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Figure 2. Prnp repression in mouse brain with mZFR1 driven by different promoters at the 
bulk and single-cell level 

(A) Schematic diagram of the construct and experimental design. (B) RT-qPCR analysis of Prnp 
expression (% normalized values were scaled to the mean of the vehicle group, mean ± SD) in 11 
CNS regions (brain and spinal cord) and 7 peripheral tissues. For the brain regions and spinal cord, 
all three promoter-mZFR1 groups showed statistically significant Prnp repression (****) 
compared to the vehicle control. For peripheral tissues, only the CMV-mZFR1-T2A-GFP-H2B 
(CMV) group resulted in statistically significant reduction of Prnp seen in liver (***), heart (**), 
kidney (*), and spleen (*) (two-way ANOVA test with Dunnett’s multiple comparisons test). (C, 
D) PrP protein reduction observed in brain and CSF collected from different groups of mZFR1-
dosed mice. (C) Normalized PrP protein expression level analyzed by ELISA in brain hemispheres 
(mean ± SD). One-way ANOVA test with Dunnett’s comparison between vehicle and individual 
treated group. P-value: <0.0001**** for hSYN1, 0.0005*** for GfaABC1D and CMV. (D) 
Normalized PrP protein expression level analyzed by Meso Scale Discovery (MSD) in CSF (mean 
± SD). Kruskal-Wallis test with Dunnett’s comparison between vehicle and individual treated 
group. P-value: 0.06 (hSYN1), >0.99 (GfaABC1D), 0.01* (CMV). (E) Representative microscopy 
images from coronal brain slices for thalamus (THA), hippocampus (HIP), cortex (CTX), and 
caudate/putamen (CP). White and yellow scale bars are 50 and 20 µm, respectively. Blue arrows, 
cells with detectable level of Prnp expression. Pink arrows, cells transduced with ZFR and showed 
low to no Prnp expression. L4, L5, and L6 indicate cortical layers 4, 5, and 6, respectively. 
(F) Percentage of ZFR-positive neurons in brain regions for vehicle and treatd groups, mean ± SD 
for n = 4 animals, except hSYN1 group (n = 3). No significant difference was observed between 
the three different promotors for a given brain region (unpaired t-test comparing two groups each 
from a given brain region). (G) Prnp mean normalized spot density in all NeuN+ (vehicle) or 
ZFR+ NeuN+ (treated groups) cells (mean ± SD). Two-way ANOVA using Tukey’s multiple 
comparison test demonstrated that Prnp reduction from all three promoter-mZFR1-treated groups 
were significant in four brain regions analyzed. There were no significant differences among 
treatment groups.  
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Figure 3. Distribution of mZFR1 and repression of Prnp at the single-cell level 

(A) Two-dimensional Uniform Manifold Approximation and Projection (UMAP) graph shows 
single-cell gene expression profiles from visual cortex collected for analysis from animals set up 
in Figure 2A. (B) Clustering of selective marker genes used in each assigned cell type are 
characterized using dot plots. Color gradient represents lower (gray) to higher (blue) expression 
while dot size represents narrower (small) to broader (large) expression. (C) ZFR expression and 
Prnp mRNA expression by cell type and promoter at 5 weeks post-dose. Dots represent individual 
animals while lines and error bars represent mean and 95% confidence interval (CI) (N = 4 for 
Vehicle (grey symbols), GfaABC1D (green symbols), and CMV (red symbols), N= 3 for hSYN1 
(yellow symbols)). Individual animals with residual ≥150% (apparent artifacts of noise and 
variability in low N cell types) are plotted at the 150% mark. (Left panel) the percentage of cells 
in which at least one Unique Molecular Identifier (UMI) of ZFR was detected. (Right panel) 
Residual Prnp UMIs per million, normalized to the mean of the vehicle group set to 100%. (D) 
Correlation of cell type specific residual Prnp mRNA (x-axis) at the single cell level in cortex from 
Figure 3C and PrP protein expression level (y-axis) of the whole hemisphere at the bulk level from 
Figure 2C. The best-fit line is shown as the dashed line in each graph with the Pearson's correlation 
rho (ρ) value shown above. (E) Histogram of Prnp UMIs per single neurons (both excitatory and 
inhibitory) for vehicle (gray) and hSYN1-mZFR1-T2A-GFP-H2B (brown) treated animals. 
Shaded gray bars indicate the distribution predicted by a negative binomial (NB) model fit to the 
vehicle data. Shaded red bars indicate the expected NB distribution if the knockdown came from 
100% knockdown in a subset of cells; shaded purple bars indicate the expected NB distribution if 
the knockdown came from equal knockdown in 100% of cells. (F) Residual Prnp mRNA 
expression in neurons either from vehicle (veh) or hSYN1-mZFR1-T2A-GFP-H2B treated animals 
broken down by those in which at least one UMI of ZFR was detected (ZFR+) or not detected 
(ZFR-). Note that a majority of ZFR- cells were likely transduced by AAV and expressing mZFR1 
because a low residual Prnp level is observed; however, no detection of UMI for mZFR1 might 
be due to the assay sensitivity limit from sparse single nucleus sequencing.  
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Figure 4. Impact of AAV-hSYN1-mZFR1 treatment on prion disease survival, body weight 
gain, and plasma NfL levels in RML-inoculated mice 

(A) Schematic diagram showing experimental design and timeline of Survival Study A. Each 
cohort is N=4-5 animals, with RML (symbolized as misfolded protein) inoculation on day 0 (pink 
arrow) through intracerebral injection and treated with 1E+14 vg/kg of AAV-PHP.B-hSYN1-
mZFR1 or AAV-PHP.B-hSYN1-mZFR2 via tail vein injection at an early timepoint (60 dpi) when 
NfL begins to rise (B, D, F) or at a late timepoint (122 dpi) near the onset of clinical symptoms (C, 
E, G). Each timepoint for ZFR, GFP, or vehicle treatment is marked by black arrows. (B, C) 
Survival curves reflecting all-cause mortality. RML-inoculated mice treated with either vehicle, 
GFP, hSYN1-mZFR1, and hSYN1-mZFR2 are represented by black, green, yellow, and blue lines, 
respectively. Data from the uninoculated control group is represented by the gray line. In (C), 3 
animals were underdosed during the tail vein injection procedure: hSYN1-mZFR1, 2 underdosed 
animals survived until 378 and 416 dpi, and for hSYN1-mZFR2, 1 underdosed animal survived to 
171 dpi. (D, E) Plasma NfL concentrations (pg/mL) over the course of the study. Solid lines and 
shaded areas represent mean and ±SD, respectively. (F, G) Percent body weight change relative to 
individual baseline (body weight at 54 dpi). Solid lines and shaded areas represent mean and ± SD, 
respectively. (B-G) Black downward arrowheads denote time of test articles dosing. (H) 
Representative images with staining for PrP deposition on brain sections from a mouse with 
terminal prion disease euthanized around 151 dpi, and hSYN1-mZFR2-treated mice from Survival 
Study A treated at either 60 or 122 dpi, and euthanized at 500 dpi. 
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Figure 5. hSYN1-mZFR1 treatment mediates dose-dependent neuronal Prnp reduction and 
survival extension in RML-inoculated mice 

(A) Schematic diagram showing experimental design for survival monitoring arm in Survival 
Study B. RML-inoculation day assigned as day 0. Vehicle was dosed at -21 dpi (n=5) and hSYN1-
mZFR1 test articles at different dose levels were administered at 119 dpi (n=10/group, except n=9 
in low dose 119 dpi group). (B) Survival curves representing all-cause mortality. (C) Percent body 
weight change relative to individual baseline at 49 dpi. Solid lines and shaded areas represent 
means ± SD. Black dashed lines, and the black downward arrowhead denote the dosing of hSYN1-
mZFR1 at 119 dpi. (D) Schematic diagram showing experimental design for pharmacology 
analysis arm with necropsy on 301 dpi (denoted by a brain image on the graph) in Survival Study 
B (n=10 animals/group). Vehicle and hSYN1-mZFR1 test articles were dosed at -21 and 119 dpi, 
respectively, matching the design used in panel A, except without RML inoculation. (E) Prnp 
mRNA expression in different brain regions collected on 301 dpi. The line graph shows mean ± 
SD values from each treatment group normalized to the vehicle group. Sample numbers: vehicle 
(n=8), 1E+13 vg/kg (n=10), 3E+13 vg/kg (n=10), and 1E+14 vg/kg  (n=10 in all regions except 
n=9 in brainstem and olfactory bulb). Two-way ANOVA test with Dunnett’s comparison for low-, 
mid-, and high-dose groups showed significant differences in all brain regions when compared to 
the vehicle group, except striatum and cerebellum of the low dose group. (F) Normalized 
expression level of PrP protein (mean ± SD) in brain hemisphere. Not all brains collected were 
used for this analysis; therefore, sample numbers were vehicle (n=4), 1E+13 vg/kg (n=5), 3E+13 
vg/kg (n=5), 1E+14 vg/kg (n=5). One-way ANOVA test with Dunnett’s comparison between 
vehicle and hSYN1-mZFR1-dosed groups. P-values are 0.003 (1E+13 vg/kg), 0.013 (3E+13 
vg/kg), and <0.0001 (1E+14 vg/kg). (G) Normalized expression level of PrP protein (mean ± SD) 
in CSF. Sample numbers are vehicle (n=5), 1E+13 vg/kg (n=7), 3E+13 vg/kg (n=(8), 1E+14 vg/kg 
(n=6) after excluding animals that had insufficient CSF volume collected or had CSF samples with 
blood contamination. Kruskal-Wallis test with Dunnett’s comparison P-values are >0.99, 0.71, 
0.06 for the low, mid, and high dose. (H) Schematic diagram showing experimental design for 
testing durability of hSYN1-mZFR1 in the survival study B. Each cohort was N=10 non-RML 
inoculated animals. Mouse brains from one group of vehicle-treated (black) and one group of 
hSYN1-mZFR1-treated (3E+13 vg/kg, pink) were collected 168 days post-dosing. Another group 
of hSYN1-mZFR1-treated (3E+13 vg/kg, purple) was euthanized for analysis 518 days post-
dosing. (I) Prnp mRNA expression in different brain regions collected as described in H were 
analyzed by RT-qPCR (mean ± SD) and scaled to the vehicle group mean. Sample numbers were 
n=10 in most of the brain regions for all three groups except: vehicle (n=9, striatum, brainstem, 
and cerebellum; n=8 olfactory bulb), 3E+13 vg/kg (168d) (n=9, midbrain; n=8, olfactory bulb), 
and 3E+13 vg/kg (518d) (n=8, olfactory bulb). Two-way ANOVA test with Dunnett’s comparison 
was significant for all brain regions compared to the vehicle group.  (J) Representative microscopy 
images from brain hemispheres with ISH/IHC analysis for groups demonstrated in Figure 5D. Top 
row of images: full coronal section demonstrated widespread ZFR (green) expression in brains 
from hSYN1-mZFR1-treated animals. Second row: overlayed images showing neurons (NeuN, 
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white) in thalamus transduced with hSYN1-mZFR1 (green) expressed less or no Prnp mRNA 
(purple). Astrocytes (s100ß, orange) showed no hSYN1-mZFR1 expression nor Prnp reduction 
comparing hSYN1-mZFR1-treated and vehicle-treated animal. Third row: same region as shown 
in the second row but showing only the Prnp staining. The bottom row shows representative 
overlayed images from cortex of vehicle and each treatment group. Cortex layer 4, 5, and 6 are 
labeled as L4, L5, and L6 on the image. 
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Figure 6. STAC-BBB delivery mediates widespread neuronal transduction throughout the 
brain in cynomolgus monkeys  

(A) Schematic diagram of the single-stranded AAV construct that was packaged in STAC-BBB 
and evaluated in nonhuman primates. (B) Representative microscopy images of brain sections 
stained with an anti-GFP antibody and visualized with chromogenic DAB substrate. The enlarged 
view highlights the pons, putamen, thalamus, motor cortex, substantia nigra, and hippocampus. 
Nissl staining (light blue) was used to label all cells. (C) Representative multiplexed fluorescence 
microscopy images of brain sections stained with DAPI (blue), anti-GFP (green), and anti-NeuN 
(magenta) from STAB-BBB-dosed NHP. Scale bars are 50 µm. (D) The percentage of 
GFP+/NeuN+ cells as quantified in six brain regions. Each dot represents different panels 
quantified for each region. (E) Location of brain punches (circles) analyzed by RT-qPCR 
overlayed on greyscale images of representative coronal brain sections spanning the rostrocaudal 
axis. The color of the circle represents the hZFR transcript copy number per ng of total RNA input, 
with the darker green color indicating higher levels of hZFR expression. (F) Heat map (left) 
demonstrating average expression level of hZFR and PRNP mRNA in various brain regions of 
animals dosed with STAC-BBB-CAG-GFP-H2B-T2A-hZFR as analyzed by RT-qPCR (n=3). Bar 
graph (right) illustrates the level of PRNP expression (mean ± SD) scaled to the average of control-
treated animals.  
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Figure 7. Widespread reduction of PRNP mRNA in hZFR-expressing neurons in the 
nonhuman primate brain 

(A) Representative microscopy images from brain sections stained for ISH probes: PRNP mRNA 
(white) and hZFR mRNA (green) and IHC antibodies: anti-NeuN (purple) and anti-GFP (red). 
Images from vehicle-treated (left panels) and hZFR1-treated (right panels) animals for the pons, 
motor cortex, midbrain, globus pallidus, and hippocampus are shown. Enlarged views of images 
are shown increasing from left to right. Scale bars in yellow and gray are 200 µm and 20 µm, 
respectively. (B, C) Quantification of PRNP mRNA expression at the single-cell level was plotted 
as median PRNP spot total intensity from (B) ZFR+/NeuN+ and (C) ZFR-/NeuN+ cells from 
different brain regions (x-axis) of hZFR1-treated (n=2) or control-treated (n=1) animals. Lateral 
and medial globus pallidus was not present for sections analyzed for one hZFR-treated NHP. 
Values (mean ± SD) plotted were normalized to values measured from vehicle-treated animals.  
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Sup Fig 1
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Supplementary Figure 1  

Example of a mZFR with potent target gene repression with many differential regulated 
genes  

(A) Corresponding RT-qPCR assessment of Prnp gene expression from mouse cortical neurons 
transduced with AAV6-mZFRs at 3E+3 MOI for the affymetrix analysis shown in Figure 1C and 
in Supplemental Figure 1B. Mean ± SD. n=5-6 biological replicates for per treatment. (B) 
Affymetrix array analysis for a less specific ZFR (mZFR3) showed many up- (green circle) and 
down-regulated (red circle) transcripts (significance threshold FDR P <0.05), confirming the 
sensitivity of the assay to detect dysregulated genes.  
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Sup Fig 2
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Supplementary Figure 2  

Percentage of s100β+ cells with ZFR expression 

Percentage of ZFR+ s100β+ cells (mean ± SD) in the thalamus (THA), hippocampus (HIP), cortex 
(CTX), and caudate/putamen (CP). Depending on the brain region, the percentage ranged from 
4.6-14.0% for the hSYN1 group (yellow diagonal bars) and 7.8-15.5% for the GfaABC1D group 
(green diagonal bars). Due to the poor staining quality, data was not quantified for the CMV group. 
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Sup Fig 3
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Supplementary Figure 3 

Histograms of Prnp counts in single cortical neurons 

Histograms of Prnp in single cortical neurons (excitatory and inhibitory) for ZFR (A) and ASO 
(B). The data in (B) is the re-analysis of the data from Mortberg & Gentile (2023) using animals 
that received 500 µg active ASO 6 and harvested at 2 weeks post-dose.  Data is shown on the same 
y-axis scale as the ZFR data to allow comparison. (Note that Figure 2F from Mortberg & Gentile 
(2023) is astrocytes at 12 weeks post-dose and shown on a different y-axis scale).  
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Supplementary Figure 4 

PrP protein expression from uninoculated and untreated mouse brain 

Representative images with staining for PrP expression on brain sections from uninoculated, 
untreated mice that survived to the end of Survival Study A (500 dpi). 
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Sup Fig 5.3
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