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Abstract 

Prion protein (PrP) lowering is effective in animal models of prion disease and is being tested clinically in prion disease patients, but there remains 
a need for more potent PrP-lowering drug candidates. Inspired by the reported potency and duration of action of divalent short interfering RNA 

(siRNA), a new oligonucleotide drug modality for the central nervous system, we sought to disco v er and de v elop a ne w P rP-lo w ering drug 
candidate. Herein we identify a mouse Prnp -targeting divalent siRNA molecule, 1682-s4, that lowers PrP to 49% residual brain expression in 
wild-type mice, and, in the context of intracerebral infection with Rock y Mount ain Laboratories prions, achie v es a 2.7-fold increase in survival 
time with pre-symptomatic chronic treatment and 64% increase in survival time with a single dose after symptom onset. We describe the 
generation of two transgenic mouse lines, Tg25109 and Tg26372, expressing the full human PRNP gene and its noncoding sequence, and 
demonstrate their utility for in vivo discovery of potent human PRNP -targeting oligonucleotides. We discover siRNA sequence 2439 against 
human PRNP and compare its potency in different divalent siRNA chemical scaffolds. We determine that both the fixed UU tail and extended 
nucleic acid linkages of scaffold s4 contribute to superior potency compared to other scaffolds tested, offering 9.4 and 15.9 percentage points 
respectively of additional PrP knockdown. A single dose of 348 μg of 2439-s4 lowered whole brain hemisphere human PrP in transgenic mice 
to 17% residual after 30 da y s, while 52 μg lo w ered P rP to 49% residual. A total of 1% –2% of the dose of 2439-s4 delivered into cerebrospinal 
fluid is retained in the brain, and the median effective tissue concentration is estimated at 1.2 μg per gram of tissue. Good Laboratory Practices 
toxicology studies identified no significant liabilities, and the US FDA has cleared an In v estigational Ne w Drug application to bring 2439-s4 into 
clinical trials. 
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a linker, forming a larger molecule that distributes broadly in 

the brain following direct delivery into CSF and potently low- 
ers its target RNA. The divalent scaffold has been shown to 

confer enhanced biodistribution and tissue uptake compared 

to a monovalent equivalent [ 28 ]. Inspired by deep lowering of 
HTT, APOE, SOD1 , and KCNT1 in the rodent CNS [ 28 –31 ] 
we set out to improve upon the divalent siRNA technology 
and to identify oligonucleotides against PRNP that knock 

down the target more than 50%. 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 some 
toxicological properties, at least for single-stranded oligonu- 
cleotides [ 32 , 33 ]. We therefore also tested the hypothesis that 
the recently reported highly nuclease-resistant extended nu- 
cleic acid (exNA) nucleotide linkage [ 34 ] 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 [ 35 , 36 ], we also sought to test the hy- 
pothesis that a fixed, noncomplementary 3 

′ tail at the end of 
the antisense (AS) strand would improve potency. 

Herein, we identify a tool compound against mouse Prnp 

and demonstrate that ∼50% PrP lowering with this new 

modality extends survival in prion-infected wild-type (WT) 
mice, replicating work with ASOs. We develop transgenic hu- 
man PRNP mouse models and use them 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 both a fixed UU tail and the in- 
corporation of exNA linkages contribute to the compound’s 
potency. We find activity out to 6 months post-dose and char- 
acterize the effect of repeat dosing on target engagement. Ul- 
timately, we nominate a new drug candidate for prion disease. 

Materials and methods 

Oligonucleotide synthesis 

Oligonucleotides were synthesized by phosphoramidite solid- 
phase synthesis on automated synthesizer using a Mer- 
Made12 (Biosearch Technologies, Novato, CA), Dr Oligo 48 
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Introduction 

Prion disease is a fatal, incurable neurodegenerative disease
caused by misfolding of prion protein (PrP), encoded in hu-
mans by the gene PRNP [ 1 ]. Convergent lines of evidence
implicate PrP as the drug target in this disease [ 2 ], and in-
dicate that lowering PrP should be both safe [ 3 –9 ] and ef-
fective [ 10 –15 ]. The efficacy of PrP lowering at delaying on-
set and slowing progression of prion disease in animal mod-
els has been shown using antisense oligonucleotides (ASOs),
zinc finger repressors, and a base editor [ 16 –19 ]. The thera-
peutic hypothesis of PrP lowering is now being tested clin-
ically with an intrathecally administered PrP-lowering ASO,
ION717, in symptomatic patients diagnosed with prion dis-
ease (NCT06153966). 

We seek to augment the therapeutic pipeline for prion dis-
ease, for several reasons. Only 8% –14% of drug candidates
that enter Phase I ultimately reach approval [ 20 –22 ], and
while drug targets backed by human genetic evidence enjoy
increased success rates [ 23 ], even these targets may take many
drug candidates and many trials to yield a success [ 24 ]. In
mice, lowering by approximately half via heterozygous knock-
out (Het KO) or chronic early ASO treatment prolongs sur-
vival up to three-fold, but all mice ultimately succumb to fatal
prion disease [ 18 ], consistent with prion replication continu-
ing, albeit at a reduced rate [ 24 ]. Thus, to halt or indefinitely
delay prion disease will require deeper than 50% target low-
ering. 

Like ASOs, short interfering RNAs (siRNAs) are chemi-
cally modified oligonucleotide drugs that bind a target RNA
through G ·C and A ·U base pairing, but whereas ASOs recruit
RNase H1 to cleave the target RNA [ 25 ], siRNAs engage the
RNA Induced Silencing Complex (RISC) to cleave their tar-
get [ 26 ]. Like ASOs, siRNAs accumulate in endosomal de-
pots [ 27 ], and their slow release from this compartment com-
bined with their chemical stabilization allows them to pro-
vide months of pharmacologic effect following a single dose
into cerebrospinal fluid (CSF). Divalent siRNA [ 28 ] is a novel
siRNA architecture designed to enhance gene silencing within
the central nervous system (CNS). It consists of two identi-
cal, fully chemically modified siRNA molecules connected by
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Biolytic, Fremont, CA) or AKTA Oligopilot 100 (Cytiva,
arlborough, MA). 5-POM-vinyl phosphonate, 2 

′ -O-methyl
2-OMe) –U CE-phosphoramidite was used for the addition
f 5 

′ -vinyl phosphonate, 2-F, 2-OMe phosphoramidites with
tandard protecting groups were used to make the modi-
ed oligonucleotides. Phosphoramidites were dissolved at 0.1
 in anhydrous acetonitrile (ACN), with added anhydrous

5% dimethylformamide in the case of the 2 

′ -OMe –uridine
midite. 5-(benzylthio)-1H-tetrazole was used as the acti-
ator at 0.25 M. Detritylations was performed using 3%
richloroacetic acid in dichloromethane or Toluene. Capping
eagents used were CAP A (20% N-methylimidazole in ACN)
nd CAP B (20% acetic anhydride and 30% 2,6-lutidine in
CN). Phosphite oxidation to convert to phosphate or PS was
erformed with 0.05 M iodine in pyridine-water (9:1, v/v) or
.1 M solution of 3-[(dimethylaminomethylene)amino]-3H-
,2,4-dithiazole-5-thione in pyridine, respectively. All reagents
ere purchased from Chemgenes, Wilmington, MA, phos-
horamidites were purchased from Chemgenes and Hongene
iotech, Union City, CA. Oligonucleotides were grown on

ong-chain alkyl amine controlled pore glass (CPG) func-
ionalized via succinyl linker with either Unylinker terminus
or unconjugated oligonucleotides 500 ̊A (Chemgenes), with
holesterol through a tetraethylene glycol (TEG) linker 500 Å
Chemgenes), or with a di-trityl protected support separated
y a TEG linker 1000 Å (Hongene Biotech) for divalent sense
ligonucleotides. 
For in cellulo experiments, oligonucleotides with or with-

ut cholesterol conjugate were cleaved and deprotected on-
olumn with Ammonia gas (Airgas Specialty Gases). Briefly,
olumns were pre-wet with 100 μl of water and immediately
pun to remove the excess water. Columns were then placed in
 reaction chamber (Biolytic) 90 min at 65 

◦C. A modified on-
olumn ethanol precipitation protocol was used for desalting
nd counterion exchange. Briefly, 1 ml of 0.1 M sodium ac-
tate in 80% ethanol is flushed through the column, followed
y a rinse with 1 ml 80% ethanol and finally after drying the
xcess ethanol, oligonucleotides were eluted with 600 μl of
ater in 96 deep well plates. 
For in vivo experiments, 5 

′ -(E)-Vinyl-phosphonate contain-
ng oligonucleotides were cleaved and deprotected with 3%
iethylamine in ammonium hydroxide, for 20 h at 35 

◦C
ith agitation. Divalent oligonucleotides were cleaved and de-
rotected with 1:1 ammonium hydroxide and 40% aqueous
onomethylamine, for 2 h at 25 

◦C with slight agitation. The
PG was subsequently filtered and rinsed with 30 ml of 5%
CN in water and dried overnight by centrifugal vacuum con-
entration. Purifications were performed on an Agilent 1290
nfinity II HPLC system using Source 15Q AEX resin (Cy-
iva). The loading solution was 20 mM sodium acetate in 10%
CN in water, and elution solution was the loading solution
ith 1M sodium bromide. Both oligonucleotide strands were

luted using a linear gradient from 30% to 70% in 40 min at
0 

◦C. Peaks were monitored at 260 nm. Pure fractions were
ombined and desalted by size exclusion using Sephadex G-25
esins (Cytiva). Oligonucleotides were then lyophilized and re-
uspended in water. 

Purity and identity of oligonucleotides were confirmed
y Ion-Pair Reversed-Phase (IP-RP) HPLC coupled to an
gilent 6530 Accurate-mass Q-TOF. LC parameters: buffer
: 100 mM 1,1,1,3,3,3-hexafluoroisopropanol (HFIP; Oak-
ood Chemicals) and 9 mM triethylamine (TEA; Fisher Sci-

ntific) in liquid chromatography-mass spectrometry (LC-MS)
grade water (Fisher Scientific); buffer B:100 mM HFIP and 9
mM TEA in LC-MS grade methanol (Fisher Scientific); col-
umn, Agilent AdvanceBio oligonucleotides C18; linear gra-
dient 5% –35% B 5 min was used for unconjugated and di-
valent oligonucleotides; linear gradient 25% –80% B 5 min
was used for cholesterol conjugated oligonucleotides; temper-
ature, 60 

◦C; flow rate, 0.85 ml/min. Peaks were monitored at
260 nm. Mass spectrometry parameters: Source, electrospray
ionization; ion polarity, negative mode; range, 100 –3200 m/z;
scan rate, 2 spectra/s; capillary voltage, 4000; fragmentor, 200
V; gas temp, 325 

◦C. 

Initial screen for human and mouse siRNA 

sequences 

Screening of siRNA sequences in cellulo utilized gymnotic
uptake of 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 [ 37 ]. 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 ( Supplementary Fig. S1 ) and the cell
culture screening experiments. Sequences were bioinformati-
cally nominated by a published algorithm [ 38 ]. Sense and AS
strands were annealed together at 95 

◦C for 10 min 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) which were previously reported to have
robust PrP expression [ 39 ]. Cells were seeded into triplicate
wells with growth media containing 1.5 μM of compound.
After 72 h, 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 (as-
says SB-15463 and SA-10030, respectively) using the Quanti-
geneTM 2.0 branched DNA assay (Invitrogen). The ratio of
Prnp/PRNP to Hprt/HPRT was normalized to the mean of ex-
pected nontargeting 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 ex-
pression after siRNA treatment. Highly active compounds
found in the screen were then assayed in triplicate across seven
doses (23 nM –1.5 μM) to calculate half-maximal inhibitory
concentration (IC 50 ). The numbering of human siRNA se-
quences used herein is relative to the transcription start site of
a now-outdated RefSeq transcript NM_000311.4, though we
note that human brain expression data support exclusive use
of canonical Ensembl transcript ENST00000379440.9 which
begins 362 bases further downstream [ 40 ]. 

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 cel-
lulo at the Broad Institute. Oligonucleotides were synthesized
with standard solid-support phosphoramidite chemistry us-
ing 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 de-
termination a nine-point 1:3 serial dilution series was used.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
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U-251 MG glioblastoma cells (Sigma –Aldrich cat no.:
09063001) growing in a T75 flask were washed with
phosphate-buffered saline (PBS), trypsinized then quenched
with growth media: optiMEM, 10% fetal bovine serum
(FBS), 1% non- essential amino acids (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 min, growth media was aspirated then
cells were resuspended in media containing 6% FBS with-
out pen/strep. Sterile PBS was placed in outer wells of a 96-
well plate to limit evaporation, while 8000 cells per well were
plated on the inner 60 wells. Fifty microliters of prepared cells
was added to every well. Fifty microliters of optiMEM with
2 × siRNA was added to the treated wells. Every plate con-
tained six-wells of “untreated cells” (50 μl optiMEM with no
additives) for assay normalization purposes. Each condition
was tested in biological triplicate (three cell culture wells) and
each biological replicate was analyzed by reverse transcription
quantitative polymerase chain reaction (RT-qPCR) in techni-
cal duplicate. After 72 h, any wells with cell death or rounded
cells were noted then cells were lysed using the Cells-to-CT
1-step TaqMan 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
μl 4 

◦C sterile PBS. PBS was aspirated from every well before
adding lysis solution containing DNase. Plate was placed on a
shaker for 5 min then stop solution was added to every well.
Cells were placed back on a shaker for 3 min then cell lysate
was stored. Reverse transcriptase-polymerase chain reaction
samples were prepared using 2 μl or cell lysate, Taqman 1-Step
qRT-PCR master mix and Taqman gene expression assays for
human TBP (Invitrogen, cat no.: Hs00427620_m1) and hu-
man PRNP (Invitrogen, cat no.: Hs00175591_m1) in a 20 μl
reaction volume. Samples were run on a QuantStudio 7 Flex
system (Applied Biosystems) in a MicroAmp Optical 384-well
reaction plate (Applied Biosystems, cat no.: 4309849) 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 ��Ct whereby results were
first normalized to the housekeeping gene TBP and then to
the untreated samples. 

In silico off-targets analysis 

We opted not to pursue a comprehensive transcriptomic eval-
uation of off-targets in cell lines, because complementarity of
the seed region (bases 2 –8) alone can drive off-target profiles
of siRNA in cultured cells [ 41 ] whereas one report indicates
that seed complementarity may not be a major contributor to
off-target activity for divalent siRNA in vivo [ 28 ]. An in sil-
ico strategy for assessing off-target risks was considered ade-
quate by FDA for investigational new drug (IND) filing. The
reverse complement of bases 2 –17 of the 2439 sequence—
CA CTTTGTGA GT A TTC—was searched in NCBI Nucleotide
BLAST ( https:// blast.ncbi.nlm.nih.gov/ Blast.cgi ) with the fol-
lowing settings. Database: Standard databases (nr etc.): > Ref-
Seq Select RNA sequences (refseq_select). Organism: Homo
sapiens (taxid:9606). Optimize for: Highly similar sequences
(megablast). Max target sequences: 5000. Match/mismatch
scores: 1,−1. All other settings default. The top 100 hits from
BLAST were downloaded as an XML file and parsed into tab-
ular form using a Python script generated by ChatGPT. The 
table was then filtered using a custom R script to include only 
matches where the search string was AS to the target, consis- 
tent 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 confir- 
mation, PRNP and flanking sequence were cloned into the 
pStart-K plasmid by gap-repair cloning, with the p15A ori- 
gin of replication and kanamycin resistance cassette located 

downstream of the gene, yielding a 48 kb plasmid whose se- 
quence is provided in this study’s online git repository. The 
plasmid was linearized with restriction enzyme NruI and mi- 
croinjected into fertilized C57BL/6 eggs. PCR screening iden- 
tified four founder pups, of which animals 26 372 (male) and 

25 109 (female) were successfully bred. Transgenic animals 
were backcrossed to WT C57BL/6N animals until genera- 
tion F5, then crossed to ZH3 PrP knockout mice [ 42 ] (on a 
C57BL/6J background) housed at McLaughlin Research In- 
stitute, with rederivation to remove opportunistic pathogens 
performed by Charles River Labs. Mouse lines have been 

deposited with Mutant Mouse Resource & Research Cen- 
ters (MMRRC) for both academic and for-profit groups to 

utilize freely (accession numbers Tg26372: RRID:MMRRC _ 
075939 -UCD; Tg25109: RRID:MMRRC _ 075940 -UCD). 

Transgene characterization 

Transgene mapping was performed by Taconic and Cer- 
gentis using targeted locus amplification [ 43 ] on spleens 
from 9-week-old males of generation F3 (Tg26372) and F6 

(Tg25109). Copy number was estimated based on the num- 
ber of transgene-transgene fusion reads and the ratio of 
transgene coverage to flanking region coverage. Full trans- 
gene characterization reports are provided in this study’s on- 
line git repository. Sequencing of the Tg26372 mouse uti- 
lized custom capture probes by Twist Bioscience targeting 
152kb of human sequence surrounding PRNP as previously 
described [ 44 ]. 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 equiva- 
lents. We targeted dose levels of 10, 5, 1.5, 1, or 0.2 nmol,
based on siRNA concentrations determined by ultraviolet 
(UV) absorbance on NanoDrop. At UMass Chan (s1 and s4 

scaffolds), concentration determinations initially used the the- 
oretical molar extinction coefficients (MECs) determined by 
the base composition method, in which the extinction coeffi- 
cients of each base are summed and multiplied by 0.9 to ac- 
count 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 −1 cm 

−1 (twice the sum of 
the AS and sense strand MECs). The theoretical base compo- 
sition MECs, however, do not account for hypochromicity—
oligonucleotides absorb less UV light when duplexed. At Ata- 
lanta Therapeutics (s2 and s3 scaffolds), the nearest-neighbors 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://scicrunch.org/resolver/RRID:MMRRC_075939
https://scicrunch.org/resolver/RRID:MMRRC_075940
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NN) was used, which attempts to account for the hyper-
hromicity in a sequence-specific manner. For 2439-s2, this
ielded a theoretical MEC of 656 658 l mol −1 cm 

−1 . Later
n the development program the MEC of 2439-s4 was deter-
ined empirically to be 549 107 l mol −1 cm 

−1 . This indicated
hat all doses of compounds synthesized at UMass Chan had
een 1.395 times higher than believed at the time. Thus, for in-
tance, studies of 2439-s4 intended to use a 10 nmol dose were
n fact performed at a 13.95 nmol dose level. The 13.95 nmol
ose, multiplied by the 2439-s4 molecular weight of 24 952
a, corresponds to 348 μg. Empirical MECs were not deter-
ined for 2439-s2 nor any other compounds tested here, how-

ver, in reporting doses in this manuscript, we have applied
his same correction factor across all compounds described
erein. We originally sought to evaluate dose levels of 10, 5,
.5, 1, or 0.2 nmol, based on the reported tolerability of diva-

ent siRNAs up to 10 nmol [ 28 ]. Based on the empirical MEC
f 2439-s4, we estimate that those dose levels correspond re-
pectively to 348, 174, 52, 35, and 7 μg, which assumes a 766
60/549 107 = 39.5% difference between empirical and un-
orrected extinction coefficients as determined for 2439-s4.
e note, however, that the dose of 2439-s2 and other s2 and

3 scaffold compounds that we administered had already ac-
ounted for a smaller, theoretically calculated hypochromicity
djustment, thus, our approach may be an overcorrection. If
he hypochromicity of the compounds synthesized at Atalanta
s similar to that of 2439-s4, then the doses of Atalanta com-
ounds tested herein may be 14% lower than those of UMass
han compounds (for example, 298 μg versus 348 μg). 

nimal studies 

ll animal studies were conducted under Broad Institute
ACUC protocol 0162-05-17. Transgenic mice (see above)
ere bred at the Broad Institute. WT C57BL/6N mice were
urchased from Charles River Laboratories. 

dministration of divalent siRNA to mice 

or in vivo use, siRNAs were synthesized in divalent format by
Mass Medical School or Atalanta Therapeutics, see detailed
ethods above. Atalanta compounds were formulated in 1 ×
BS without ionic conditioning. At UMass Chan, to prevent
eurotoxicity due to divalent cation imbalance [ 45 –47 ], siR-
As were formulated with divalent cations: stock solutions of
 mM divalent siRNA (2 mM monovalent equivalents) were
repared with 2 mM MgCl 2 , 14 mM CaCl 2 , 8 mM HEPES,
0 mM D-glucose, 5 mM KCl, and 137 mM NaCl. Dilutions
f this stock were prepared in artificial CSF containing 137
M NaCl, 5 mM KCl, 20 mM D-glucose, and 8 mM HEPES.

iRNAs were delivered to mice via bilateral intracerebroven-
ricular (ICV) injection, 5 μl per side for a total of 10 μl injec-
ion volume. The ICV procedure was slightly modified from
hat described previously for ASOs [ 18 ]. In all in vivo target
ngagement studies, mice were 4 –18 weeks old at the time
f first ICV injection. In the first four studies of in vivo tar-
et engagement, animals were anesthetized with 1.2% tribro-
oethanol, injected i.p. with 0.23 ml per 10 g of body weight
sing an insulin syringe (BD 329410). Tribromoethanol was
repared freshly each week according to a published protocol
 48 ], passed through a 0.22 μm filter, handled under sterile
onditions and stored at 4 

◦C in the dark until use, discard-
ng if stored past 2 weeks. In the remaining 12 studies of in
ivo target engagement and in the survival studies in the prion
disease model, we used 3% isoflurane inhalation anesthesia.
Anesthetized animals were immobilized in a stereotactic ap-
paratus (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 in-
cision 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 26 G or
22 G needles (Hamilton company model 701, point style 2,
no. 80 300 or 80 308, respectively) were filled with 10 μl
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. Five microliters
was ejected gradually over ∼10 s, then after a 1 min 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 hor-
izontal 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 [ 49 ]. Be-
cause ASOs were re-dosed every 90 days in chronic treatment
studies and both our and other data [ 28 ] have shown a long
durability of divalent siRNA activity in the brain, we chose a
re-dose interval of 120 days for our survival studies. 

Prion infection 

Prion inoculations were performed as described previously
[ 17 , 18 ]. To prepare the challenge agent, brains of termi-
nally prion-sick mice infected with the Rocky Mountain Lab-
oratories (RML) prion strain [ 50 ] were frozen, homogenized
at 10% wt/vol in PBS (Gibco 14190) using 1.4 mm zirco-
nium oxide beads in 7 ml screw-cap tubes (CK14 soft tis-
sue homogenizing kit, Precellys KT039611307.7) by means
of 3 × 40-s pulses on high in a Minilys homogenizer (Bertin
EQ06404-200-RD000.0). A total of 10% homogenate was
then diluted 1:10 (vol/vol) to yield a 1% homogenate, irra-
diated 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 (Med-
LabSupply) and frozen. On the day of inoculation, vials were
thawed and for each animal, 30 μl was drawn into a dispos-
able insulin syringe with a 31 G 6 mm needle (BD SafetyGlide
328449). Seven-week-old C57BL/6N animals (Charles River)
were placed under 3.0% isoflurane inhalation anesthesia, re-
ceived meloxicam (5 mg/kg) for analgesia (one dose prophy-
lactically 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 be-
tween the right ear and midline. After 3 s, the needle was with-
drawn 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 recov-
ery and wound closure. In target engagement studies in non-
prion animals, weights were generally collected prior to dos-
ing and at 1-week intervals thereafter, although staffing con-
straints led to weights not being consistently collected in a
subset of studies. Prion-infected animals had baseline body
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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 [ 18 ]. Behavioral scores were rated as
0 = absent, 1 = present for 8 symptoms: scruff/poor groom-
ing, poor body condition, reduced activity, hunched posture,
irregular gait/hindlimb weakness, tremor, blank stare, and dif-
ficulty righting. Nest scores were assigned for both cotton
square nestlets (Ancare) and Enviro-dri ® packed paper (Shep-
herd): 0 = unused; 1 = used/pulled apart, but flat; 2 = pulled
into a three-dimensional structure; 0.5 and 1.5 were permit-
ted intermediate scores. Animals were euthanized by CO2 in-
halation (Euthanex) when they reached −20% weight loss rel-
ative to individual baseline, or were deemed moribund, de-
fined as unable to reach food or water. All monitoring was
conducted, and endpoint decisions taken, by veterinary tech-
nicians blinded to treatment group (PBS versus nontargeting
versus active compound), although in studies with no injec-
tion 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 (i) death due to surgi-
cal complications on the day of surgery, (ii) death prior to
treatment group assignment, or (iii) 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 enzyme-linked immunosorbent assay (ELISA) has
been previously described [ 51 ] and is summarized briefly
as follows. Whole hemispheres were frozen on dry ice and
later homogenized at 10% wt/vol in 0.2% CHAPS (3-((3-
cholamidopropyl) dimethylammonio)-1-propanesulfonate).
The assay uses antibodies EP1802Y (Abcam, ab52604) for
capture and in-house biotinylated 8H4 (Abcam ab61409) for
detection, followed by streptavidin –horseradish peroxidase
(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 Esc heric hia coli and purified in-house [ 52 ].
We have previously shown [ 51 ] that this ELISA assay has
indistinguishable reactivity for human and mouse PrP. WT
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 quality controls (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
PBS 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, de-
signed 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 Supplementary Fig. S6 .
For RNA quantification, fresh brain hemispheres were placed 

in RNAlater (Sigma cat no.: R0901) at 4 

◦C before dissecting 
brain regions as described [ 51 ]. RNA was extracted from 

brain tissue using a Qiagen RNeasy Lipid Tissue mini Kit (cat 
no.: 74804) with few deviations from the manufacturer pro- 
tocol. Whole hemispheres were homogenized at 10% wt/vol 
in QIAzol then 100 mg of tissue was applied to column.
On-column DNase digestion was not performed and finally 
RNA was eluted into 40 μl RNase-free water. RNA yield and 

purity was checked by nanodrop. RT-qPCR was performed 

as described above using Taqman gene expression assays 
for mouse Tbp (Invitrogen, cat no.: Mm00446971_m1) and 

human PRNP (Invitrogen, cat no.: Hs00175591_m1) for 
transgenic mouse models or mouse Prnp (Invitrogen, cat 
no.: Mm00448389_m1) for WT C57BL/6N mice. PBS or no 

injection animals were used as the control group. 

Pharmacokinetic analysis 

Pharmacokinetic (PK; drug concentration in tissue and 

biofluid) measurements were performed at Axolabs GmbH 

(Kulmbach, Germany). A peptide nucleic acid (PNA) probe 
was designed to be complementary to the AS strand of se- 
quence 2439: (C term) Atto425-OO-cdctttgtgdgtd (N-term).
This probe was allowed to hybridize to drug present in tissue 
homogenates, plasma, or CSF, and then run on anion exchange 
(AEX) high performance liquid chromatography (HPLC). The 
assay principle of PNA –HPLC is that the area under the curve 
of the fluorescent PNA –AS duplex in the HPLC elution is inte- 
grated to derive the drug concentration [ 53 ]. The lower limit 
of quantification (LLOQ) was determined to be 1 ng/ml in 

plasma and CSF, and 10 ng/ml in tissue homogenate. Because 
we did not have PK measurements in mouse CSF, we were un- 
able to perform the complex multi-compartment pharmacol- 
ogy models reported for certain other oligonucleotides [ 54 ].
Instead, simple four-point Hill slope models were fit to model 
the effect of either drug dose administered or drug accumu- 
lation in tissue (independent variable) on target knockdown 

(dependent variable), see the “Data availability” section for 
details. 

IND-enabling studies 

A total of 56.5 g (gross weight) of lyophilized 2439-s4 

(Drug Substance) was produced at at Hongene Bioengineering 
(Shanghai, China) via manufacture process transferred from 

UMass (see above) and scaled up using starting materials man- 
ufactured by Hongene and equivalent reagents by Hongene 
or qualified local suppliers. The release testing methods had 

been developed and qualified at Hongene, and the manufac- 
turing and release confirmed to Good Manufacturing Prac- 
tices (GMP) for clinical products. The purity of drug substance 
was 96.4% by nondenaturing size exclusion chromatography.
GMP material was used both for production of sterile in- 
jectable formulation (Drug Product) by Argonaut Manufac- 
turing Services (Carlsbad, California, USA), and for toxicol- 
ogy studies. 

Good Laboratory Practices (GLP) toxicology studies by sin- 
gle lumbar intrathecal stick (no catheter) in beagle dogs and 

Sprague –Dawley rats were performed by Amplify-Bio (West 
Jefferson, Ohio, USA). Four dose levels were tested in each 

species with takedowns scheduled for 24 h (core cohort) and 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
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8 day post-dose (recovery cohort) (see the ‘Results’ sec-
ion for full study designs). In-life assessments for rats in-
luded: moribundity and mortality, cage-side clinical obser-
ations, weekly body weights, food consumption, and oph-
halmic exams. In-life assessments for dogs included: cage-
ide clinical observations, moribundity and mortality, weekly
ody weights, food consumption, noninvasive homecage neu-
obehavioral assessment, ophthalmic exams, electrocardio-
ram (ECG), noninvasive blood pressure, and respiratory rate.
lood samples were collected from pre-dose, 0.5, 4, 8, 12,
4, 48, and 72 h post dose for toxicokinetic (TK) evaluation.
lood was collected at necropsy for hematology, serum chem-

stry, and coagulation evaluations. Urine was collected for
rinalysis. CSF was collected for biodistribution. Tissue was
ollected for biodistribution and histopathology. Tissue was
rocessed to slides and stained with hematoxylin and eosin
or histopathologic examination by a board-certified veteri-
ary pathologist. Drug concentrations in blood, CSF, and tis-
ue were determined by Axolabs (Kulmbach, Germany) using
NA hybridization and high performance liquid chromatog-
aphy (see above). 

GLP in vitro Ames and micronucleus genotoxicity tests
ere performed by ITR Laboratories (Montreal, Canada).
he cytogenetic potential of 2439-s4 was tested using the in
itro micronucleus test with Chinese hamster ovary derived
HO-K1 cells with 4 h incubation with rat liver S9 microso-
al fraction (metabolic activation present) or with 4 h or 26
 incubation without S9 (metabolic activation absent). The
utagenic potential of 2439-s4 was tested using the Ames
est in four Salmonella strains and one E. coli strain with or
ithout S9, a rat liver extract containing microsomal enzymes
hich mimics metabolism. Seven doses were tested in multiple

trains (see the ‘Results’ section). 
Non-GLP drug –drug interaction studies were performed

y BioIVT (Kansas City, Kansas, USA). Cytochrome P450
Cyp) inhibition studies were performed in human hepa-
ocytes with 0 min or 30 min pretreatment with 2439-
4. Cyp enzymes tested were: C YP1A2, C YP2B6, C YP2C9,
 YP2C19, C YP2D6, C YP3A4/5 (probe substrates: midazo-

am and testosterone), CYP2C8. Cyp induction studies were
erformed in human hepatocytes with 72 h incubation. Ex-
ression of Cyp enzymes was measured using qRT-PCR. Cyp
nzymes tested were: C YP1A2, C YP2B6, C YP3A4. Trans-
orter inhibition studies tested the effect of 2439-s4 on trans-
ort of a substrate across a membrane using Caco-2 cells
or permeability-glycoprotein (P-gp), MDCKII cells for breast
ancer resistance protein (BCRP), or HEK293 cells expressing
he transporter of interest for O ATP1B1, O ATP1B3, O AT1,
AT3, OCT2, MATE1, and MATE2-K. MDCKII cells ex-
ressing the transporter of interest were used to test whether
439-s4 is a substrate of P-gp or BCRP. 
Further methodological details are not elaborated here, as

nal study reports and IND documents have been provided
ublicly (see below). 

tatistics, source code, and data availability 

ll analysis was conducted using custom scripts in R 4.2.0.
ercent changes in mouse weights relative to baseline were
ompared using two-sided t -tests. Survival was assessed us-
ng log-rank test. Dose-response curves were fit using the drc
ackage [ 50 ] in R, with a four-point Hill slope model fixing
he 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 resid-
ual ∼ scaffold + log(dose) + region. Inflammatory marker re-
sponses were assessed using Dunnett’s test to compare each
treated group to the PBS or untreated group. Raw individual-
level animal data, source code sufficient to reproduce all anal-
yses herein, and the text our IND application and regulatory
interactions with US FDA 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 diva-
lent siRNAs in vivo (Fig. 1 ). The previously reported s1 scaf-
fold [ 29 ] and the s2 variant with one additional 2-OMe mod-
ification possess seven and five PS linkages at the 3 

′ end of the
AS strand respectively (Fig. 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 exNA modification
and are always uracil (U) [ 34 ]. 

Proof of concept in a prion disease model 

We screened 20 siRNA sequences against mouse Prnp in
mouse N2a cells, advancing 4 sequences into dose-response
[ 55 ] ( Supplementary Fig. S2 ). These studies nominated se-
quence 1682 (Table 1 ) as a tool compound for mouse Prnp .
Sequence 1035, though inactive in that screen, was also tested
in vivo based on its previously reported in cellulo activity
in a different chemical scaffold [ 55 ] and its predicted cross-
reactivity between mouse and human. Screening additional
compounds in N2a cells by qPCR ( Supplementary Fig. S3 )
yielded no additional strong hits. We tested 1682 and 1035
in WT C57BL/6N mice, not inoculated with prions, using a
bilateral ICV bolus dose totaling 348 μg with tissue collec-
tion at 3 –4 weeks post-dose and whole brain hemisphere total
PrP quantified by ELISA [ 51 ] as a primary endpoint (Fig. 2 A).
A total of 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 [ 18 , 51 ]. 

We intracerebrally inoculated WT mice with the RML
strain of prions [ 50 ], which yields neuropathological changes
detectable at the molecular level by ∼60 days dpi but no symp-
toms until at least 120 dpi [ 18 ]. At 71 dpi, there was no differ-
ence in individual weight gain trajectory between inoculated
mice and uninoculated controls, consistent with the presymp-
tomatic disease stage (Fig. 2 B). 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 (Fig. 2 C). 

Chronic dosing of 348 μg of 1682-s4 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 versus 165 dpi, P = 0.0002, log-rank
test, Fig. 2 D), with disease-attendant weight loss both delayed
and slowed (Fig. 2 E). A single 348 μg dose given at a symp-
tomatic timepoint of 126 dpi yielded survival time 3.5 months
longer than controls (median 270 versus 164 dpi, P = 0.0002,
log-rank test, Fig. 2 F), with further weight loss delayed and
slowed (Fig. 2 G). This difference amounts to a 64% increase in

https://github.com/ericminikel/divalent
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
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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; PO: phosphodiester. 
The AS strand of scaffold s4 was always synthesized with a fixed UU tail, hence the U displayed on the two 3 ′ nucleotides. Additional scaffolds that 
were used for screening and are only in supplementary figures are shown in Supplementary Fig. S1 . 

Table 1. Properties of key siRNA sequences utilized 

Seq. no. Species AS strand Sense strand 

1682 Mouse 5 ′ -U AGU AC AGAAAC AU AGGGC AG-3 ′ 5 ′ -CU AUGUUUCUGU ACU A-3 ′ 

2439 Human 5 ′ -UGAA UA CUCA CAAA GUGCAA G-3 ′ 5 ′ -A CUUUGUGA GUA UUCA-3 ′ 

NTC-U None 5 ′ -U AAUCGU AUUUGUC AAUC AUU-3 ′ 5 ′ -UUGA CAAA UA CGA UUA-3 ′ 

Note that where siRNAs were produced in the s4 scaffold, as indicated in Fig. 1 , the AS strand always had a fixed UU 3 tail regardless of the nucleotides shown 
in the sequence here. NTC-U denotes a nontargeting control (NTC) sequence provided by UMass with no known target in the mouse or human genome. 
Sequences of all siRNAs tested in cellulo or in vivo are provided in the Supplementary Data . 
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total survival time, or a 3.8 × 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. Diva-
lent siRNAs with a nontargeting control sequence (NTC-U),
which did not lower PrP (Fig. 2 A), also did not increase sur-
vival time (Fig. 2 D and F), 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 in mice. 

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 di-
valent siRNA compounds targeting the human PRNP gene. In 

vivo potency testing of genetically targeted human drug candi- 
dates, such as oligonucleotides, benefits from transgenic mice 
expressing the full human PRNP gene. Ours include 5 

′ and 3 

′ 

UTRs, coding sequence, and the sole intron. 
We generated two new BAC transgenic lines harboring 

the full human PRNP gene, crossed them to homozygosity 
for endogenous Prnp knockout (ZH3/ZH3) [ 42 ], and deter- 
mined their transgene integration sites, copy numbers, and hu- 
man PrP expression level (Table 2 and Fig. 3 ). Tg25109 het- 
erozygotes, with just three transgene copies, expressed human 

PrP at levels barely above WT (Fig. 3 A), while Tg26372 ho- 
mozygotes, with 20 transgene copies, expressed human PrP 

at 5.4-fold the WT level (Fig. 3 A). The relationship between 

transgene DNA copy number and protein expression was 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
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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 WT naïve mice receiving 348 μg of divalent siRNA, PBS or a nontargeting control (NTC-U). ( 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 (two-sided t -test) between animals inoculated with RML prions or 
uninoculated (none). Horizontal lines are are means and error bars are 95% confidence intervals (CIs). ( 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 excludes animals treated 
beginning at 75 dpi. At this timepoint, animals are symptomatic, as evidenced by a significant difference in body weights (two-sided t -test). Horizontal 
lines are are means and error bars are 95% CIs. ( D ) Survival of animals in the early (75 dpi) intervention group. RML + PBS N = 7, RML + NTC-U-s4 
N = 8, RML + 1682-s4 N = 6, RML untreated N = 11, 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% CIs. ( F ) As in panel (D) but for the late (126 dpi) intervention group. RML + PBS N = 8, RML + NTC-U-s4 N = 9, 
RML + 1682-s4 N = 8; the RML untreated and uninoculated groups are repeated from panel (D) for reference. ( G ) As in panel (E) but for the late (126 
dpi) intervention group; the RML untreated and uninoculated groups are repeated from panel (E) for reference. For siRNA sequences see Table 1 . 
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Table 2. Transgenic human PRNP mice 

Line 
Integration 
site 

Genes disrupted at 
integration site 

Het copy 
number 

Het PrP expression 
(fold WT) 

Hom copy 
number 

Hom PrP expression 
(fold WT) 

Tg25109 chr12 Frmd6 , Tmx1 3 1.1 6 ∗ 2.0 ∗
Tg26372 chr18 Dok6 10 3.4 20 5.4 

Each line harbors a tandem array of the same 46.0 kb BAC containing human PRNP 129M, randomly integrated into a different site in the mouse genome, 
see the ‘Materials and methods’ section for details. All mice are on a C57BL/6N background and PrP expression level is reported as a fold change relative 
to WT C57BL/6N mice, n = 3 –6 per group. ∗Tg25109 homozygotes were subviable, see the ‘Results’ section for details. The in-house ELISA assay used for 
these protein expression analyses has been shown equally reactive for mouse PrP and human PrP [ 51 ]. 

Figure 3. Characterization of human PRNP BAC transgenic mice. ( A ) PrP concentration in whole brain hemispheres, normalized to the mean of WT 
animals. Het and hom KO animals are of the ZH3 PrP knockout line [ 42 ]. Points are individual animals. N = 3 –6 per group. Rectangular bars are means. 
Error bars are 95% CIs. The lower limit of quantitation is 10 ng/g based on a 0.05 ng/ml bottom standard curve point and a 1:200 dilution of brain 
homogenate. ( B ) PrP expression from panel (A) versus gene copy number at the DNA level; the dashed line with slope 0.5 represents the linear 
relationship whereby 2 gene copies = 1-fold expression. ( C ) Extent of human sequence in the BAC, based on targeted capture sequencing (see the 
‘Materials and methods’ section) with reads aligned to the human genome reference (GRCh38), using genomic DNA from a Tg26372 mouse. 
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sub-linear, just as observed [ 13 ] for transgenes encoding
mouse PrP (Fig. 3 B). Short-read sequencing of the Tg26372
mouse confirmed integration of 46.0 kb of human sequence
from the major and ancestral 129M haplotype: 20.5 kb up-
stream, 15.2 kb spanning from the PRNP transcription start
to stop site, and 10.3 kb of downstream sequence (Fig. 3 C).
The transgene excludes the downstream gene PRND , for
which overexpression in the brain is known to be toxic. 

Heterozygote-heterozygote crosses of our Tg25109
line yielded a ratio of 98:198:32 (nontrans-
genic:heterozygote:homozygote), a significant deviation
from Mendelian ratio ( P < 1e-15, Chi-square test). Of four
Tg25109 homozygous × homozygous pairs mated, only one
pup was ever born. We examined the literature evidence
for viability of knockouts for Tmx1 and Frmd6 , the two
genes disrupted at the Tg25109 integration site (Table 2 ).
Tmx1 (formerly known as Txndc1 ) homozygous knockout 
mice were reported to have abnormal bone metabolism and 

immunology [ 56 ], while Frmd6 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 [ 57 , 58 ] (41:51:15,
P = 0.0016, Chi-square test). The sub-viability of Tg25109 

homozygous mice therefore likely arises from knockout of 
Frmd6, or from the combination of both Frmd6 and Tmx1 .
It is unlikely to be transgene expression-related, as Tg26372 

homozygous mice, with higher copy number (20 versus 6) 
and protein expression (5.4- versus 2.0-fold WT) were un- 
affected. Given the difficulty of obtaining adequate numbers 
of Tg25109 homozygotes for experiments, we excluded this 
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Figure 4. Identification of human PRNP-targeting siRNA sequences. ( A ) In cellulo screening using scaffold Chol-TEG s2 ( Supplementary Fig. 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% CIs. Screening used Chol-TEG 

conjugated mono v alent siRNAs ( Supplement ary Fig . S1 ) by gymnotic upt ake at 2.0 μM (top panel) or 0.5 μM (bottom). N = 3 per group. ( 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 IC 50 value. N = 3 per group. ( C ) In 
viv o testing. T he readout is P rP ELISA. Each point represents a whole brain hemisphere of one Tg26372 homozy gous mouse, rectangular bars represent 
the group mean, and error bars represent the 95% CIs. 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). 
Rectangular bars represent the group mean, and error bars represent the 95% CIs. N = 5 –6 per group. ( 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 six sequences where both 
were tested in vivo . For siRNA sequences see Table 1 and Supplementary Data . 
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enotype from further experiments. Given the convenience
f maintaining Tg26372 as obligate homozygotes, we per-
ormed the vast majority of experiments in this genotype, but
 compounds also tested in Tg25109 heterozygotes showed
arget engagement in both genotypes ( Supplementary Fig. S4 ).

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

dentification of compounds targeting human PRNP

 screen of 24 predicted active compounds in human A549
ells identified 4 hits with dose-responsive potency, led by
equence 2440 ( Supplementary Fig. S2 ) [ 55 ]. We conducted
n expanded screen of 84 compounds in human U251-MG
lioblastoma cells, prioritizing predicted hot spots within a
3 base pair walk of the top sequences from the initial screen

Fig. 4 A). At a 2.0 μM screening concentration, 34 compounds
40%) yielded < 10% residual PRNP . The 0.5 μM screening
oncentration provided better power to discriminate the most
otent sequences, with just 14 (17%) yielding < 10% resid-
ual PRNP (Fig. 4 A). 10 sequences tested in dose-response all
proved active with IC 50 < 100 nM (Fig. 4 B). 

Seven sequences selected based on potency as well as cross-
reactivity were advanced to in vivo screening in multiple
chemical scaffolds (Figs 1 and 4 C) alongside PBS and NTCs,
for a total of 17 experimental groups totaling 120 Tg26372
homozygous animals. Each compound was tested at a 348 μg
dose, with whole brain hemispheres collected at 4 –5 weeks
post-dose analyzed by ELISA. NTCs did not significantly
lower PrP in any chemical configuration tested. In either chem-
ical scaffold, 2439 (Table 1 ) proved to be the most potent
sequence in vivo (Fig. 4 C). RT-qPCR analysis for the top
four sequences tested in the s4 scaffold confirmed that 2439
achieved deeper PRNP RNA lowering than the other three
sequences in 6/6 mouse brain regions tested (Fig. 4 D). For all
compounds, lowering was weakest in the cerebellum, as re-
ported for a divalent siRNA targeting HTT [ 28 ], 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

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
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(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% WT brain ho-
mogenate mixed with 90% knockout brain homogenate) read
out as an average of 17% of WT across all ELISA plates in this
study ( Supplementary Fig. S6 ). For 6/6 sequences where both
a high-PS (s1 or s2) and the low-PS plus exNA-containing s4
scaffold were tested, s4 was numerically the more potent, by a
margin of 1 to 21 percentage points of PrP lowering (Fig. 4 E),
as shown for Htt and Apoe [ 34 ]. This difference was observed
for s4 versus both s1 and s2, though a qualifier is that due
to differences in accounting for hypochromicity of duplexed
siRNA, the administered dose of s2 may have been 14% lower
(see the ‘Materials and methods’ section). 

We used tribromoethanol as an anesthetic for our ini-
tial studies because it was used for divalent siRNA previ-
ously [ 28 ]. We later pivoted to 3% isoflurane anesthesia
with incorporation of divalent cations (a 14:2:1 molar ra-
tio of Ca 2 + :Mg 2 + :divalent siRNA) into the injectable solu-
tion, which has been reported to eliminate seizures upon in-
jection of high-dose oligonucleotides into CSF [ 45 ]. All ani-
mals recovered from anesthesia normally, we never observed
seizures. Animals generally gained weight for the duration of
the in-life period ( Supplementary Fig. S5 ), with the excep-
tion of compound 2520-s2, for which 5/6 animals experienced
acute weight loss between 3 and 4 weeks post-dose. To further
assess tolerability, we performed RT-qPCR for neuroinflam-
matory markers Gfap and Iba1 in the visual cortex. None of
the sequences tested significantly affected Gfap (all P > .10,
Dunnett’s test); only 2520-s4 marginally impacted Iba1 (43%
decrease, P = 0.046, Dunnett’s test; Supplementary Fig. S5 ).
A total of 2439 exhibited a favorable in silico predicted off-
target profile: AS strand bases 2 –17 harbored at least two mis-
matches to all human protein-coding messenger RNAs (mR-
NAs) other than PRNP ( Supplementary Data ). 

These studies support the selection of 2439 as the lead
sequence. 

Comparison of chemical scaffolds and AS strand 3 

′ 
tails 

The in cellulo and in vivo screening results supported the se-
lection of 2439 as the lead sequence (Fig. 4 C) and provided
some evidence that the s4 scaffold resulted in a deeper knock-
down than the s1 and s2 scaffolds (Fig. 4 E), but we sought
additional evidence to confirm the lead scaffold before pro-
ceeding. 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 2 

′ OMe-exNA-uracil (mxU)
and 2 

′ F-exNA-uracil (fxU) phosphoramidites [ 34 ] and the un-
availability of their A, G, or C equivalents. In contrast, our s1
and s2 compounds were synthesized with full complementar-
ity to the target RNA. Depending upon sequence, unmatched
3 

′ tails can facilitate PAZ binding [ 59 ] without compromising
RISC activity [ 60 , 61 ]. Complete complementarity has even
been associated with increased rates of RISC unloading [ 35 ]
and target-directed degradation [ 36 ]. We therefore sought to
determine for the lead sequence the relative contributions of
the PS and exNA modifications that distinguish the s4 scaf-
fold, versus the effect of this 3 

′ fixed tail. 
We performed a three-point in vivo dose response experi-

ment with five-fold dose increments (7, 35, and 174 μg) for
each of three scaffolds (s2 matched tail, s2 fixed tail, s4 fixed
tail) versus PBS controls, N = 8 per group, with harvest at 4 

weeks. We also included s3 fixed tail at only the highest dose 
(174 μg) to test our assumption that reduction of PS con- 
tent 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 μg dose (Fig. 5 A). As expected, the s3 scaffold with fixed 

tail had less knockdown than any other scaffold at the high 

dose (Fig. 5 B). We performed RT-qPCR for PRNP RNA and 

fit dose-response curves for six brain regions (Fig. 5 C), using 
a linear model (see the ‘Materials and methods’ section) to 

characterize the effects of scaffold/tail combination, brain re- 
gion, 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, Fig. 5 D). Thus, both the fixed tail and the terminal exNA 

modification contributed to the potency of the s4 scaffold.
At the middle dose (35 μg), 2439-s4 yielded < 50% residual 
PRNP in 6/6 brain regions tested (Fig. 5 C), with target en- 
gagement weakest in cerebellum (Fig. 5 E) as expected [ 28 ].
Individual dose-response curves for each scaffold/tail com- 
bination in each brain region yielded median effective dose 
(ED 50 ) for 2439-s4 ranging from 5 μg in thalamus to 18 μg in 

cerebellum. 
This experiment confirmed 2439-s4 with its fixed 3 

′ -UU 

tail (full structure in Supplementary Fig. S7 ) as our drug 
candidate. 

Durability and dosing regimens for drug candidate 

We tested the potency and durability of effect of 2439-s4 

(Fig. 6 A) in additional studies. Pharmacodynamic (PD) effect 
measured by RT-qPCR of PRNP mRNA in whole brain hemi- 
sphere at 30 days post-dose showed dose-responsive target en- 
gagement over a two order of magnitude range both in admin- 
istered dose and in drug accumulation in tissue (Fig. 6 B, and 

Supplementary Fig. S8 A and B). Fitting a PD/PK model re- 
turned a tissue IC 50 value of 1.2 μg/g, with generally 1% –2% 

of administered dose retained in brain 30 days post-dose 
( Supplementary Fig. S8 C). Single 348 or 174 μg doses yielded 

activity out to at least 4 months (Fig. 6 C) and 6 months post- 
dose (Fig. 6 D), by measuring PrP protein by ELISA. The same 
sequence in two scaffolds with higher PS content provided su- 
perior durability but lower initial knockdown at the 1-month 

timepoint ( Supplementary Fig. S9 ). 
We also investigated a loading dose strategy, with a sec- 

ond dose given 7 days after the initial dose, and of repeat 
dosing after 90 days (Fig. 6 E). We evaluated both the origi- 
nal 348 μg dose as well as a 52 μg dose which corresponds 
to a dose reachable clinically (see the ‘Discussion’ section).
Compared to a single dose at day 0, a loading dose reg- 
imen (days 0 and 7) for 52 μg provided improved target 
engagement at day 30, with 5/6 regions below 25% resid- 
ual PRNP RNA ( Supplementary Fig. S10 A); all regions were 
below the respective levels reached with the 348 μg dose 
of 1682-s2 ( Supplementary Fig. S10 B) in the survival study 
(Fig. 2 ). 

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. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data


Divalent siRNA for prion disease 13 

Figure 5. Impact of chemical scaffold and 3 ′ AS tail on lead sequence potency. ( A ) Diagram of differences between four compounds tested. These 
compounds differ only in the 3 ′ tail of the AS strand shown here. The AS 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 panels (B) and (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% CIs. ( C ) Regional 
PRNP RNA by qPCR ( y -axis) versus dose ( x -axis). Each point is one animal. Curves are four-parameter log-logistic dose-response curves (see the 
‘Materials and methods’ section). Brain regions analyzed: hippocampus (HP), prefrontal cortex (PFC), visual cortex (VC), striatum (Str), thalamus (Thal), 
and cerebellum (CB). ( D ) Linear model coefficients for scaffolds fit to the data in panel (C). Rectangular bars are means, error bars are 95% CIs. ( E ) 
Linear model coefficients for brain regions fit to the data in panel (C). Rectangular bars are means, error bars are 95% CIs. 
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ND-enabling studies 

e produced a batch of 2439-s4 under GMP for
ND-enabling toxicology and future clinical studies
 Supplementary Fig. S11 ). In single-dose intrathecal toxi-
ology studies, dogs receiving 0, 20, 60, or 200 mg and rats
eceiving 0, 0.3, 1, or 3 mg 2439-s4 were necropsied at 1 day
ost-injection and 28 days post-injection; no adverse findings
ere discovered at any dose in either species (Table 3 ). Plasma

xposure peaked at 0.5 –4 h post dose; drug concentrations
easured in CSF were highly variable and not predictive of
rain parenchyma exposure ( Supplementary Fig. S12 ). Drug
xposure in brain was well above the estimated IC 50 of ∼1.2
g/g (Fig. 6 B) across spinal cord, cerebellum, and cortex in
oth species (Fig. 7 A and B), whereas it was below this IC 50

n the deepest brain regions, particularly in dog (Fig. 7 A).
pproximately 1% of administered dose was retained in

he brain (Table 4 ). There were no effects on hematology,
oagulation, or serum chemistry attributed to administration
f 2439-s4 in rats or in dogs. 
Cyp inhibition studies using human hepatocytes found no

nteractions with IC 50 < 400 nM. Cyp induction studies using
uman hepatocytes found no cytotoxic effect of 2439-s4 on
ells and no effect on Cyp enzyme expression levels at concen-
rations up to 400 nM. Transporter inhibition studies in Caco-
 cells (P-gp), MDCKII cells (BCRP), or HEK293 cells found
 maximum of 27.2% inhibition of OAT3 in the presence of
439-s4 concentrations up to 400nM. 2439-s4 was not an in-
hibitor of any other transporters tested under the conditions
tested. Transporter substrate studies in MDCKII cells found
that 2439-s4 was not a substrate of P-gp or BCRP under the
conditions tested. 

No evidence of genotoxicity was found using the in vitro
micronucleus test in CHO-K1 cells at concentrations up to
500 μg/ml in the presence or absence of metabolic activation.
No evidence of mutagenicity was found using the Ames test in
five Salmonella strains or one E. coli strain at concentrations
up to 5000 μg/plate in the presence or absence of metabolic
activation. 

The above results supported advancing 2439-s4 to clini-
cal studies, and an IND application based on these data was
cleared by the US FDA. 

Discussion 

Our study shows that lowering PrP RNA with a divalent
siRNA is effective against prion disease, and that the human
drug candidate, 2439-s4, is potent, long-lasting, and appears
well-tolerated in single dose nonclinical toxicology studies. 

As with ASOs [ 17 , 18 ], we observed an extension of healthy
life in prion-infected animals treated pre-symptomatically
with divalent siRNA, whereas in already-symptomatic ani-
mals treatment extended life without reversing existing weight
loss. This is consistent with an inability of PrP lowering to ad-
dress pre-existing neuronal loss, and with a lag time of a few

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag287#supplementary-data
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Figure 6. Characterization of lead compound 2439-s4. ( A ) Identity of 2439-s4. ( B ) Dose-responsive effect of 2439-s4 on PRNP mRNA in whole 
hemisphere. N = 6 –8/group. ( C ) Durability of effect of a single 348 μg dose in Tg26372 animals. Whole hemisphere PrP ( y -axis) versus months 
post-dose ( x -axis). Each point is one animal ( N = 4 –8/group), horizontal line segments are means, error bars are 95% CIs. Harvest days are exact. ( D ) 
Durability of effect of a single 174 μg dose in Tg26372 animals. Whole hemisphere PrP ( y -axis) versus months post-dose ( x -axis). Each point is one 
animal ( N = 6/group), horizontal line segments are means, error bars are 95% CIs. Harvest days are exact. ( E ) Impact of repeat dosing regimens on 
target engagement in Tg26372 animals. Whole hemisphere PrP ( x -axis) for indicated dose levels and regimens ( y -axis). Each point is one animal ( N = 

5 –6/group), rectangular bars are means, error bars are 95% CIs. Harvest days indicated are ±3 days. 
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weeks between target engagement at the RNA level and maxi-
mal lowering of PrP at the protein level [ 49 ]. Our data support
treatment of prion disease patients at both symptomatic and
pre-symptomatic timepoints, while suggesting that the great-
est good can be achieved in a pre-symptomatic preventive
paradigm [ 2 ]. 

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 μg dose and 15% with a
loading dose followed by repeat dosing—never previously re- 
ported for PrP, and we showed at least some activity out to 

6 months after a single dose. The ED 50 for the candidate in 

mice, measured by regional qPCR, ranges from 5 to 18 μg 
depending upon brain region, which compares favorably to 

the ED 50 values ranging from 27 μg (in spinal cord) to 69 μg 
(in cortex) reported for the most potent human ASO candi- 
date against PrP [ 62 ]. Using CSF volume scaling (0.04 ml in 

mice versus 130 ml in human [ 63 , 64 ], a factor of 3250), 18 

μg might correspond to 58 mg in a human. This dose level is 
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Table 3. Summary of IND-enabling GLP toxicology study results 

Species RoA Doses In-life period Dose level (mg) N Findings 

Rat IT 1 1 day (core) 0 10M/10F None 
0.3 10M/10F None 
1.0 10M/10F None 
3.0 10M/10F None 

Rat IT 1 28 day (recovery) 0 5M/5F None 
0.3 5M/5F None 
1.0 5M/5F None 
3.0 5M/5F None 

Dog IT 1 1 day (core) 0 4M/4F None 
20 4M/4F None 
60 4M/4F Nonadverse gliosis, 1/8 
200 4M/4F Nonadverse gliosis, 3/8 

Dog IT 1 28 day (recovery) 0 2M/2F None 
20 2M/2F None 
60 2M/2F None 
200 2M/2F None 

RoA: route of administration. IT: intrathecal. M: male, F: female. Findings: moribundity and mortality, cage-side clinical observations, weekly body weights, 
food consumption, ophthalmic exams, noninvasive homecage neurobehavioral assessment (dogs only), ECG (dogs only), noninvasive blood pressure (dogs 
only), respiratory rate (dogs only), hematology, serum chemistry, and coagulation, urinalysis, and histopathology. 

Figure 7. Biodistribution of intrathecally delivered 2439-s4 in GLP toxicology studies. Tissue concentration of 2439-s4 in panel (A) dogs ( N = 2 male/2 
female per group) 28 da y s after and panel (B) rats ( N = 6 male/6 female per nonzero group, 3 male/3 female for zero dose) 3 days after a single 
intrathecal dose of 2439-s4 at the indicated doses. Day 3 tissue was collected from TK cohort rats. The estimated IC 50 of 1.2 μg/g was obtained from 

the PD/PK model in Fig. 6 B. 

Table 4. Proportion of administered dose retained by tissue, species, and 
da y s post-dose 

Species Dog Rat 

Days post-dose 1 28 3 
Brain 1.1% 1.0% 1.6% 

Kidney 0.9% 0.3% 4.3% 

Liver 42.0% 14.5% 23.2% 

Proportions are averaged across 3 dose levels (low, medium, and high doses 
as shown in Fig. 7 ), with 4 male (M)/4 female (F) dogs per dose at day 1, 
2M/2F dogs at day 28, and 6M/6F rats at day 3. Day 3 measurements are 
from the TK cohort blood draws. 
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clinically precedented for oligonucleotides—the ASO tofersen
for SOD1 ALS is dosed at 100 mg [ 65 ]. 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 [ 66 , 67 ]. 2439-s4 is not sequence-
matched to rat or dog PRNP ; we did not assess biodistribu-
tion and target engagement in a pharmacodynamically rele-
vant toxicology species. Divalent siRNAs dosed into nonhu-
man primates or sheep by ICV or IT routes [ 28 , 68 , 69 ] were
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reported to have broad distribution and activity, although, as
with ASOs [ 66 ], deep subcortical brain regions are less well-
reached, with drug concentration in putamen being < 20%
that achieved in cortex. 

A limitation of our study is that our comparison of siRNA
chemical scaffolds focused on one sequence and may not be
generalizable. Moreover, due to the hypochromicity of du-
plexed siRNAs, the administered doses of different scaffolds
may not be identical, urging caution around interpretation
of these scaffolds’ relative potency. 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 disease after occupational exposure to human prion-
infected brain tissue [ 70 , 71 ] 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
WT mice. Thus, we were unable to measure the survival ben-
efit 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 [ 18 ],
and homozygous knockouts are invulnerable to prions [ 11 ],
anchoring our assumption that deeper lowering is better. Nev-
ertheless, 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. 

GLP toxicology studies did not find any adverse effects at-
tributable to 2439-s4 in rats or dogs. Drug –drug interaction
studies did not find evidence of cytochrome P450 inhibition
with an IC 50 < 400 nM or cytochrome P450 induction at
concentrations up to 400 nM. Transporter inhibition stud-
ies found no evidence of inhibition with an IC 50 < 400 nM.
Genotoxicity studies found no evidence of genotoxicity or mu-
tagenicity under the conditions tested. 

Based on the studies described here, we have filed an IND
with the US FDA and received clearance to initiate a single-
dose clinical trial in prion disease patients (ClinicalTrials.gov
NCT07444580). Given the severity and rapid progression of
prion disease, we asked FDA for permission to proceed to clin-
ical studies based on rodent toxicology alone but were ad-
vised that two species would be a requirement, thus leading
to the rat and dog toxicology performed here. Our interac-
tions with FDA identified several ways to reduce the number
of drug product vials required for quality control and stability
testing, thus making production of a small GMP batch feasi-
ble for clinical studies. Because FDA evaluates every program
individually, our regulatory interactions may not be predictive
of what will be permitted for other novel modalities in simi-
larly rare and severe diseases. Nevertheless, we have made the
text of our IND and our interactions with FDA publicly avail-
able (see ‘Data availability’ statement) as a service to the rare
disease community. 

Other potential PrP-lowering drugs reported include an in-
trathecal ASO [ 18 ], intravenous one-time viral vectored base
editors [ 19 ] and zinc finger suppressors [ 72 ], and chronically
orally administered small-molecule molecular gates blocking
PrP’s transit through the Sec61 translocon [ 73 ]. Of these can-
didates, only an ASO has reached clinical trials. Divalent
siRNA 2439-s4 offers another potential therapeutic ready for
clinical application. 
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Figure S1. Additional chemical scaffolds. Scaffold s5 is utilized in Figure S9. The Chol-TEG 

scaffolds were used in cellular screening assays.  
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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) IC50 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 RT-qPCR with Prnp Ct values normalized to 

Tbp, then each point is normalized to the mean of untreated wells. Rectangular bars are means, 

error bars are 95% confidence intervals. B-E) IC50 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. 

 

 
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 µg in Tg26372 homozygous mice with 20 copies 

of PRNP and 5.4- fold PrP expression. A) Whole hemisphere PrP ELISA readout. These data are 

reproduced from Figure 4C for convenience of comparison. B) Regional RT-qPCR readout. C-

D) 2440-s1 and 2440-s4 tested at 348 µg in Tg25109 heterozygous mice with 3 copies of PRNP 

and 1.1-fold PrP expression. C) Whole hemisphere PrP ELISA readout. D) Regional RT-qPCR 
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readout. For all panels, each point is one animal, rectangular bars are means, error bars are 

95% confidence intervals.  

 

 
Figure S5. Tolerability metrics for divalent siRNAs in short-term target engagement studies. 

A) Gfap and B) Iba1 by RT-qPCR in visual cortex for all studies in Figure 4 and Figure 5, 

normalized to the mean of PBS 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. Each cohort is 

normalized to the PBS control within its own experiment, and each PBS control group is 

displayed separately. 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). The PBS control group from each experiment is displayed 

separately. 
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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. The low QC, designed to simulate 10% residual PrP, read out at a mean of 

17% of high QC across all plates shown here, slightly higher than the 14% found in validation 

(48). The source of this floor effect is unknown; one possibility is promiscuous binding to non-

PrP proteins. 
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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. Additional analyses of pharmacodynamic/pharmacokinetic data in humanized 

mice. A) Administered dose (x axis) vs. residual PRNP mRNA in whole brain hemisphere (y 

axis). B) Administered dose (x axis) vs. drug accumulation in whole brain hemisphere (y axis). 

C) Administered dose (x axis) vs. percentage of administered dose retained in brain (assuming a 

0.4 g brain times the measured tissue concentration in µg/g; y axis). 

 

 
 

 

Figure S9. Durability studies for 2439 in other scaffolds. A) 2439-s5 (see Figure S1 for scaffold 

description) at 348 µg. B) 2439-s2 at 174 µg. The same control animals from Figure 6 are 

reproduced here for convenience of comparison. 
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Figure S10. Regional qPCR 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 RT-qPCR analysis for repeat dose 2439-s4 study in the 

same Tg26372 animals shown in Figure 6D. B) Regional Prnp RT-qPCR for 1682-s4 from the 

same animals shown in Figure 2A. 

 
 

Figure S11. Potency assessment for batches of 2439-s4 manufactured by different processes. 

Batches were manufactured by UMass or Hongene using different activators (BTT or ETT) and 

sulfurization reagents (DDTT or XH). After the different combinations of reagents were tested, 

the Hongene BTT+DDTT process was scaled up (rightmost bar) in preparation for GMP 

synthesis, but all results shown in this figure are for non-GMP material. Each batch was injected 

into N=8-10 Tg26372 mice at a 139 µg dose level and whole hemispheres were analyzed by 

PRNP mRNA RT-qPCR at 7 days post-dose. *P < 0.05, **P < 0.01, for T test comparison to the 

UMass BTT+DDTT batch used as a reference.  
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Figure S12. CSF and plasma biodistribution analyses from GLP toxicology studies. A) Dog 

plasma. N = 12 dogs per dose level per timepoint for 0.5 – 24 hours, N = 4 per timepoint for 48-

72 hours. B) Dog CSF. N = 8 dogs per dose level at 1 day, N = 4 at 28 day. C) Rat plasma. N = 

6 rats per timepoint. D) Rat CSF. N = 20 rats per dose level at 1 day, N=10 at 28 day. In all 

panels, line segments connect the means at each timepoint for each dose level. 
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