/min. Peaks were monitored at 260nm. MS parameters: Source,
electrospray ionization; ion polarity, negative mode; range, 100-3,200 m/z; scan rate, 2
spectrals; capillary voltage, 4,000; fragmentor, 200 V; gas temp, 325°C.

Initial screen for human and mouse siRNA sequences.

Screening of siRNA sequences in cellulo utilized monovalent cholesterol tetraethylene glycol
(Chol-TEG) conjugated siRNAs, as cholesterol conjugates have demonstrated efficient
gymnotic uptake into cultured cells and utility as tools for screening®. The initial screening for
potent siRNA sequences was conducted at UMass Chan, including both the synthesis of
siRNAs in the monovalent Chol-TEG s1 scaffold (Figure S1) and the cell culture screening
experiments. Sense and antisense oligonucleotides were annealed together at 95°C for 10
minutes and then cooled to room temperature. Screens were performed in N2a cells (mouse;
ATCC No. CCL-131) or A549 cells (human; ATCC No. CCL-185). Cells were seeded into
triplicate wells with growth media containing 1.5 uM of compound. After 72 hours, cell lysates
were harvested. Mouse Prnp / human PRNP RNA were quantified with Quantigene assays
(QGS-1000 SB-3030881 and SA-3002866 respectively), and as housekeeping controls,
Hprt/HPRT RNA were quantified (assays SB-15463 and SA-10030 respectively) using the
QuantigeneTM 2.0 branched DNA assay (Invitrogen). The ratio of Prnp/PRNP to Hprt/HPRT
was normalized to the mean of expected non-targeting sequences (meaning, data for human
cells were normalized to the mean of mouse-only sequences, while data for mouse cells were
normalized to the mean of human-only sequences) to obtain an estimate of residual target
expression after siRNA treatment. Highly active compounds found in the screen were then
assayed in triplicate across 7 doses (23 nM — 1.5 uM) to calculate half-maximal inhibitory
concentration (ICso). The numbering of human siRNA sequences used herein is relative to the
transcription start site of a now-outdated RefSeq transcript NM_000311.4, though we note that
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human brain expression data support exclusive use of canonical Ensembl transcript
ENST00000379440.9 which begins 362 bases further downstream?®’.

Expanded screen for potent human siRNA sequences.

Further screening for potent human siRNA sequences was conducted with siRNAs synthesized
in the monovalent Chol-TEG s2 scaffold at Atalanta Therapeutics and tested in cellulo at the
Broad Institute. Oligonucleotides were synthesized with standard solid-support phosphoramidite
chemistry using a Dr. Oligo synthesizer. For single point primary screens siRNAs were diluted to
twice the desired final concentration in optiMEM (Gibco cat no: 31985070) and for IC50
determination a 9- point 1:3 serial dilution series was used. U-251 MG glioblastoma cells (Sigma
Aldrich cat no: 09063001) growing in a T75 flask were washed with PBS, trypsinized then
quenched with growth media: optiMEM, 10% FBS, 1% NEAA (Gibco cat no: 11140050), 1%
GlutaMAX (Gibco cat no: 35050061), 1% pen/strep (Gibco cat no: 15140122). Cells were
pelleted at 1000 rpm for 5 minutes, growth media was aspirated then cells were resuspended in
media containing 6% FBS without pen/strep. Sterile PBS was placed in outer wells of a 96-well
plate to limit evaporation, while 8,000 cells per well were plated on the inner 60 wells. 50 uL of
prepared cells was added to every well. 50 pL of optiMEM with 2x siRNA was added to the
treated wells. Every plate contained 6-wells of “untreated cells” (50 yL optiMEM with no
additives) for assay normalization purposes. After 72 hrs, any wells with cell death or rounded
cells were noted then cells were lysed using the Cells-to-CT 1-step TagMan Kit (Invitrogen cat
no: A25602) according to the manufacturer protocol, with slight deviations. Media was aspirated
from all wells then cells were washed with 200 pL 4°C sterile PBS. PBS was aspirated from
every well before adding lysis solution containing DNase. Plate was placed on a shaker for 5
minutes then stop solution was added to every well. Cells were placed back on a shaker for 3
minutes then RNA was stored. RT-PCR samples were prepared using Tagman 1-Step qRT-
PCR master mix and Tagman gene expression assays for human TBP (Invitrogen, cat no:
Hs00427620_m1) and human PRNP (Invitrogen, cat no: Hs00175591_m1). Samples were run
on a QuantStudio 7 Flex system (Applied Biosystems) using the following cycling conditions:
reverse transcription 50°C, 5 min; reverse transcription inactivation/initial denaturation 95°C, 20
s; amplification 95°C, 3 s, 60°C, 30 s, 40 cycles. Each biological sample was run in duplicate,
and the level of all targets were determined by AACt whereby results were first normalized to
the housekeeping gene TBP and then to the untreated samples.

In silico off-targets analysis

The reverse complement of bases 2-17 of the 2439-exNA sequence — CACTTTGTGAGTATTC
— was searched in NCBI Nucleotide BLAST (https://blast.ncbi.nim.nih.gov/Blast.cgi) with the
following settings. Database: Standard databases (nr etc.): > RefSeq Select RNA sequences
(refseq_select). Organism: Homo sapiens (taxid:9606). Optimize for: Highly similar sequences
(megablast). Max target sequences: 5,000. Match/mismatch scores: 1,-1. All other settings
default. The top 100 hits from BLAST were downloaded as an XML file and parsed into tabular
form using a Python script generated by ChatGPT. The table was then filtered using a custom R
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script to include only matches where the search string was antisense to the target, consistent
with the siRNA mechanism, and was sorted by number of mismatches.

Transgenic mouse generation

Transgenesis was performed by Cyagen (Santa Clara, CA) at its site in Taicang, Jiangsu,
China. Searching NCBI CloneDB nominated bacterial artificial chromosome (BAC) RP11-
715K24 as overlapping human PRNP. After sequence confirmation, PRNP and flanking
sequence were cloned into the pStart-K plasmid by gap-repair cloning, with the p15A origin of
replication and kanamycin resistance cassette located downstream of the gene, yielding a 48kb
plasmid whose sequence is provided in this study's online git repository. The plasmid was
linearized with restriction enzyme Nrul and microinjected into fertilized C57BL/6 eggs. PCR
screening identified four founder pups, of which animals 26372 (male) and 25109 (female) were
successfully bred. Transgenic animals were backcrossed to wild-type C57BL/6N animals until
generation F5, then crossed to ZH3 PrP knockout mice® (on a C57BL/6J background) housed
at McLaughlin Research Institute, with rederivation to remove opportunistic pathogens
performed by Charles River Labs.

Transgene characterization

Transgene mapping was performed by Taconic and Cergentis using targeted locus amplification
(TLA)* on spleens from 9-week-old males of generation F3 (Tg26372) and F6 (Tg25109). TLA
utilized primer sets shown in Table S25. Copy number was estimated based on the number of
transgene-transgene fusion reads and the ratio of transgene coverage to flanking region
coverage. Full transgene characterization reports are provided in this study's online git
repository. Sequencing of the Tg26372 mouse utilized custom capture probes by Twist
Bioscience targeting 152kb of human sequence surrounding PRNP as previously described.
Zygosity-aware genotyping was performed by Transnetyx.

Dose levels of siRNA

Drugs were formulated to target doses in terms of nanomoles (nmol) total bilateral dose, with
the molarity referring to the full divalent siRNA molecule and not the monovalent equivalents.
We targeted dose levels of 10, 5, 1.5, 1, or 0.2 nmol, based on siRNA concentrations
determined by UV absorbance on NanoDrop. At UMass Chan, concentration determinations
initially used the theoretical molar extinction coefficients (MECs) determined by the base
composition method, in which the extinction coefficients of each base are summed and
multiplied by 0.9 to account for base stacking. For instance, for our drug candidate 2439-s4, we
formulated drug for mouse studies based on the theoretical MEC of 766,260 L-mol™-cm™ (twice
the sum of the antisense and sense strand MECs). The theoretical base composition MECs,
however, do not account for hypochromicity — oligonucleotides absorb less UV light when
duplexed. At Atalanta, the nearest-neighbors (NN) was used, which attempts to account for the
hyperchromicity in a sequence-specific manner. For 2439-s2, this yielded a theoretical MEC of
656,658 L-mol™-cm™. Later in the development program the MEC of 2439-s4 was determined
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empirically to be 549,107 L-mol™-cm™. This indicated that all doses of compounds synthesized
at UMass Chan had been 1.395 times higher than believed at the time. Thus, for instance,
studies of 2439-s4 conducted at a 10 nmol dose were in fact at 13.95 nmol. An empirical MEC
for 2439-s2 was never determined. The 13.95 nmol dose, multiplied by the 2439-s4 molecular
weight of 24,952 Da, corresponds to 348 ug. Although empirical MECs were not determined for
any other compounds tested here, we applied this same correction factor across all compounds
described herein. Thus, the tested dose levels of 10, 5, 1.5, 1, or 0.2 nmol are estimated to
correspond respectively to 348, 174, 52, 35, and 7 pg. We note that if the hypochromicity of the
s2 compounds synthesized at Atalanta is similar to that of 2439-s4, then the doses of Atalanta
compounds tested herein may actually be 14% lower than those of UMass Chan compounds.

Animal studies

All animal studies were conducted under Broad Institute IACUC protocol 0162-05-17.
Transgenic mice (see above) were bred at the Broad Institute. Wild-type C57BL/6N mice were
purchased from Charles River Laboratories.

Administration of divalent siRNA to mice

For in vivo use, siRNAs were synthesized in divalent format by UMass Medical School or
Atalanta Therapeutics, see detailed methods above. Atalanta compounds were formulated in 1X
PBS without ionic conditioning. At UMass Chan, to prevent neurotoxicity due to divalent cation
imbalance*'*? ionic conditioning was employed: stock solutions of 1 mM divalent siRNA (2 mM
monovalent equivalents) were prepared with 2 mM MgClz, 14 mM CaCl,, 8 mM HEPES, 20 mM
D-glucose, 5 mM KCI, and 137 mM NaCl. Dilutions of this stock were prepared in artificial CSF
containing 137 mM NaCl, 5 mM KCI, 20 mM D-glucose, and 8 mM HEPES. siRNAs were
delivered to mice via bilateral intracerebroventricular (ICV) injection, 5 uL per side for a total of
10 uL injection volume. The ICV procedure was slightly modified from that described previously
for antisense oligonucleotides®. In the first 4 in vivo target engagement studies, animals were
anesthetized with 1.2% tribromoethanol, injected i.p. with 0.23 mL per 10 g of body weight using
an insulin syringe (BD 329410). Tribromoethanol was prepared freshly each week according to
a published protocol*®, passed through a 0.22 um filter, handled under sterile conditions and
stored at 4°C in the dark until use, discarding if stored past 2 weeks. In the remaining 12 in vivo
target engagement studies and in the survival studies in the prion disease model, we used 3%
isoflurane inhalation anesthesia. Anesthetized animals were immobilized in a stereotactic
apparatus (SAS-4100, ASI Instruments) with 18° ear bars and the nose bar set to -8 mm. Heads
were shaved and scalps swabbed with povidone/iodine and alcohol swabs, a 1 cm incision was
made along the midline and the periosteum was scrubbed with a sterile cotton-tipped applicator
to reveal the bregma landmark. Microliter syringes with either 26G or 22G needles (Hamilton
company model 701, point style 2, No. 80300 or 80308 respectively) were filled with 10 L of
formulated drug or vehicle. From bregma, the needle was moved 0.3 mm rostral, 1.0 mm right
or left, then down until it touched the skull and then 3.5 mm ventral. 5 pL was ejected gradually
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over ~10 seconds, then after a 1 minute pause the needle was backed out while maintaining
downward pressure on the skull with a cotton-tipped applicator. This procedure was performed
first on the right and then on the left. After both injections, incisions were closed with either
wound clips (Braintree Scientific cat no: RF7) or sutured with a single horizontal mattress stitch
(Ethicon 661H). In target engagement studies, animals were generally harvested after 4 weeks,
and a minimum of 3 weeks, in-life, to permit a sufficient number of PrP half-lives to observe
lowering at the protein level**.

Prion infection

Prion inoculations were performed as described previously'’'®. To prepare the challenge agent,
brains of terminally prion-sick mice infected with the Rocky Mountain Laboratories (RML) prion
strain*® were frozen, homogenized at 10% wt/vol in phosphate-buffered saline (Gibco 14190)
using 1.4 mm zirconium oxide beads in 7 mL screw-cap tubes (CK14 soft tissue homogenizing
kit, Precellys KT039611307.7) by means of 3x 40-second pulses on high in a Minilys
homogenizer (Bertin EQ06404-200-RD000.0). 10% homogenate was then diluted 1:10 (vol/vol)
to yield a 1% homogenate, irradiated with 7 kGy of X-rays on dry ice, extruded through finer and
finer blunt-end needles (Sai infusion B18, B21, B24, B27, B30), and injected into sterile amber
glass vials (MedLabSupply) and frozen. On the day of inoculation, vials were thawed and for
each animal, 30 yL was drawn into a disposable insulin syringe with a 31 G 6 mm needle (BD
SafetyGlide 328449). 7-week old C57BL/6N animals (Charles River) were placed under 3.0%
isoflurane inhalation anesthesia, received meloxicam (5 mg/kg) for analgesia (one dose
prophylactically and post-operative doses on following days), and heads were swabbed with
povidone/iodine and alcohol swabs. The needle was then freehand inserted through the skull
between the right ear and midline. After three seconds, the needle was withdrawn and animals
were returned to home cages.

Animal monitoring

All animals undergoing ICV drug administration received post-operative monitoring daily for 4
days to surveil recovery and wound closure. In target engagement studies in non-prion animals,
weights were generally collected prior to dosing and at 1-week intervals thereafter, although
staffing constraints led to weights not being consistently collected in a subset of studies. Prion-
infected animals had baseline body weights taken at 16 weeks of age (corresponding to 60
days-post inoculation, dpi) and weekly thereafter until 120 dpi, after which weights were taken
thrice weekly. On the same monitoring schedule, we also collected behavioral scores and nest
scores as described'®. Behavioral scores were rated as 0 = absent, 1 = present for 8 symptoms:
scruff / poor grooming, poor body condition, reduced activity, hunched posture, irregular
gait/hindlimb weakness, tremor, blank stare, and difficulty righting. Nest scores were assigned
for both cotton square nestlets (Ancare) and Enviro-dri® packed paper (Shepherd): 0 = unused;
1 = used/pulled apart, but flat; 2 = pulled into a three-dimensional structure; 0.5 and 1.5 were
permitted intermediate scores. Animals were euthanized by CO2 inhalation (Euthanex) when
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they reached -20% weight loss relative to individual baseline, or were deemed moribund,
defined as unable to reach food or water. All monitoring was conducted, and endpoint decisions
taken, by veterinary technicians blinded to treatment group (saline vs. non-targeting vs. active
compound), although in studies with no injection controls, the lack of drug treatment in the
control group could be inferred from the absence of surgery cards. As in our previous work,
survival curves include deaths of all causes — animals are excluded only in cases of 1) death
due to surgical complications on the day of surgery, 2) death prior to treatment group
assignment, or 3) experimental error (for instance, wrong dose administered).

Tissue processing, PrP quantification, and RNA analysis

All quantification of PrP protein was performed on whole mouse brain hemispheres including
cerebellum. Our in-house PrP ELISA has been previously described*® and is summarized briefly
as follows. Whole hemispheres were frozen on dry ice and later homogenized at 10% wt/vol in
0.2% CHAPS. The assay uses antibodies EP1802Y (Abcam, ab52604) for capture and in-house
biotinylated 8H4 (Abcam ab61409) for detection, followed by streptavidin-HRP (Thermo Fisher
Scientific, 21130) and TMB (Cell Signaling, 7004P4). Our calibrator curve from 5 ng/mL to 0.05
ng/mL utilized recombinant full-length mouse PrP (MoPrP23-231) expressed in E. coli and
purified in-house*’. We have previously shown*® that this ELISA assay has indistinguishable
reactivity for human and mouse PrP. Wild-type and Tg25109 brains were run at a 1:200 final
dilution (10% homogenate diluted 1:20), while Tg26372 brains, because they overexpress PrP,
were run at a 1:400 dilution. Each plate included high (WT), mid (het KO), and low (10% WT /
90% KO mix) brain homogenates used as QCs. To control against plate-to-plate variability,
whenever one experiment produced more samples than could be run on one plate, we split
every treatment group equally across 2 or more plates, and normalized each sample to the
mean of the saline or no injection controls on its same plate. All results are expressed as
residual PrP, a percentage of the control level. Across all experiments described here, the mid
and low QCs usually read out at greater than the expected values of 50% and 10% residual PrP
respectively, suggesting that the assay often overestimates residual PrP; for instance, the low
QC, designed to mimic 10% residual PrP, averaged 17% residual PrP across all ELISA plates
run in this study. Summary statistics on all ELISA plates are available in Figure S6. For RNA
quantification, fresh brain hemispheres were placed in RNAlater (Sigma cat no: R0901) at 4°C
before dissecting brain regions as described*®. RT-qPCR was performed as described above
using Tagman gene expression assays for mouse Thp (Invitrogen, cat no: Hs00427620_m1)
and human PRNP (Invitrogen, cat no: Hs00175591_m1) for transgenic mouse models or mouse
Prnp (Invitrogen, cat no: Mm00448389 _m1) for wild-type C57BL/6N mice.

Statistics, source code, and data availability

All analysis was conducted using custom scripts in R 4.2.0. Percent changes in mouse weights
relative to baseline were compared using 2-sided T tests. Survival was assessed using log-rank
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test. Dose-response curves were fit using the drc package®® in R, fixing the infinite-dose
asymptote (c) and zero-dose asymptote (d) at 0% and 100% respectively. The impact of
scaffold and fixed tail was characterized using a linear model with formula residual ~ scaffold +
log(dose) + region. Inflammatory marker responses were assessed using Dunnett's test to
compare each treated group to the saline or untreated group. Raw individual-level animal data
and source code sufficient to reproduce all analyses herein are available in this study's online
git repository: https://github.com/ericminikel/divalent

Results

Divalent siRNA chemical scaffolds

We employed several distinct chemical scaffolds to test divalent siRNAs in vivo (Figure 1). The
previously reported s1 scaffold®® and the s2 variant with one additional 2’0OMe modification each
possess 7 phosphorothioate (PS) linkages at the 3’ end of the antisense (AS) strand (Figure 1).
In the s3 scaffold, the AS 3' end is reduced to just 2 PS linkages, and in s4, these two 3’
nucleotides are further stabilized with the extended nucleic acid (exNA) modification®.
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Figure 1. Chemical scaffolds used in this study. Abbreviations: 5'-(E)-VP, 5"-vinyl
phosphonate; 2'-OMe, 2'-O-methyl; 2'-F, 2'-fluoro; exNA, extended nucleic acid; PS:
phosphorothioate; PO: phosphodiester; Teg: tetraethylene glycol. Additional scaffolds that
feature only in supplementary figures are shown in Figure S1.

Proof of concept in a prion disease model

We screened 20 siRNA sequences (Table S1) against mouse Prnp in mouse N2a cells,
advancing 4 sequences into dose-response*® (Figure S2). These studies nominated sequence
1682 as a tool compound for mouse Prnp; we also considered sequence 1035 due to its activity
in human A549 cells (Figure S2) and its predicted cross-reactivity to mouse. Screening
additional compounds in N2a cells by gPCR (Figure S3) yielded no additional strong hits. We
tested 1682 and 1035 in wild-type C57BL/6N mice using a bilateral ICV bolus dose totaling 348
Mg with tissue collection at 3-4 weeks post-dose and whole brain hemisphere total PrP
quantified by ELISA*® as a primary endpoint (Figure 2A). 1035 exhibited weak activity, with
81.8% residual PrP in the s1 scaffold (1035-s1), which improved with the s4 scaffold reaching
64.1% residual PrP. 1682-s4 was the most potent with 49.4% residual PrP, similar to previously
reported ASO tool compounds'®4.
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Figure 2. PrP lowering by divalent siRNA is effective in a mouse model of prion disease.
A) Whole brain hemisphere PrP quantified by ELISA from 3-4 week target engagement studies
in wild-type mice receiving 348 ug of divalent siRNA or saline. B) Weight change relative to
individual animal baseline in animals at 71 dpi, the last timepoint at which they were weighed
prior to the 75 dpi intervention. At this timepoint, animals are asymptomatic and there is no
difference in body weights (2-sided T test) between animals inoculated with RML prions (RML)
or uninoculated (none). C) Weight change relative to individual animal baseline in animals at
125 dpi, the last timepoint at which they were weighed prior to the 126 dpi intervention; this plot
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excludes animals treated beginning at 75 dpi. At this timepoint, animals are symptomatic, as
evidenced by a significant difference in body weights (2-sided T test). D) Survival of animals in
the early (75 dpi) intervention group. Saline N=7, NTC-s4 N=8, 1682-s4 N=6, uninoculated
N=12. Ticks at the top show the dates of ICV drug administration. E) Weight trajectories of
animals in the early (75 dpi) intervention group, expressed as percent change from each
animal's individual baseline. Solid lines are means, shaded areas are 95% confidence intervals.
F) As in (D) but for the late (126 dpi) intervention group. No treatment N=11, saline N=8, NTC-
s4 N=9, 1682-s4 N=8. The same group of uninoculated N=12 from (D) is repeated here for
reference. G) As in (E) but for the late (126 dpi) intervention group.

We intracerebrally inoculated wild-type mice with the RML strain of prions*®, which yields
neuropathological changes detectable at the molecular level by ~60 dpi but no symptoms until
at least 120 dpi'®. At 71 dpi, there was no difference in individual weight gain trajectory between
inoculated mice and uninoculated controls, consistent with the presymptomatic disease stage
(Figure 2B). In contrast, by 125 dpi, weight gain was significantly attenuated in the inoculated
compared to uninoculated mice (P = 0.016), indicative of a symptomatic disease stage (Figure
2C).

Chronic dosing of 348 ug of 1682-exNA every 120 days (q120d) beginning at a presymptomatic
timepoint of 75 dpi caused treated animals to significantly outlive controls by 2.7-fold (median
442 vs. 165 dpi, P = 0.0002, log-rank test, Figure 2D), with disease-attendant weight loss both
delayed and slowed (Figure 2E). A single 348 ug dose given at a symptomatic timepoint of 126
dpi yielded survival time 3.5 months longer than controls (median 270 vs. 164 dpi, P = 0.0002,
log-rank test, Figure 2F), with further weight loss delayed and slowed (Figure 2G). This
difference amounts to a 64% increase in total survival time, or a 3.8x increase in remaining
survival time from the moment of treatment at 126 dpi. All animals eventually succumbed to
typical prion disease symptoms and the majority met the pre-specified weight loss endpoint.
Non-targeting control (NTC) divalent siRNAs, which did not lower PrP (Figure 2A), also did not
increase survival time (Figure 2D, 2F), confirming on-target lowering of PrP as the mechanism
of action.

These experiments confirmed that PrP lowering by divalent siRNA is effective against prion
disease.

Generation of human PRNP transgenic mice

The observation of efficacy of PrP lowering by targeting the PrP RNA with divalent siRNA above
led us to seek potent divalent sSiRNA compounds targeting the human PRNP gene. In vivo
potency testing of siRNA sequences for human drug candidates requires transgenic mice
expressing the full human PRNP gene including non-coding sequence.

We generated two new BAC transgenic lines harboring the full human PRNP gene, crossed
them to homozygosity for endogenous Prnp knockout (ZH3/ZH3)*®, and determined their
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transgene integration sites, copy numbers, and human PrP expression level (Table 1, Figure 3).
Tg25109 heterozygotes, with just 3 transgene copies, expressed human PrP at levels barely
above wild-type (Figure 3A), while Tg26372 homozygotes, with 20 transgene copies, expressed
human PrP at 5.4x the wild-type level (Figure 3A). The relationship between transgene DNA
copy number and protein expression was sub-linear, just as observed' for transgenes encoding
mouse PrP (Figure 3B). Short-read sequencing of the Tg26372 mouse confirmed integration of
46.0kb of human sequence from the major and ancestral 129M haplotype: 20.5 kb upstream,
15.2 kb spanning from the PRNP transcription start to stop site, and 10.3kb of downstream
sequence (Figure 3C). The transgene excludes the downstream gene PRND, for which
overexpression in the brain is known to be toxic.

Table 1. Transgenic human PRNP mice. Each line harbors a tandem array of the same 46.0
kb bacterial artificial chromosome (BAC) containing human PRNP 129M, randomly integrated
into a different site in the mouse genome, see Methods for details. All mice are on a C57BL/6N
background and PrP expression level was determined relative to WT C57BL/6N mice, n=3-6 per
group. *Tg25109 homozygotes were subviable, see Results for details.

Line Integration Genes Het Het PrP Hom Hom PrP
site disrupted at copy expression copy expression
integration number number
site
Tg25109 chr12 Frdm6, Tmx1 3 1.1 6* 2.0*
Tg26372 chr18 Dok6 10 3.4 20 54
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Figure 3. Characterization of human PRNP BAC transgenic mice. A) PrP concentration in
whole brain hemispheres, normalized to the mean of wild-type (WT) animals. Points are
individual animals. N=3-6 per group. Rectangular bars are means. Error bars are 95%
confidence intervals. B) PrP expression from (A) versus gene copy number at the DNA level;
the dashed line with slope 0.5 represents the linear relationship whereby 2 gene copies = 1x
expression. C) Extent of human sequence in the BAC, based on targeted capture sequencing
(Methods) with reads aligned to the human genome reference (GRCh38), using genomic DNA
from a Tg26372 mouse.

Heterozygote-heterozygote crosses of our Tg25109 (3x) line yielded a ratio of 98:198:32 (non-
transgenic:heterozygote:homozygote), a significant deviation from Mendelian ratio (P < 1e-15,
Chi-square test). Of 4 Tg25109 homozygous x homozygous pairs mated, only 1 pup was ever
born. We examined the literature evidence for viability of knockouts for Tmx7 and Frmd6, the
two genes disrupted at the Tg25109 integration site (Table 1). Tmx1 (formerly known as
Txndc1) homozygous knockout mice were reported to have abnormal bone metabolism and
immunology®®, while Frdm6 homozygous knockout mice were reported to have several
phenotypes including eye and hematological defects and were born at less than the expected
Mendelian ratio from het-het crosses®'*? (41:51:15, P = 0.0016, Chi-square test). The sub-
viability of Tg25109 homozygous mice therefore likely arises from knockout of Frdm6, or from
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the combination of both Frmd6 and Tmx1. It is unlikely to be transgene expression-related, as
Tg26372 homozygous mice, with higher copy number (20 vs. 6) and protein expression (5.4 vs.
2.0x wild-type) were unaffected. Given the difficulty of obtaining adequate numbers of Tg25109
homozygotes for experiments, we excluded this genotype from further experiments. Given the
convenience of maintaining Tg26372 as obligate homozygotes, we performed the vast majority
of experiments in this genotype, but 2 compounds also tested in Tg25109 heterozygotes
showed target engagement in both genotypes (Figure S5).

These mice provided us a model in which to develop siRNA compounds against the human
PRNP RNA.

|dentification of compounds targeting human PRNP

A screen of 24 predicted active compounds in human A549 cells identified 4 hits with dose-
responsive potency, led by sequence 2440 (Figure S2)*. We conducted an expanded screen of
84 compounds in human U251-MG glioblastoma cells, prioritizing predicted hot spots within a
+3 base pair walk of the top sequences from the initial screen (Figure 4A). Ata 2.0 yM
screening concentration, 34 compounds (40%) yielded <10% residual PRNP. The 0.5 uM
screening concentration provided better power to discriminate the most potent sequences, with
just 14 (17%) yielding <10% residual PRNP (Figure 4A). 10 sequences tested in dose-response
all proved active with ICso < 100 nM (Figure 4B).
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Figure 4. Identification of human PRNP-targeting siRNA sequences. A) In cellulo screening
using scaffold Chol-TEG s2 (Figure S1). The readout is PRNP qPCR, normalized to the mean of
untreated (UNT) controls. Each point represents 1 well of U251-MG human glioblastoma cells,
run in qPCR technical duplicate. Rectangular bars represent the mean of triplicate wells, and
error bars represent the 95% confidence intervals. Screening used Chol-Teg conjugated
monovalent siRNAs (Figure S1) by gymnotic uptake at 2.0 uM (top panel) or 0.5 uM (bottom).
B) Dose-response testing in cell culture. The readout is PRNP qPCR. Points represent
individual wells of U251-MG cells, curves are four-parameter dose-response curves fit by the
drc package in R. Displayed at bottom are the sequence number and the calculated ICso value.
C) In vivo testing. The readout is PrP ELISA. Each point represents a whole brain hemisphere
of one Tg26372 homozygous mouse, rectangular bars represent the group mean, and error
bars represent the 95% confidence intervals. N=3-7 per group, total 120 animals. D) Regional
PRNP qPCR for select compounds from the same animals in panel (C), in mouse hippocampus
(HP), prefrontal cortex (PFC), visual cortex (VC), striatum (Str), thalamus (Thal), and cerebellum
(CB). E) Data replotted from panel (C) — difference between mean residual PrP for the s1/s2
(high PS, no exNA) scaffolds versus the s4 (reduced PS, with exNA) scaffold for 6 sequences
where both were tested in vivo.

7 sequences selected based on potency as well as cross-reactivity were advanced to in vivo
screening in multiple chemical scaffolds (Figure 1, Figue 4C) alongside saline and NTC
controls, for a total of 17 experimental groups totaling 120 Tg26372 homozygous animals. Each
compound was tested at a 348 ug dose, with whole brain hemispheres collected at 4-5 weeks
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post-dose analyzed by ELISA. Non-targeting controls did not significantly lower PrP in any
chemical configuration tested. In either chemical scaffold, 2439 proved to be the most potent
sequence in vivo (Figure 4C). RT-qPCR analysis for the top 4 sequences tested in the s4
scaffold confirmed that 2439 achieved deeper PRNP RNA lowering than the other 3 sequences
in 6/6 mouse brain regions tested (Figure 4D). For all compounds, lowering was weakest in the
cerebellum, as reported for a divalent siRNA targeting HTT2%, likely due to lower drug
accumulation in rodent cerebellum. The deeper lowering at the RNA level (residual ranging from
9.6% in thalamus to 19.9% in cerebellum) than at the protein level (28.3% residual in whole
hemisphere) in this experiment may simply reflect floor effects in our ELISA: a contrived sample
designed to mimic 10% residual PrP (10% wild-type brain homogenate mixed with 90%
knockout brain homogenate) read out as an average of 17% of wild-type across all ELISA plates
in this study (Figure S6). For 6/6 sequences where both a high-phosphorothioate (s1 or s2) and
the low-phosphorothioate plus exNA s4 scaffold were tested, s4 proved the more potent, by a
margin of 1 to 21 percentage points of PrP lowering (Figure 4E), as shown for Htt and Apoe®.

We used tribromoethanol as an anesthetic for our initial studies because it was used for divalent
siRNA previously?®. We later pivoted to 3% isoflurane anesthesia with incorporation of divalent
cations (a 14:2:1 molar ratio of Ca?*:Mg?*:divalent siRNA) into the injectable solution, which has
been reported to eliminate seizures upon injection of high-dose oligonucleotides into CSF*'. Al
animals recovered from anesthesia normally, we never observed seizures. Animals generally
gained weight for the duration of the in-life period (Figure S5), with the exception of compound
2520-s2, for which 5/6 animals experienced acute weight loss between 3 and 4 weeks post-
dose. To further assess tolerability, performed RT-qPCR for neuroinflammatory markers Gfap
and Iba1 in the visual cortex. None of the sequences tested significantly affected Gfap (all P >
0.10, Dunnett's test); only 2520-s4 marginally impacted /ba1 (43% decrease, P = 0.046,
Dunnett's test; Figure S5). 2439 exhibited a favorable in silico predicted off-target profile:
antisense strand bases 2-17 harbored at least 2 mismatches to all human protein-coding
MRNAs other than PRNP (Supplementary Tables).

These studies nominated 2439 as our lead sequence.
Comparison of chemical scaffolds and antisense strand 3’ tails

The in cellulo and in vivo screening results nominated 2439 as the lead sequence (Figure 4C)
and provided some evidence that the s4 scaffold was superior to the s1 and s2 scaffolds (Figure
4E), but we sought additional evidence to confirm the lead scaffold before proceeding. Our s4
compounds were all synthesized with a fixed 3'-UU tail mismatched to the target RNA, initially
due to the relative ease of synthesis of mxU and fxU phosphoramidites®® and the unavailability
of their A, G, or C equivalents. In contrast, our s1 and s2 compounds were synthesized with full
complementarity to the target RNA. Depending upon sequence, unmatched 3’ tails can facilitate
PAZ binding® without compromising RISC activity®**°. Complete complementarity has even
been associated with increased rates of RISC unloading® and target-directed degradation®.
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We therefore sought to determine for the lead sequence the relative contributions of the PS and
exNA modifications that distinguish the s4 scaffold, versus the effect of this 3’ fixed tail.
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Figure 5. Impact of chemical scaffold and 3' antisense tail on lead sequence potency. A)
Color key and diagram of differences between 4 compounds tested. These compounds differ
only in the 3' tail of the antisense strand shown here. The antisense strand of the divalent siRNA
is shown at top, and the target mRNA is shown in red below. Each compound was injected at
the doses indicated in B-C into N=8 animals harvested after 30 days. B) Whole hemisphere
residual PrP by ELISA (x axis) by compound and dose (y axis). Each point is one animal,
rectangular bars are means, error bars are 95% confidence intervals. C) Regional PRNP RNA
by qPCR (y axis) versus dose (x axis). Each point is one animal. Curves are 4-parameter log-
logistic dose-response curves (see Methods). D) Linear model coefficients for scaffolds fit to the
data in (C). E) Linear model coefficients for brain regions fit to the data in (C).

We performed a 3-point in vivo dose response experiment with 5-fold dose increments (7, 35,
and 174 ug) for each of 3 scaffolds (s2 matched tail, s2 fixed tail, s4 fixed tail) versus saline
controls, N=8 per group, with harvest at 4 weeks. We also included s3 fixed tail at only the
highest dose (174 ug) to test our assumption that reduction of PS content without introduction of
exNA would result in reduced activity.

At every dose level, 2439-s4 was the superior compound in terms of whole-hemisphere PrP,
with 29.5% residual at the 174 ug dose (Figure 5A). As expected, the s3 scaffold with fixed tail
performed more poorly than any other scaffold at the high dose (Figure 5A). We performed RT-
gPCR for PRNP RNA and fit dose-response curves for 6 brain regions (Figure 5C), and used a
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linear model (Methods) to characterize the effects of scaffold/tail combination, brain region, and
dose level. This model indicated that s1 fixed tail provided 9.4 percentage points deeper PRNP
lowering than s1 matched tail (P = 0.0017), while the s4 fixed tail conferred another 15.9
percentage points beyond s1 fixed tail (P = 5.0e-11, Figure 5D). Thus, both the fixed tail and the
terminal exNA modification contributed to the potency of the s4 scaffold. At the middle dose (35
Mg), 2439-s4 yielded <50% residual PRNP in 6/6 brain regions tested (Figure 5C), with target
engagement weakest in cerebellum (Figure 5E) as expected?®®. Individual dose-response curves
for each scaffold/tail combination in each brain region yielded median effective dose (EDso) for
2439-s4 ranging from 5 pg in thalamus to 18 ug in cerebellum.

This experiment confirmed 2439-s4 with its fixed 3'-UU tail (full structure in Figure S7) as our
drug candidate.

Durability and dosing regimens for drug candidate

We tested the durability of effect of 2439-s4 in 2 studies. After a 348 ug dose we observed 17%
and 40% residual PrP in whole hemispheres at 34 and 120 days post-dose (Figure 6A). After a
174 ug dose we observed 29%, 51%, and 74% residual PrP at 29, 91, and 180 days post-dose
(Figure 6B). The same sequence in 2 scaffolds with higher PS content provided superior
durability but lower initial knockdown at the 1-month timepoint (Figure S8).

We also explored the effect of a loading dose administered 7 days after the initial dose, and of
repeat dosing after 90 days (Figure 6C). When the 348 ug dose was given at day 0, 7, and 90,
the residual PrP in whole hemisphere at day 120 was 14%. We also evaluated a 52 ug dose
which may more realistically correspond to dose levels reachable clinically (see Discussion).
Compared to a single dose at day 0, a loading dose regimen (day 0 and 7) for 52 ug provided
improved target engagement at day 30 (33% vs. 61% residual PrP), with 5/6 regions below 25%
residual (Figure S9A); all regions were below the respective levels reached with the 348 ug
dose of 1682-s2 (Figure S9B) in the survival study (Figure 2). An additional dose at day 90
yielded 44% residual at day 120.
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Figure 6. Characterization of lead compound 2439-s4. A) Identity of 2439-s4. B) Durability of
effect of a single 348 ug dose in Tg26372 animals. Whole hemisphere PrP (y axis) versus
months post-dose (x axis). Each point is one animal, horizontal line segments are means, error
bars are 95% confidence intervals. C) Durability of effect of a single 174 ug dose in Tg26372
animals. Whole hemisphere PrP (y axis) versus months post-dose (x axis). Each point is one
animal, horizontal line segments are means, error bars are 95% confidence intervals. D) Impact
of repeat dosing regimens on target engagement in Tg26372 animals. Whole hemisphere PrP
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(x axis) for indicated dose levels and regimens (y axis). Each point is one animal, rectangular
bars are means, error bars are 95% confidence intervals.

These experiments indicated that a single dose of divalent siRNA can provide target
engagement and durability expected to be meaningful on the time course of prion disease, while
repeat dosing further improves target engagement.

Discussion

We nominate PrP-lowering divalent siRNA 2439-s4 as a new drug candidate for treating prion
disease. Our study shows that lowering PrP RNA with this modality is effective against prion
disease, and that the human drug candidate is potent, long-lasting, and appears well-tolerated.

As with ASOs'"'® we observed an extension of healthy life in prion-infected animals treated
pre-symptomatically with divalent siRNA, whereas in already-symptomatic animals treatment
extended life without reversing existing weight loss. This is consistent with an inability of PrP
lowering to address pre-existing neuronal loss, and with a lag time of a few weeks between
target engagement at the RNA level and maximal lowering of PrP at the protein level**. Our data
support treatment of prion disease patients at both symptomatic and pre-symptomatic
timepoints, while suggesting that the greatest good can be achieved in a pre-symptomatic
preventive paradigm?.

The drug candidate 2439-s4 appears to have favorable properties in terms of potency and
durability. We observed a depth of target suppression — as low as 17% residual whole
hemisphere PrP after a single 348 ug dose and 14% with repeat dosing — never previously
reported for PrP, and we showed at least some activity out to 6 months after a single dose. The
EDso for the candidate in mice, measured by regional gqPCR, ranges from 5 - 18 ug depending
upon brain region, which compares favorably to the EDso values ranging from 27 ug (in spinal
cord) to 69 ug (in cortex) reported for the most potent human ASO candidate against PrP%.
Using CSF volume scaling (0.04 mL in mice versus 130 mL in human®"%, a factor of 3,250),18
Mg might correspond to 58 mg in a human. This dose level is clinically precedented for
oligonucleotides — the ASO tofersen for SOD1 ALS is dosed at 100 mg®®. These calculations
lead us to hypothesize that a single dose of 2439-s4 could lower PrP by 50% in many human
brain regions, which is important because prion disease is a whole brain disease. A limitation of
our study, however, is that uniformity of brain exposure is a major challenge for any intrathecally
delivered oligonucleotide therapy, and we did not assess biodistribution and target engagement
in a pharmacodynamically relevant large animal species. Divalent siRNAs dosed into non-
human primates or sheep by ICV or IT routes?®%°¢! were reported to have broad distribution and
activity, although, as with ASOs®?, deep subcortical brain regions are less well-reached, with
drug concentration in putamen being <20% that achieved in cortex.

Another limitation of our study is that, although we demonstrated efficacy in a disease model
using a tool compound, we did not assess the disease modifying impact of the deeper PrP
lowering achieved with our clinical candidate. Recent reports of researchers dying of prion
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disease after occupational exposure to human prion-infected brain tissue®*®* convinced us to

not examine the efficacy of our drug candidate in a challenge study with human prions in our
humanized mice. Our drug candidate is not cross-reactive for mouse Prnp, precluding rescue
studies in wild-type mice. Thus, we were unable to measure the survival benefit attainable by
the deeper PrP lowering observed with our drug candidate compared to our mouse Prnp tool
compound. Delay of prion disease by PrP lowering is dose-responsive'®, and homozygous
knockouts are invulnerable to prions'®, anchoring our assumption that deeper lowering is better.
Nevertheless, at present we lack an animal model system to answer in a more quantitative way
what benefit will be achieved by the deep PrP lowering described here — for instance, whether
prion replication or symptom progression could be halted.

The major outcome of our studies is to nominate PrP-lowering divalent sSiRNA 2439-s4 as a
novel drug candidate for prion disease.
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Figure S1. Additional chemical scaffolds. Scaffold s5 is utilized in Figure S8. The Chol-TEG
scaffolds were used in screening in figures


https://doi.org/10.1101/2024.12.05.627039
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.05.627039; this version posted December 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A mouse N2a cells
2150%
_ __(L 2150%-8 C
o o 0 "
0 . e c .
° 4 :g 100% -~ ------- CECRLEPEEE
a § ! -
c 100%—tFar - E-F-of - :
DL. 50% -
- 0 o 1035
[0 = >
© > | & o k21500 0M
e)] 1 © >150%
= il S =104y E
@ 50% S s
o oA o .
L 100% R e
- >
° 5 o L i CEEEE I EEEEEEEE I CEEEEE
1919
r .
R N S P o i e S NI 409 nM
DOOODOONMNOULATTANNTITOONNTOOONOONOO ™ 00/ -
| ‘—NN(\" ‘—‘—NNNNNNNN(\’I-— FFFFFFF NNN(\1 o 4
cross-reactive human-only mouse-only log10(nM) log10(nM)

F human A549 cells

2150%
2150%
100%
Q
c 100%1-PALFt4-f-----dg--f -
f- 50%
o Q
= £
S g E 0%
o © 2150% J -
2 S I, .
@ 50% R
et 7] ., ..
| D 100% frmeel e Ll
Y B N EEEEEEEEEPEER TR
. 2705 2226
0%— = -
PR e S s R S SIS S S g 2/ o7 £ 1.1 —
l ‘—F‘—NNN(\ﬂ F‘—NNNNNNNN(\ﬂI— FFFFFFF NNNG‘ 4 é é _‘ é é
cross-reactive human-only mouse-only log10(nM) log10(nM)

Figure S2. Initial screening by bDNA assay in cell culture. These screens used scaffold
Chol-TEG s1 (Figure S1). A) Mouse N2a cells, each point is one well, triplicate wells are
analyzed for each compound, rectangular bars are means, error bars are 95% confidence
intervals. Readout is Prnp expression normalized to Hprt, further normalized to the mean of
predicted non-targeting (human-only) compounds. B-E) ICso determination for 4 compounds
selected from mouse N2a cell screen. Each point is one well, triplicate wells are tested at each
dose level, curves are 4-parameter log-logistic dose-response curves fit using the drc package
in R. F) As in (A) but for human A549 cells. G-J) As in (B-E) but for top human sequences in
human A549 cells.
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Figure S3. Further screening of potential siRNA tool compounds against mouse Prnp in
N2a cells. This screen used scaffold Chol-TEG s2 (Figure S1). A) Each point is one well,
triplicate wells are analyzed for each compound, readout is gPCR with Prnp Ct values
normalized to Thp, then each point is normalized to the mean of untreated wells. Rectangular
bars are means, error bars are 95% confidence intervals. B-E) ICso determination for top
compounds. Each point is one well, triplicate wells are tested at each dose level, curves are 4-
parameter log-logistic dose-response curves fit using the drc package in R.
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Figure S4. Potency of tool compound 2440 in high or low copy number HuPrP transgenic
mice. A-B) 2440-s1 and 2440-s4 tested at 348 ug in Tg26372 homozygous mice with 20 copies
of PRNP and 5.4x PrP expression. A) Whole hemisphere PrP ELISA readout. These data are
reproduced from Figure 4C for convenience of comparison. B) Regional qPCR readout. C-D)
2440-s1 and 2440-s4 tested at 348 ug in Tg25109 heterozygous mice with 3 copies of PRNP
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and 1.1x PrP expression. C) Whole hemisphere PrP ELISA readout. D) Regional gPCR
readout. For all panels, each point is one animal, rectangular bars are means, error bars are
95% confidence intervals.
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Figure S5. Tolerability metrics for divalent siRNAs in short-term target engagement
studies. A) Gfap and B) Iba1 by qPCR in visual cortex for all studies in Figure 4 and Figure 5,
normalized to the mean of saline controls within each study. Each point is one animal.
Rectangular bars are means, error bars are 95% confidence intervals. Compounds are sorted
along the x axis by rank of mean expression of each inflammatory marker. C) Individual weight
gain trajectories for every animal in Figure 4 and 5, normalized to individual baseline. Weight
change from individual baseline as a percent (y axis) versus days post-dose (x axis).
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Figure S6. Quality control metrics for PrP ELISA plates. Every plate includes, in duplicate,
the same high QC (WT mouse brain, black), mid QC (het KO mouse brain, blue), low QC
(contrived sample of 90% KO brain homogenate spiked with 10% WT brain homogenate to
simulate 10% residual PrP, magenta) and negative QC (KO brain, maroon). The LLQ is 0.05
ng/mL, and QCs are run at a final 1:200 dilution so that 10 ng PrP per g of wet brain tissue is
the lower limit of quantification for these samples. In this plot, each point is one replicate of a
QC, and its PrP concentration is normalized to the mean of high QCs. Readings from
consecutive plates are connected by lines.
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Figure S7. Identity and cross-species reactivity analysis for sequence 2439. A) Chemical
structure of 2439-s4. f = 2' Fluoro, m = 2'-O-methyl. B) Multiple species alignment of genomic
sequences complementing bases 2-17 of the antisense strand. Fully matched sequences are
shown in bold black. For imperfectly matched species, matched bases in black, indels or
mismatches in red. No alignments were found for mouse, rat, Syrian hamster, or dog.
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Figure S8. Durability studies for 2439 in other scaffolds. A) 2439-s5 (see Figure S1 for

scaffold description) at 348 ug. B) 2439-s2 at 174 ug. The same control animals from Figure 6
are reproduced here for convenience of comparison.
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Figure S9. Regional gPCR analysis for repeat dose 2439-s4 versus 1682-s4. Regions:
hippocampus (HP), prefrontal cortex (PFC), visual cortex (VC), striatum (Str), thalamus (Thal),
and cerebellum (CB). A) Regional PRNP qPCR analysis for repeat dose 2439-s4 study in the
same Tg26372 animals shown in Figure 6D. B) Regional Prnp qPCR for 1682-s4 from the same
animals shown in Figure 2A.
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