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Some, but not all, gapmer antisense oligonucleotides (ASOs) delivered into cerebrospinal fluid exhibit fatal
subacute toxicity in late-stage prion-infected mice but not in uninfected mice. Here, we performed a battery
of in vivo studies demonstrating that the toxicity is compound- and disease- stage-dependent, and not pre-
dicted by behavioral or molecular measurements in uninfected animals. A panel of toxic ASOs all elicited a
consistent transcriptomic response signature in prion-infected mice, which emerged over the course of 7 days
post dose. This signature, driven chiefly by decreased expression of a specific set of astrocyte-expressed
genes, was absent in uninfected mice receiving the same ASOs, was absent, less intense, and/or more transient
in infected mice receiving tolerated ASOs, and was distinct from the transcriptomic effect of prion disease
itself. Our data argue that the toxicity is an interaction between ASO and prion disease at high doses for spe-
cific compounds, and does not represent an exacerbation of ASO toxicity nor of prion disease.
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Introduction

O ligonucleotide drugs including RNAse H1 antisense
oligonucleotides (ASOs) are being evaluated for their

ability to lower PrP expression as a therapeutic strategy in
prion disease.1–3

In studies of ASOs administered intracerebroventricularly
(ICV) to prion-infected mice at 60–120 days postinoculation
(dpi), we and others have sometimes observed a fatal subacute
toxicity, with rapid decline requiring euthanasia within*1–4
weeks postdose.1,2,4 The same ASOs at the same dose levels
were tolerated in uninfected mice or in mice at early stages of
prion infection. This is not an on-target effect, because it was
sometimes observed for a control ASO not targeting PrP,1 but
little else is known about the toxic mechanism.

ASO toxicology has been studied extensively in the liver,
where delocalization of paraspeckle proteins to nucleoli5 and
off-target cleavage of long transcripts6–9 have been identified
as toxic mechanisms for certain compounds, and sequence
features including guanine content have been identified as

predictors of toxicity.10–12 In the Central Nervous System
(CNS), acute ASO toxicity (within 3 hours of dosing) has
been linked to high phosphorothioate and guanine con-
tent13,14 and to divalent cation chelation,14–17 but scant data
have been published regarding mechanisms of delayed ASO
toxicity in the CNS. In our effort to understand the mecha-
nism of prion disease-specific toxicity of ASOs, we therefore
employed a wide variety of techniques in a battery of in vivo
studies. We identified a unique transcriptomic signature of
ASOs toxic in prion-infected mice that is distinct from the
transcriptomic signature of prion disease itself and is not eli-
cited by the same ASOs in naive mice.

Methods

Animals and ethical approvals

All rodent studies were conducted under approved Institu-
tional Animal Care and Use Committee (IACUC) protocols:
Broad Institute protocol 0162-05-17, Ionis Pharmaceuticals
protocols 2021-1176 (mice) 2021-1164 (rats), and McLaughlin
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Research Institute protocol 2023-AG-77. Wild-type (WT)
mice were C57BL/6N females purchased from Taconic Bio-
sciences 4–10 weeks old at inoculation for prion-infected
cohorts and 8–12 weeks old at first ICV injection for unin-
fected cohorts. Alexander disease (AxD) mice have been pre-
viously described;18 these studies used mixed sex cohorts. Rat
studies used Sprague-Dawley females obtained from Harlan
Laboratories (stock # 213 M, Livermore, CA), 8–12 weeks at
first IT injection. Animals were group-housed with food and
water provided ad libitum.

Prion inoculation and animal monitoring

Mouse prion inoculations were performed as previously
described.2 Briefly, the RML prion strain19 was used, 30 lL
of a 1% brain homogenate in PBS was freehand inoculated
into the brain of anesthetized animals using a 31G insulin
syringe. Prion-inoculated animals were weighed at least
weekly from the time of first ICV ASO administration or
120 dpi, whichever came first, and were CO2 euthanized at
20% body weight loss relative to a baseline taken at 16
weeks of age, or, if moribund, defined as unable to reach
food or water. All causes of death are included in survival
curves. Mice were euthanized by CO2 asphyxiation.

Drug formulation

ASOs were formulated as described previously2 in dPBS
(Gibco 14190) without added magnesium or calcium. Divalent
siRNA was formulated as described previously,3 with Ca2+:
Mg2+:divalent siRNA in a 14:2:1 molar ratio, in aCSF
(137 mM NaCl, 5 mM KCl, 20 mM D-glucose, and 8 mM
HEPES).

ICV drug administration in mice

ICV administration in mice was performed as previously
described.2,3,20 Briefly, isoflurane-anesthetized mice were
immobilized in a stereotactic apparatus (ASI Instruments,
SAS-4100) with 18� ear bars and the mouse adapter tooth bar
set to -8 mm to level the bregma and lambda. A*1 cm mid-
line scalp incision was made, and the periosteum was scraped
from the skull with a sterile cotton-tipped applicator to expose
bregma. A 10 lL microsyringe (Hamilton 80065) fitted with a
26G Huber point needle was used for ASO administration
while a 10 lL microsyringe (Hamilton 80308) fitted with a
26G curved, beveled needle was used for siRNA administra-
tion. From bregma, the needle was moved 0.3 mm rostral,
1.0 mm right, and 3.0 mm downward past the skull. The indi-
cated ASO doses were injected over*10 s in a 10 lL volume
in dPBS (Gibco 14190), and the needle was left in place for
3 min before being slowly withdrawn under gentle downward
pressure on the skull. The siRNA doses were delivered bilater-
ally at the above coordinates, administering 5 lL per side for a
total injection volume of 10 lL, formulated as described previ-
ously.3 Incisions were closed with a horizontal mattress stitch
(Ethicon 661H), and animals recovered from anesthesia on a
warming pad in their home cages.

Intrathecal drug administration in rats

Intrathecal (IT) dosing in rats was performed following the
procedure previously described.21 Briefly, rats were isoflurane
anesthetized and the lumbar IT space was catheterized. For
each animal, test article (ASO or vehicle) was injected at a

30 lL volume into the subarachnoid space via the catheter
over approximately 30 seconds, followed by a 40 lL vehicle
flush to clear the catheter dead volume. Immediately following
dosing, animals were returned to their home cages with clean
bedding to recover from anesthesia.

Monitoring endpoints in uninfected animals

Functional observational battery (FOB) scoring was per-
formed as described13 for mice and rats at 3 hours post-dose
and every other week until up to 8 weeks post-dose.

RT-qPCR for inflammatory markers

Inflammatory markers (Aif1, Cd68, Gfap) were measured in
a *5 mg piece of cortex caudal to the injection site, and in a
3 mm segment of thoracic spinal cord. These samples were
homogenized in 500 ul of RLT buffer using the RNeasy 96
purification kit (Qiagen, Valencia, CA) containing 1% 2-mer-
captoethanol. RNA was isolated from 30 uL of lysate using
96-well filter plates and chaotropic salts (Pall Life Sciences,
Ann Arbor, MI). RT-qPCR was performed using StepOne
Plus Realtime PCR instruments (Applied Biosystems, Carls-
bad, CA). Briefly, 20 lL RT-PCR reactions containing 5 lL
of RNA were run with 50Fam, 30Tamra using the primer/probe-
sets listed below. All RT-qPCR reactions were run in triplicate.
Values from the respective transcripts of interest (Aif1, Cd68,
or Gfap) were normalized to the housekeeping gene Ppia, and
further normalized to vehicle (PBS) group. Primers and probes
were as follows. Ppia forward: TCGCCGCTTGCTGCA,
reverse: ATCGGCCGTGATGTCGA, probe: CCATGGTCA-
ACCCCACCGTGTTC. Aif1 forward: TGGTCCCCCAGC-
CAAGA, reverse: CCCACCGTGTGACATCCA, probe: AG-
CTATCTCCGAGCTGCCCTGATTGG. Cd68 forward: TGG
CGGTGGAATACAATGTG, reverse: GATGAATTCTGC-
GCCATGAA, probe: CCTTCCCACAGGCAGCACAGTGG.
Gfap forward: GAAACCAGCCTGGACACCAA, reverse:
TCCACAGTCTTTACCACGATGTTC, probe: TCCGTGTC-
AGAAGGCCACCTCAAGA.

RT-qPCR for target engagement

To measure enhanced divalent siRNA potency, including
in the prion-infected model, RNA was isolated from whole
mouse brain hemispheres including cerebellum, using the
AllPrep DNA/RNA mini kit (Qiagen, 80204). Hemispheres
were put in 3 mL RLT plus buffer containing 40 mM DTT
and homogenized using 1.4 mm zirconium oxide beads in
7 mL screw-cap tubes (CK14 soft tissue homogenizing kit,
Precellys KT039611307.7) by means of 3 · 40-s pulses on
high in a Minilys homogenizer (Bertin EQ06404-200-
RD000.0). RNA was isolated from 500 lL lysate and was
finally eluted in a total volume of 100 lL RNase-free water.
RT-qPCR reactions were prepared using 2 lL of purified
RNA, TaqMan 1-step qRT-PCR master mix and TaqMan
gene expression assays for mouse Tbp (Invitrogen, cat no.:
Mm00446971_m) and mouse Prnp (Invitrogen, cat no.:
Mm00448389_m1) in a 20 lL reaction volume. Here, RT-
qPCR was 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 50C, 5 min; reverse
transcription inactivation/initial denaturation 95�C, 20 s;
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amplification 95�C, 3 s, 60�C, 30 s, 40 cycles. Each biologi-
cal sample was run in duplicate, and the level of Prnp was
first normalized to the housekeeping gene Tbp and then to
undosed animals in the respective condition. Measurement of
target engagement in the ASO 6 experiment utilized proce-
dures similar to those for the inflammatory markers above,
but with a whole brain hemisphere input and with the follow-
ing primers/probes. Prnp forward: TCAGTCATCATGGCG-
AACCTT, reverse: AGGCCGACATCAGTCCACAT, probe:
CTACTGGCTGCTGGCCCTCTTTGTGAC.

Immunohistochemistry (IHC) scoring

The tissues were formalin-fixed and then processed on a
Sakura Tissue Tek tissue processor. After embedding, tissues
were cut at 4 microns, air-dried overnight, and then dried at
60� for 1 h. Tissues sections were stained with either rabbit
polyclonal antibodies against Iba1 (Fujifilm Wako, 019-
19741), against ASO (Ionis in-house reagent22) or against
glial fibrillary acidic protein (GFAP) (Dako, Z033401-2) and
rabbit monoclonal antibodies against Calbindin (Abcam,
ab108404) or against Prion protein (PrP) [EP1802Y]
(Abcam, ab52604) on a Ventana Ultra staining system. For
Iba1, Calbindin and PrP protein IHC, slides were treated
with Heat-Induced Antigen Retrieval (HIER) using Ventana
CC1 solution (Ventana, 950-500) for 64 min. For GFAP
IHC, slides were treated enzymatically with Protease 2 (Ven-
tana, 760-2019) for ASO IHC trypsin (Sigma, T8003)
enzyme was used. In addition, slides for GFAP, ASO and
PrP IHC were blocked with Endogenous Biotin Blocking Kit
(Ventana, 760-050) and Normal Goat Serum (Jackson
Immuno Labs, 005-000-121) before all primary antibodies
were diluted with Discovery Antibody Diluent (Ventana,
760-108) and incubated for 1 h at 37�C. GFAP, ASO and
PrP antibodies were detected with biotin-labeled goat anti-
rabbit secondary antibody (Jackson Immuno Labs, 111-005-
003) and the secondary antibody labeled with DABMap Kit
(Ventana, 760-124). The antibodies against Iba1 and Calbin-
din were detected with UltraMap anti-Rabbit Polymer detec-
tion (Ventana, 760-4315). The rabbit polymer was then
labeled with Ventana ChromoMap DAB kit (Ventana, 760-
159). Images were scanned on a Hamamatsu S360 scanner at
20· resolution and scored by a board-certified histopatholo-
gist. Cellular ASO uptake and parenchymal/cellular PrP
accumulation were assessed using a semi-quantitative scor-
ing system. Cellular ASO uptake was scored 0 for no uptake,
1 for individual punctate stain within cytoplasm filling <10%
per cell, 2 for up to 50% of cytoplasm filled, and 3 for >50%
filled. PrP protein accumulation was scored 0 for no visible
protein deposits, 1 for light brown stain intensity restricted
to a few key brain areas, 2 for mild brown stain intensity in
about 20%–30% of key areas and 3 for dark brown intense
stain in most or all key areas such as cortex, hippocampus,
cerebellum and thalamus. Scores of 0–3 were given on
severity of gliosis and astrocytosis with 0–1 being unremark-
able/similar to vehicle treatment, and 2–3 representing mild-
moderate gliosis/astrocytosis. Calbindin score was either
“yes” (1) for any calbindin loss in cerebellar Purkinje cell
layer and their axons/dendrites and “no” (0) for no loss.

BJAB cell CCL22 induction assay

Innate immune activation potential via the TLR9 pathway
was assessed in BJAB cells (DSMZ #ACC757), a human

Burkitt lymphoma B-cell line with constitutive TLR9
expression, using the assay developed by Pollak et al.23

Briefly, BJAB cells were cultured in RPMI supplemented
with 20% FBS at 37�C in 5% CO2 and plated in 96-well
V-bottom plates at 7.5 · 105 cells/mL (50 lL per well). ASOs
were then added by free uptake using 10 · dosing solutions,
mixed briefly, and incubated for approximately 24 h. After
treatment, cells were lysed and total RNA was extracted using
the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
protocol. CCL22 mRNA induction was measured as the pri-
mary readout of TLR9-mediated innate immune activation by
one-step RT-qPCR in triplicate using TaqMan primer-probe
sets (forward: CGCGTGGTGAAACACTTCTA; reverse:
GATCGGCACAGATCTCCTTATC; probe: TGGCGTGGT-
GTTGCTAACCTTCA). Expression was normalized to total
RNA quantified in duplicate using the RiboGreen assay (Life
Technologies) and expressed as fold change relative to
untreated controls (UTCs). Benchmark phosphorothioate oligo-
nucleotides of known inflammatory potential (eg, ISIS 104838
as a minimally inflammatory control and ISIS 353512 or
ODN2006 as positive controls) were included on each plate.

Pharmacokinetics

Oligonucleotide tissue concentrations were quantified in
CNS tissue as previously described.24 Briefly, frozen tissue
samples (cortex) were homogenized in homogenization
buffer (20 mM Tris pH 8.0, 20 mM ethylenediaminetetraace-
tic acid [EDTA], 0.1M NaCl, 0.5% NP-40) with lysing
matrix beads (Matrix Green, Bio 101 No. 6040-801). They
were run by ion-pairing liquid chromatography-tandem mass
spectrometry (LC-MS/MS) on an Agilent 6460 triple quad-
rupole system (Agilent, Wilmington, DE, USA), using an
ACQUITY UPLC OST C18 column (Waters, Milford, MA,
USA) heated to 55�C with a flow rate of 0.3 mL/minute. A
binary solvent system with mobile phase A (400 mM/L
HFIP/15 mM/L TEA) and mobile phase B (MeOH) was
used. A gradient from 10% to 40% MeOH over 6 min was
used to elute the target analyte and internal standard. All
mass measurements were acquired using MRM, with a pre-
cursor ion unique to the specific analyte and with a product
ion of 94.8 for all transitions, including both the analyte and
the internal standard (ISIS 764073). Mass spectra were
obtained using a spray voltage of -1500 V, a nebulizer gas
flow of 25 psig, a sheath gas flow rate of 12 L/min at 350�C,
a drying gas flow rate of 5 L/min at 350�C, and a capillary
voltage of –3750 V. Chromatograms were integrated and
quantified using Agilent MassHunter software against the
calibration curve of known ASO concentrations. Concentra-
tions of each analyte were quantitated from its calibration
curve, which had a quantitation range of 0.25–10 lM
(approximately 0.2–70 lg/g, considering different molecular
weight).

3 0seq transcriptomics

Sequencing and bioinformatics analysis were performed
as described.25 Briefly, libraries were constructed using the
30QuantSeq FWD kit (Lexogen, Cat: #015.2 · 96) with cus-
tom first-strand synthesis primers. Reverse transcription was
performed using QuantaBio qScript reverse transcriptase.
Sequencing was conducted on an Illumina NovaSeq platform
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at a depth of 5–10 million reads per sample. After aligning
reads to mus-musculus 109 genome, gene assignments were
performed with FeatureCounts. Unique molecular identifiers
(UMIs) were used to remove PCR duplicates via umi_tools
(version 1.1), discarding reads mapping to the same gene
with identical 12 nt UMIs. Post-deduplication, unique reads
were quantified using Salmon26 (version 0.7.2) in pseudoa-
lignment mode with default parameters, leveraging gene
models from Ensembl Mouse Transcriptome Build 109.
Gene expression was calculated in transcripts per million
(TPM), obtained by normalizing gene-specific read counts
by the total number of mapped unique reads (in millions).
Library duplication rates ranged from 60% to 80%, and 1–
3 million unique reads were captured per sample. Differen-
tially expressed (DE)-gene expression analysis was con-
ducted per sample on gene counts using DESeq227 with
standard parameters. Genes with an adjusted P-value of sig-
nificance < 0.05 were identified as DE and selected for com-
parisons. To ensure robust analysis, only genes expressed
above 2.5 TPM in UTCs were included. This threshold,
equivalent to approximately five counts per gene at typical
sequencing depth, limits the analysis to genes that are most
reproducible.

Cell type assignment

DE genes were assigned to enriched cell types based on pre-
viously reported single nucleus transcriptomic data.28 Loupe
Browser v8 was used to analyze mouse cortex single nucleus
transcriptomes and compute differential gene expression
(DGE) of each cell type of interest (astrocytes, microglia, oli-
godendrocytes) compared to all other cell types in the mouse
cortex. Genes were considered to be enriched in a cell type if
they had a mean expression ‡ 1 log2 UMI (unique molecular

identifier) count per nucleus in that cell type as well as a log2
fold change ‡2 and nominal P value < 0.01 versus all other
cell types.

Use of large language models

Claude Code (Sonnet 5) was used to generate some of the
source code for this study. Code was then tested and vali-
dated by DAS and/or EVM.

Results

For in vivo evaluation, we selected a total of 21 ASOs
including 6 previously reported1,2,29 compounds targeting
mouse Prnp, 2 previously reported nontargeting controls,1,2

4 gap modifications of one of the Prnp compounds, and 9
compounds directed against other human genes, with no tar-
get in the mouse genome, spanning a range of lengths, chem-
ical configurations, and sequence compositions (Table 1).

ASO 2 at 300 lg single ICV dose was previously observed
to result in subacute toxicity when administered at 120 days
post-inoculation (dpi)1 in WT mice intracerebrally infected
with the Rocky Mountain Laboratories (RML) prion strain,19 a
standard in vivo prion challenge model. We sought to test
whether prion disease stage-dependent toxicity occurs at lower
doses. In a dose-response experiment with ASO 2 administered
at 90 dpi (Fig. 1A), ASO 2 exhibited toxicity only at 300 lg,
resulting in euthanasia of 4/4 animals at 6 days postdose (96
dpi). All other tested doses were tolerated and dose-
dependently efficacious, increasing survival time from a
median of 163 dpi in the PBS group to 171 dpi at 10 lg (+5%,
P = 0.88, 2-sided log-rank test), 182 dpi at 30 lg (+12%, P =
0.0067), 191 dpi at 50 lg (+17%, P = 0.0067), or 220 dpi at
100 lg (+35%, P = 0.0067).

TABLE 1. ASOS USED IN THIS STUDY

Name Target Sequence and chemistry Citation

ASO 1 Prnp CToAoTTTAATGTCAoGoTCT Ref1

ASO 2 Prnp TToGoCAATTCTATCoCoAAA Ref1

ASO 2 + 2’OMe gap position 2 Prnp TToGoCAATTCTATCoCoAAA This study
ASO 2 + full 2’MOE Prnp TToGoCAATTCTATCoCoAAA This study
ASO 2 + MsPA (design 1) Prnp TToGoCAlAlTlTCTATCoCoAAA This study
ASO 2 + MsPA (design 2) Prnp TTlGoCAlAlTTCTATCoCoAAA This study
ASO 3 None CGoCoTATACTAATCoAoTAT Ref1

ASO 4 None CCoToAoTAGGACTATCCAoGoGoAA Ref2

ASO 5 Prnp TToGoCoAATTCTATCCAAoAoTAA Ref2

ASO 6 Prnp CToToCoTATTTAATGTCAoGoTCT Ref2

ASO 7 Prnp TAoGoCoCTTTGTACCTTAoAoCCA Ref29

ASO 8 Prnp GCoCoAAGGTTCGCCoAoTGA Ref29

ASO A LRRK2 AToGoToTCATATCCTTTAoAoCCC Ref30

ASO B LRRK2 AToToToToGAATTACAATGoCoGGT Ref30

ASO C ATXN3 TCoAoCoCACAAACTCATGoGoACT This study
ASO D ATXN2 ACoCoCoTTTCCATGTGAAoCoATT This study
ASO E ATXN2 CAoToToToTGAATTACAAToGoCGG This study
ASO F ATXN3 AToGTTAATACTTTTTCCoAGC This study
ASO G ATXN2 GCoAoAoAoGACTTTGAAAToCoTCA This study
ASO H ATXN2 AGoToGoCTATAATTCTTGoCoTTC This study
ASO I ATXN2 GToGoGoCoTTTAAAAACTAoGoGTA This study

Code for ASO chemical modifications is as follows. Nucleotides: default = unmodified deoxyribose (20H; DNA); bold = 20 methoxyethyl
(MOE); underline = 20-40 constrained ethyl (cET), italic = 20-O-methyl. Backbone linkages: default = phosphorothioate (PS); o = phosphodiester
(PO); l = mesyl phosphoramidate (MsPA). All C are 5-methylcytosine.
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We also sought to test the disease stage dependence of the
toxicity phenomenon. In a separate study, groups of N = 4
RML prion-infected WT mice received PBS or 300 lg of
any of ASOs 1–8 (including Prnp-targeting and non-Prnp
targeting) at a range of timepoints from -14 (meaning
14 days before prion infection) to 123 dpi (Fig. 1B) and

were monitored for sudden decline. ASOs 1, 4, and 6 were
tolerated at all timepoints tested. The remaining ASOs
exhibited toxicity beginning at different disease stages: ASO
3 became toxic only at 123 dpi, while ASOs 2 and 8 were
already toxic at 60 dpi. No ASOs were toxic earlier than 60
dpi, approximately the time in disease when CNS GFAP and

FIG. 1. Prion disease-specific toxicity is ASO-specific, dose-dependent, disease stage-dependent, target-independent, and not
predicted by neurofilament, pharmacokinetics, or innate immune stimulation. (A) Dose-response survival study of ASO 2 at
90 dpi. N = 4 mice per group. (B) Time series administration of ASOs indicated on y axis to groups of N = 4 RML prion-
infected mice at dpi timepoints indicated on x axis. Blue = tolerated, mice harvested at 150 dpi. Orange = toxic, mice har-
vested at the number of days post-dose indicated in the number printed on the rectangle. These data were previously included
in a dissertation.31 (C) Survival study of PBS, ASO 6, and ASOs A through H (N = 10 per group) at 300 lg in RML prion-
infected mice at 120 dpi. Indicated in the legend are the percent change in mean survival time relative to PBS for each ASO,
and whether the ASO targets Prnp. (D) BJAB cells CCL22 induction (log10 fold changes); see Methods for details.
(E) Previously reported binding affinity (KD) values

29 measured by isothermal titration calorimetry for recombinant PrP, repro-
duced here for comparison to toxic/tolerated status based on the 123 dpi timepoint of the experiment in panel B. Points are
replicates, segments and error bars are means and 95% confidence intervals. (F) Plasma NfL at 119 dpi (1 day pre-dose) and
127 dpi (7 days post-dose) in a subset of the animals from panel C, N = 10 per group for PBS, N = 3–6 per group for other
ASOs. (G) Drug concentration in whole brain hemispheres (lg drug per g of brain tissue) at 7 days post 300 lg dose in naive
animals. N = 4 per group. ASO, antisense oligonucleotide; RML, Rocky Mountain Laboratories.
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plasma neurofilament light (NfL), markers of neuroinflam-
mation and neuronal damage, begin to be elevated in the
RML-infected challenge model.2,32 There was no obvious
correlation between the disease stage required for toxicity
and the number of days between drug administration and
sudden decline. Immunohistochemical analysis revealed no
obvious differences in ASO uptake, PrP knockdown, or neu-
roinflammatory response as indicated by GFAP or IBA1
staining, between toxic versus tolerated ASOs (Supplemen-
tary Fig. S1). When 7 of these ASOs were also tested in a
closely monitored 4-week study at 500 lg at 120 dpi, no
compound exhibited perfect tolerability (and even 2/6 PBS
animals died) but ASOs 1, 4, and 6 were replicated as rela-
tively well-tolerated compounds (Supplementary Table S1).
Close observation of the mice that experienced toxicity
revealed hindlimb weakness progressing rapidly to paralysis
within 24 h, requiring euthanasia.

We compared ASO 6, the best-tolerated Prnp-targeting
compound, against 9 control ASOs not directed against Prnp
in a survival study in RML prion-infected WT mice with a
single 300 lg dose at 120 dpi (Fig. 1C). ASO 6 was effec-
tive, resulting in a survival time increase from 161 – 10 dpi
(mean – SD) for PBS to 211 – 47 dpi (+31%, P = 2.2e-4).
Of the remaining ASOs, 4/9 exhibited mean survival equiva-
lent to PBS (–3%) and were classified as tolerated, while 5/9
resulted in numerically foreshortened lifespan, with mean
death 6 to 27 days postdose, corresponding to a change in
survival of -9% to -21% relative to PBS, and were classified
as toxic. These data were concordant with previous work
demonstrating the benefit of PrP lowering in prion disease,
while recapitulating the toxicity of certain ASOs in prion
disease RML mouse model, which is not due to on-target
PrP lowering.1,2

Armed with a panel of ASOs classified as toxic or toler-
ated in these RML prion model survival studies, we sought
to identify measurable biomarkers, predictors, or classifiers
of prion disease-dependent toxicity. First, as certain ASOs
have been shown to activate innate immune responses,
which we hypothesize could underlie the toxic versus toler-
ated ASOs identified in RML prion model, we evaluated
these ASOs in the BJAB assay by measuring fold CCL22
transcript induction following ASO treatment.23 This assay
had been shown23 to differentiate ASOs that activate innate
immunity via TLR9 signaling versus those that do not.
CCL22 transcript induction following ASO treatment was
not higher for toxic than tolerated ASOs (Fig. 1D), arguing
against a role for ASO-specific immune activation in this
toxicity phenomenon. Another factor contributing to the tox-
icity observed could be preferential binding of toxic ASOs to
PrP vs tolerated ASOs. Our previous work measuring bind-
ing affinities of the same panel of toxic versus tolerated
ASOs29 for recombinant PrP showed similar binding affin-
ities, arguing against an aptameric effect (Fig. 1E). Next, we
reasoned that toxic ASOs could result in more accelerated
damage as measured by plasma NfL levels, a commonly
used marker of neuronal damage.33 Therefore, we selected
two toxic ASOs D and F and two tolerated ASOs A and E
and measured plasma NfL at 119 dpi in RML model (the
day before ASO administration) and at 127 dpi (7 days post-
ASO administration). In PBS-treated RML-infected animals
over this 8-day period, mean plasma NfL increased +52%

(874 pg/mL to 1326 pg/mL), consistent with disease progres-
sion (though the effect of ICV surgery cannot be entirely
ruled out). There was no difference in plasma NfL trajectory
between the toxic versus tolerated ASOs; however (Fig. 1F),
even though at 127 dpi, animals treated with ASOs D and F
were only 4 and 5 days, respectively, from their expected
mean survival (Fig. 1C). Next, we hypothesized that a
sequence-specific difference in ASO uptake and/or tissue
residence could contribute to the observed toxicity phenom-
enon. Due to the infectious nature of RML-infected tissues,
and the safety requirement necessary to analyze such sam-
ples, we opted to measure brain drug concentration at 7 days
after a single 500 lg ICV dose in naive WT mice from simi-
lar age, gender and source of the WT mice inoculated with
RML prions. While this may not fully reflect the extent of
drug uptake and accumulation in the RML model, the con-
centrations measured may be sufficient to differentiate those
sequences that are high versus low accumulating. While the
data demonstrated pharmacokinetic differences across the
ASOs evaluated, they did not show a pharmacokinetic differ-
ence between toxic versus tolerated ASOs (Fig. 1G). Across
seven additional in vivo studies in uninfected mice and rats,
we also measured a battery of inflammatory qPCR markers
(Aif1, Gfap, Cd68), immunohistochemistry (IHC) scores
(IBA1 and Calbindin), and FOB behavioral scores post-drug
administration acutely and up to 8-weeks post dosing, for a
total of 42 quantified endpoints, none of which discriminated
toxic from tolerated ASOs (Supplementary Fig. S2).

The foregoing results suggested that the subacute toxicity
phenomenon is highly prion disease-specific and unlikely to
be predicted by tolerability assays or other measurements in
uninfected animals. We therefore sought to understand the
mechanism more deeply by studying the molecular effects of
toxic ASOs on prion-infected animals. We performed bulk
transcriptomics on whole brain hemispheres of mice inocu-
lated with RML prions or control brain homogenate (CBH)
and treated with 300 lg of a panel of toxic and tolerated
ASOs, at 120 dpi and harvested at 127 dpi. Projection of
transcriptomes onto 2 dimensions showed a clear clustering
of RML versus CBH brains, and an emerging toxic ASO
clustering only in RML—but not CBH-inoculated brains
(Fig. 2A). Specifically, among RML-infected brains, there
were two distinct clusters of toxic versus tolerated ASOs,
while toxic ASO-treated CBH mice clustered with PBS-
treated CBH mice. Among RML-infected mice, the DGE
signature of toxic ASOs versus PBS prominently featured
downregulation of a larger number of astrocyte-specific
genes (Fig. 2B). From this DGE signature we selected the
N = 65 genes with adjusted P value < 0.05, base mean (mean
expression in PBS animals) of >10 TPM, and a ‡2-fold
increase or decrease in expression. These 65 genes were then
used to compute a toxicity score (tox score) for each individ-
ual ASO when compared to PBS, defined as the sum of the
log2 fold change of each gene times their expected sign
(meaning that genes count toward the score when they
change in the expected toxic direction, and count against the
score if they move in the opposite direction). Tox scores
were high (range 31–66) for 5/5 individual toxic ASOs in
RML-infected mice, which is expected since the score was
based on these ASOs. Tox scores were low (range 2 to 17)
for 4/4 tolerated ASOs in RML-infected mice, which were

6 ZHAO ET AL.



not involved in generation of the score. The tox score for
ASO 2 in CBH mice was also low (10), confirming that the
transcriptomic signature is not observed in uninfected mice
(Fig. 2C).

To further validate the applicability of the transcriptomic
tox score, we calculated it for the panel of ASOs previously
tested in the time-series study (Fig. 1B), which were not
used to generate the list of tox score genes. 4/4 toxic ASOs
that led to rapid decline within 5–32 days post dose at a 300
lg dose at 90 dpi in that study all had high positive tox
scores (range 24–44), while 4/4 ASOs that were tolerated at
300 lg at 90 dpi and for which animals were therefore not
harvested until 150 dpi, all exhibited low or negative tox

scores (range -19 to 2) (Fig. 2D). The above results all
pointed to transcriptomic signature of disease stage-dependent
ASO toxicity in prion-infected animals, which is shared across
many distinct ASOs, but is not observed when the same
ASOs are dosed into naive, uninfected mice, and is also dis-
tinct from the transcriptomic signature of prion disease.

We next asked what the DE genes in this signature have
in common. Because locked nucleic acid (LNA) toxicity in
the liver is reported to be driven by promiscuous downregu-
lation of highly expressed long transcripts,6 we examined the
effects of gene length and basal expression level. We found
that our DGE signature showed no particular enrichment of
downregulated long transcripts (Fig. 2E), nor were expressed

FIG. 2. Transcriptomic signature of toxic vs tolerated ASOs in noninfected vs prion-infected mice. (A) Uniform Manifold
Approximation and Projection (UMAP)34 of whole transcriptomes onto 2-dimensional space. Each point 1 is mouse. Colors
indicate the classification of each ASO according to its tolerability (toxic vs. tolerated) at 300 lg in 120 dpi RML prion-
infected mice in Figure 1C. Solid symbols are RML prion-infected mice, hollow symbols are uninfected mice receiving the
same ASOs. The one CBH animal (hollow orange symbol) that clusters with the RML animals is suspected to be a sample
swap, though after careful review of records no evidence of a swap was found. (B) Volcano plot of differential gene expres-
sion (DGE) of all prion-infected mice receiving toxic ASOs in panel A (N = 6 per group), versus prion-infected mice receiving
PBS in panel A (N = 12). Each point is one gene. Transcripts are colored by their expression enrichment in select cell types,
see Methods for details. The dashed line indicates a multiple testing-corrected P value of 0.05. The x-axis is log2 fold change.
(C) Tox scores calculated from the DGE profile of each ASO indicated on the y-axis (all in prion-infected animals except for
the hollow symbol representing ASO 2 (CBH), which refers to uninfected (CBH-inoculated) animals; N = 6 per group, versus
PBS (N = 12). Each point is one group. (D) Tox scores from the animals treated with the toxic vs. tolerated ASOs at 90 dpi
in Figure 1B, versus PBS controls (all N = 4 per group). Each point is one group. Note that toxic ASO-treated RML-infected
animals were harvested upon observation of toxicity at the days post-ASO dosing indicated in Figure 1B, while tolerated
ASO- and PBS-treated RML-infected animals were harvested at 150 dpi, thus their disease stages are not all the same, hence
their use as a confirmatory rather than discovery cohort here. (E) Transcript length versus differential expression. Each point is
one gene. Colored points have adjusted P values < 0.05, while gray points are nonsignificant. Positive y-axis positions indicate
genes that go up in the toxic ASO-treated RML animals, while negative y-axis positions indicate genes that go down in the
toxic ASO-treated RML animals. (F) As in (E) but for basal expression level (base mean transcripts per million or TPM, in
PBS mice). TPM, transcripts per million.
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transcripts particularly skewed for direction of effect (Fig. 2F).
RNase H1-dependent delocalization of paraspeckle proteins to
nucleoli was previously reported to drive gapmer ASO toxicity
in the liver,5 but pathway analysis using Gene Set Enrichment
Analysis (GSEA) did not identify any enrichment of reported
nucleolar transcripts35,36 nor of transcripts down-regulated by
expression of a mutated form of the paraspeckle protein FUS37

(Supplementary Fig. S3A). Pathway analysis using GSEA38

identified enrichment of several pathways including ribosome-
associated quality control and translation elongation, but none
of these nominated specific mechanistic hypotheses (Supple-
mentary Fig. S3B). Evaluations of gap modifications previ-
ously shown to improve therapeutic index in the liver5,39 were
inconclusive. One ASO with full 2’MOE modification,
expected to abolish RNase H1 cleavage, remained toxic, while
one ASO with a single 2’OMe gap modification elicited
increased survival (Supplementary Fig. S4A-C). Differences in
target engagement, limited pharmacokinetic characterization,
and incomplete transcriptomic data, together with the small
number of compounds examined, make it difficult to draw firm
conclusions about mechanism or general design principles (see
Discussion).

We also asked whether the transcriptomic tox signature
might represent an exaggeration of the transcriptomic effects

of underlying prion disease. To characterize the transcrip-
tomic signature of the natural history of prion infection, we
also harvested brains from untreated RML and CBH mice at
60 and 89 dpi and from PBS-treated RML and CBH mice at
120 and 149 dpi. The transcriptomic signature of prion dis-
ease (Fig. 3A–D) across these timepoints prominently fea-
tured the progressive upregulation of microglial and
astrocytic genes, typified by markers C1qa and Gfap, which
were the top two hits when RML and CBH mice were com-
pared at 149 dpi (Fig. 3D). This was consistent with expecta-
tion based on prior work by Sorce & Nuvolone et al,40

which we re-analyzed and compared to our data (Supple-
mentary Fig. S5), revealing a highly similar transcriptomic
signature of prion disease between the two studies.

In this same study, we also treated RML-infected or
CBH-inoculated mice with 300 lg of ASO 1 (tolerated), 2
(toxic), or PBS at 90 dpi, and harvested brains for transcrip-
tomics at 1, 4, and 7 days post-dose, as well as 30 days post-
dose for ASO 1 (the other groups do not survive this long).
We selected ASO 2 as the toxic ASO for this study because
it was toxic as early as 60 dpi (Fig. 1B), consistently showed
high tox scores (Fig. 2C–D), and, unlike ASO 8, showed
good tolerability metrics by behavioral, immunohistochemi-
cal, and inflammatory marker readouts in naïve, uninfected

FIG. 3. The transcriptomic effect of prion disease is distinct from the tox signature. (A–D) Volcano plot of DGE in RML
prion-infected mice versus uninfected mice at (N = 4 per group) at (A) 60 dpi, (B) 89 dpi, (C) 120 dpi, and (D) 149 dpi.
Transcripts are colored by their expression enrichment in select cell types, see key in panel A. The dashed line indicates a mul-
tiple testing-corrected P value of 0.05. The x-axis is log2 fold change. (E) Tox scores for pairwise comparisons of groups of
N = 4 mice indicated along the x-axis, colored by whether the ASO is classified as toxic or tolerated at 90 dpi according to
the data from Figure 1B. Each bar is one group. Comparisons of prion-infected versus uninfected mice are shown in gray.
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mice (Supplementary Fig. S2). We chose ASO 1 as the “tol-
erated” control because it has an identical chemical configu-
ration as ASO 2, differing only in sequence (Table 1). We
calculated the tox score for pairwise group comparisons in
this study (Fig. 3E). Neither ASO 1 nor 2 in CBH mice
showed any appreciable tox score at any timepoint. ASO 1,
which is generally tolerated in prion-infected mice (Fig. 1B),
though not perfectly so (Supplementary Table S1 and ref 2),
had a tox score that rose somewhat between 1 and 7 days
postdose, then declined by 30 days postdose. ASO 2 rose
higher and more rapidly than ASO 1, reaching a score of
>30 by 7 days postdose. Comparison of untreated (no ASO
or PBS injection) prion-infected to uninfected mice did not
yield a high tox score at any timepoint in disease. All of the
above observations confirmed that the transcriptomic tox sig-
nature is highly distinct from the transcriptomic impact of
prion disease.

Having recently observed deeper PrP knockdown using
ASOs in RML-infected mice41 and in spontaneously sick Tg
(Vole) mice42 than we typically observe in naive, uninfected
animals, we asked whether ASOs might be differentially
potent in prion-infected mice. We chose ASO 6 and a treat-
ment timepoint of 105 dpi, because this ASO is sufficiently
well-tolerated to support a 30-day target engagement study
in the RML-infected model, and 135 dpi is a timepoint at
which we expect all dosed animals to be surviving. We
dosed RML-infected or uninfected WT mice at 105 dpi with
100 or 300 lg of ASO 6, and performed qPCR on whole
brain hemisphere RNA at 30 days postdose. Knockdown
was significantly deeper in RML-infected mice than in unin-
fected mice, with 26.6% versus 68.4% residual Prnp mRNA
at 100 lg, a 41.8% difference (P = 1.6e-11) and 17.9% vs.
43.4% residual Prnp mRNA at 300 lg, a 25.5% difference
(P = 1.3e-9; Fig. 4A). We asked whether this increased
potency in RML-infected mice was unique to ASOs, or could
also be observed for another oligonucleotide therapeutic. We

tested 1682-s4, a divalent siRNA directed against mouse
Prnp3. 1682-s4 likewise proved more potent in RML-infected
mice, with 52.6% versus 88.7% residual Prnp mRNA at 70
lg, a 36.0% difference (P = 1.5e-4), and 34.8% versus 64.5%
residual Prnp mRNA at 244 lg, a 29.7% difference (P = 2.2e-
4; Fig. 4B). Because oligonucleotides must undergo endosomal
escape to reach active subcellular compartments, we queried
our transcriptomic data, and found that galectin 3, galectin 9,
and galectin 3-binding protein, are transcriptionally upregu-
lated in the later stages of prion disease (Supplementary Fig.
S6; see Discussion). Of these 3 genes, only galectin 3 (Lgals3)
is also among the 65 genes identified as part of the transcrip-
tomic tox score, albeit with a more modest log2 fold change
(1.39 in the tox score from Fig. 2B), versus 2.34 in RML ver-
sus CBH mice at 127 dpi (Supplementary Fig. S6A).

Discussion

Previously, we observed prion disease stage-dependent
toxicity of some ASOs, irrespective of whether they target
Prnp, when delivered into cerebrospinal fluid in late-stage
prion-infected mice.1,2,4 Here, we studied a large panel of
ASOs and found that approximately half of them result in
this same phenomenon. Where we have been able to observe
it, the toxicity is characterized by hindlimb weakness and
paralysis progressing rapidly over the course of one day—a
sudden but rather nonspecific finding for a CNS drug, which
does not in itself point to any specific mechanism. The bat-
tery of studies undertaken here illuminate several mechanis-
tic aspects of this phenomenon.

Our data show that this phenomenon is target-independent
compounds that do and do not lower Prnp behave similarly.
Observation of similar toxicity across a wide range of ASO
sequences and chemical configurations, makes it very unlikely
to be driven by any specific hybridization-dependent off-target
binding event. Although sequence-independent aptameric
effects of phosphorothioate oligonucleotides on PrP have been

FIG. 4. Enhanced potency of two oligonucleotides in prion-infected mice. Dose-response potency studies of (A) ASO
6 and (B) divalent siRNA 1682-s43 in prion-infected mice. qPCR of Prnp mRNA in whole brain hemisphere; each point
is one animal, segments are means and error bars are 95% confidence intervals.
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reported previously, we have shown that such aptameric
interactions are artifacts of the high concentrations used in
biophysical experiments and are not responsible for antiprion
activity in cell culture29; we show here that ASO binding
affinities for PrP are likewise not correlated with in vivo tox-
icity. The toxicity is prion disease stage-dependent, with
some ASOs showing toxicity as early as 60 dpi while others
are not toxic until 123 dpi. ASOs that exhibit this prion
disease-specific toxicity are not differentiated from tolerated
ASOs by any inflammatory, behavioral, or histological char-
acteristics in uninfected animals, by innate immune pathway
activation, nor by pharmacokinetic uptake or tissue accumu-
lation. The toxicity is characterized by a specific transcrip-
tomic signature in the brain that is shared between all toxic
ASOs tested, and emerges rapidly over a 7-day period post-
dose. Among ASOs that were relatively better tolerated in
prion-infected mice, this transcriptomic signature was absent,
more muted, or appeared only transiently over 7 days but
faded by 30 days post-dose. This transcriptomic signature is
absent from uninfected mice receiving the same compounds,
arguing that prion disease does not simply exaggerate under-
lying ASO toxicity. Prion disease is phenotypically heteroge-
neous,43 with occasional presentations of acute decline
mimicking stroke,44–46 so we also interrogated whether
ASOs might be accelerating the underlying toxicity of prion
disease in our animals. We found, however, that the transcrip-
tomic signature identified here is entirely absent from the nat-
ural history of prion disease in animals not treated with
ASOs. All of the above findings argue that the toxicity is an
emergent property: an interaction term between prion disease
and certain ASOs. It does not represent an exacerbation of
underlying ASO toxicity by prion disease, nor an exacerba-
tion of underlying prion disease by the ASO.

In order to reach the cytosol or nucleus and become phar-
macologically active, oligonucleotide therapeutics must first
bind cell surface proteins, become internalized into endo-
somes, and then undergo endosomal escape.47,48 Several lines
of evidence led us to hypothesize that endosomal integrity
may be compromised in prion disease. PrP, a GPI-anchored
protein, cycles frequently through endosomal compart-
ments,49 and modulators of endosomal acidification can sup-
press prion replication in immortalized cells.50 The
spongiform holes in the brain that are pathognomonic for
prion disease are in fact lysosomes engorged due to loss of
PIKfyve expression.51 Galectins—sensors of endosomal
integrity used in cellular assays to monitor leakage and
escape of oligonucleotides52–54—are upregulated in terminal
prion disease.55,56 Here, both our transcriptomic data and
prior work40 show increases in galectins 3, 9, and 3-binding
protein (Lgals3, Lgals9, Lgals3bp) at the terminal stage.
Galectin 3 (Lgals3) transcript expression was also somewhat
increased in RML-infected animals receiving toxic ASO, but
the other galectins were not significantly affected; we do not
have any strong evidence that the ASO tox phenomenon
involves an exacerbation of endosomal pathology. We find
that both an ASO and a divalent siRNA are more potent in
the prion-infected mouse brain than in uninfected animals.
The magnitude of difference is large: prion infection results
in 25–42 percentage points of additional target RNA knock-
down at the same dose. We suspect that this may result from
enhanced endosomal escape. ASO 6, the ASO used in this
experiment, is generally well-tolerated in prion-infected
mice, and premature deaths were never observed in prion-
infected mice treated with 1682-s4, the divalent siRNA

employed here.3 Thus, deeper target engagement in the prion-
infected brain is not a property specific to toxic ASOs.
Rather, it may be that a range of ASOs and other oligonucleo-
tides exhibit enhanced escape into active compartments
within the prion-infected brain, but that only a subset of them
are toxic under these enhanced conditions.

Our study has limitations. The battery of dosing regimens
and experimental readouts examined in uninfected mice,
while large, was far from exhaustive, and we may have
missed discovering an assay in uninfected animals that could
effectively triage which compounds are most and least likely
to be toxic in prion-infected animals. In particular, we did
not examine tolerability in long-term chronic dosing cam-
paigns. Our survey of chemical configurations of ASOs was
not systematic enough to reach firm mechanistic conclu-
sions. We did observe toxicity for one fully 2’MOE modified
ASO, a chemical configuration known to abolish RNase H1
cleavage, but this is not sufficient to rule in or rule out an
RNase H1-dependent mechanism. Meanwhile, we observed
ameliorated toxicity for one ASO with a 2’OMe modifica-
tion in the gap, but this is insufficient to determine whether
this holds as a general design principle. Most importantly,
while we ruled out several possible explanations for prion
disease-specific ASO toxicity, we were not able to pinpoint a
single specific mechanism that does explain the toxicity.
Indeed, while the transcriptomic signature was highly con-
sistent across toxic ASOs and is highly enriched for downre-
gulated astrocyte transcripts, we were unable to determine
what property these transcripts have in common or what,
mechanistically, they may signify.

Our data establish that the ASO toxicity phenomenon in
prion disease mice is a specific and reproducible interaction
between ASO and prion disease, rather than an exacerbation
of one by the other, and is shared across a variety of different
ASOs, regardless of molecular target, but only at high doses
and at sufficiently advanced disease stages.
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treatment same-day deaths four-week deaths days post-treatment 

saline — 2/6 12-17 

active ASO 1 — 2/6 9 

control ASO 3 — 5/6 9-18 

control ASO 4 — 1/6 22 

active ASO 5 — 2/5 22 

active ASO 6 — 1/6 12 

active ASO 7 — 5/6 6-7 

active ASO 8 3/6 3/3 6-7 

Table S1. Four-week tolerability testing of ASOs in prion-infected mice at 120 dpi. Studies 

conducted at the Broad Institute in wild-type C57BL/6N mice intracerebrally infected with RML 

prions and treated with a single 500 µg ICV dose. Active ASO 2 was not evaluated in this study 

due to an insufficient number of animals available for dividing into treatment groups. Active ASO 

8 caused acute death (within hours of surgery) in 3/6 mice. In each of the remaining treatment 

groups, including the saline group, all mice survived the day of surgery but some died or became 

acutely sick within a few weeks. Of animals that died within the four-week window (N=21 total), 

most were either euthanized upon advanced but non-specific neurological signs (N=11), or were 

found dead (N=7). In a few animals (N=3, one each from active ASOs 5, 7, and 8), hindlimb 

paralysis was noted to develop rapidly over the course of approximately 24 hours. Complications 

of prion disease or of ICV surgery are also possible explanations for some deaths in this time 

period, however, and two saline-treated animals also succumbed — one was euthanized with 

sudden neurological signs at 12 days post-surgery and one was found dead at 17 days post-

surgery. These data were previously included in a dissertation32.  

  

  

https://www.zotero.org/google-docs/?2U9YAy


 
Figure S1. Brain histology analysis of RML-infected mice receiving toxic or tolerated ASOs. 

Animals from the time-series study depicted in Figure 1B were dosed with ASO, and harvested 

for histology analysis, at the respective timepoints listed along the x axis of every panel. 

ASO/timepoint combinations that were tolerated are shown in blue, and toxic in orange. A) ASO, 

stained with an antibody to the phosphorothioate backbone. Note that toxic ASO animals were 

necessarily harvested much sooner post-dose than tolerated ASO animals, hence their brain ASO 

concentration is much higher. B) PrP. Note that ASOs 1, 2, 5, 6, 7, and 8 are all PrP-lowering, 

while ASOs 3 and 4 are non-targeting controls. C) GFAP, and D) Iba1.  

 



 



Figure S2. Additional endpoints examined in naive mice and rats. Each panel represents one 

inflammatory, immunohistochemical, or behavioral endpoint evaluated in one experiment in 

uninfected mice or rats. Experimental paradigm abbreviations are as follows. Mouse 500 µg 1x 

1wk: mice received a single 500 µg ICV dose and were harvested 1 week later. Mouse 500 µg 3x 

10wk: mice received 500 µg ICV doses at week 0, 1, 2, and were harvested at week 10. Mouse 

500 µg AxD 4wk: Alexander disease (AxD) mice18 received 500 µg ICV doses at week 0 and were 

harvested at week 4. Mouse 1000 µg AxD 4wk: Alexander disease (AxD) mice18 received 1000 

µg ICV doses at week 0 and were harvested at week 4. Rat 3mg 1x 1wk: rats received 3 mg IT 

doses at week 0 and were harvested at week 1. Rat 1mg 3x 4wk: rats received 1 mg IT doses at 

week 0, 1, 2, and were harvested at week 4. Rat 3mg 1x 8wk: rats received 3 mg IT doses at 

week 0 and were harvested at week 8. Endpoints descriptions are provided in the Methods. 

 

https://www.zotero.org/google-docs/?Sl1wgD
https://www.zotero.org/google-docs/?Aeciai


 
Figure S3. Gene set and pathway enrichment analyses. For all analyses, the 65 genes 

identified in the toxic ASO signature were used as the test set. A) Gene set enrichment analyses 

using a hypergeometric test: genes downregulated upon expression of FUS R495X in neuronally 

differentiated mouse embryonic stem cells (Nakaya 2018 Table S6)38; nucleolar genes from an 

APEX-seq atlas (Fazal 2019 Table S3)36, and nucleolar genes identified by Halo-seq using a 

Halo-fibrillarin fusion (Engel 2022 Table S3)37. B) Gene set enrichment analyses using gene sets 

from Reactome, Hallmark, and GOBP, analyzed using GSEA39.  

 

 

https://www.zotero.org/google-docs/?bwIcP8
https://www.zotero.org/google-docs/?qoLipL
https://www.zotero.org/google-docs/?NFM6QZ
https://www.zotero.org/google-docs/?Zb7Ydc


 
Figure S4. Evaluation of gap modifications of toxic ASO 2. A) Potency of modified variants of 

ASO 2 in mouse cortex 14 days after a single 300 µg ICV dose by qPCR. B) Tox scores for ASO 

2 and modified variants administered to RML prion-infected mice at 300 µg ICV at 120 dpi with 

brain harvest at 127 dpi, 7 days post-dose. C) Survival of RML prion-infected mice receiving a 

single 300 µg ICV dose of ASO 2 or modified variants at 105 dpi. PBS-treated animals died at a 

median of 166 dpi, consistent with the natural history of RML prion infection (Figure 1C and ref 

2). 8/8 animals that received parent ASO 2 died at exactly 7 days-post dose, and 8/8 receiving 

the MsPA design 2 variant died between 7-11 days post dose. The full 2'MOE compound, which 

is inactive against Prnp and was not expected to increase survival, decreased survival slightly but 

significantly to a median of 157 dpi (P = 0.023, 2-sided pairwise log-rank test vs. PBS). The variant 

with 2'OMe at gap position 2 proved tolerated and efficacious, with 8/8 animals outliving the last 

PBS animal, for a median survival of 240 dpi (+45% survival time, P = 6.2e-5, 2-sided pairwise 

log-rank test vs. PBS).  



 

 
Figure S5. The transcriptomic signature of RML prion disease progression in mice. A-H) 

Volcano plots of RNA-seq data from Sorce & Nuvolone 202041 supplementary table 2, re-plotted 

in our style. The x axis is log2 fold change, capped at a range of [-5,5] and the y axis is -log10 of 

the nominal P value, capped at a range of [0, 30]. The cutoffs for nominal (P=0.05) and Bonferroni-

corrected significance are shown. I-L) Comparisons of the log2 fold changes in our time series 

transcriptomic data (same data as Figure 3; x axis) versus the nearest timepoints from the Sorce 

& Nuvolone dataset (y axis). Each point is one gene. Genes that are significant after multiple 

testing correction in either dataset are shown in full opacity, while those that are non-significant 

in both datasets are shown partially transparent. The r^2 and P value at top are Pearson's 

correlations, and the best fit line shown is a linear regression. 

 

 

 

 

 

 

 

 

https://www.zotero.org/google-docs/?OsJiRU


 
Figure S6. Temporal trajectories of galectin genes in transcriptomic datasets in RML prion 

infection. A) Lgals3, B) Lgals9, and C) Lgals3bp. The x axis is days post-inoculation, the y axis 

is log2 fold change. Hollow symbols have P values non-significant after multiple testing correction, 

while solid symbols are significant after multiple testing correction. Different datasets are shown 

in different colors as indicated. 
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