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Abstract  42 

CTNNB1 Syndrome is a severe neurodevelopmental disorder caused by haploinsufficiency of 43 

the CTNNB1 gene, which encodes β-catenin, a central regulatory protein of the canonical Wnt 44 

signaling and nervous systems development. Today affected patients experience global 45 

developmental delays (GDD), intellectual disability, and progressive motor impairments, with 46 

no disease-modifying treatment available. We developed and evaluated the first gene therapy 47 

targeting CTNNB1 Syndrome based on recombinant adeno-associated virus (rAAV). Six 48 

therapeutic cassettes were engineered and screened in patient-derived cortical brain organoids, 49 

identifying the lead candidate that restores β-catenin function with downstream pathway 50 

normalization. The selected vector was evaluated in a mouse model recapitulating motor and 51 

behavioral symptoms of the CTNNB1 Syndrome patients. To do so, juvenile CTNNB1 52 

Syndrome mice received escalating unilateral intracerebroventricular doses of the vector. Mice 53 

treated with the highest dose showed improved locomotor and anxiety-related behaviors, with 54 

no adverse effects over eight months. Drug material for toxicology and biodistribution studies 55 

was manufactured under current Good Manufacturing Practice (cGMP) conditions. Safety, 56 

biodistribution and tolerability were further assessed in wild-type mice and non-human 57 

primates (NHPs), of which some mice toxicology and biodistribution analyses were conducted 58 

under Good Laboratory Practice (GLP) and in compliance with the European Medicines 59 

Agency (EMA) regulatory requirements. Following infusion of animals with the drug 60 

candidate, no treatment-related clinical, biochemical or histopathological adverse findings 61 

were observed and the No Observed Adverse Effect Level (NOAEL) was established at the 62 

highest vector dose. These findings support the preclinical safety and therapeutic efficacy in 63 

AAV9-mediated β-catenin gene augmentation therapy, paving the way for a clinical trial in 64 

Europe, already initiated in December 2025.  65 



 

 4 

Introduction 66 

CTNNB1 Syndrome is a severe neurodevelopmental disorder with an estimated incidence of 67 

2.6-3.2 per 100,000 live births (1). It is characterized by intellectual disability, global 68 

developmental delay (GDD), autistic features, learning difficulties, progressive spasticity and 69 

motor disabilities (2,3). While clinical manifestation differs between subjects, several patients 70 

exhibit microcephaly, retinal (4) and cardiac abnormalities (5). The rarity of CTNNB1 71 

Syndrome, combined with phenotypic overlap with conditions such as cerebral palsy (CP) (6), 72 

led to widespread misdiagnosis and delayed its recognition as a distinct condition. Recently, 73 

exome sequencing based meta-analysis confirmed CTNNB1 mutations as one of the leading 74 

genetic etiologies for cerebral palsy (7), indicating a higher than previously assumed incidence 75 

of the disease.  76 

CTNNB1 Syndrome was first described in 2012 (8) as an autosomal dominant monogenic 77 

haploinsufficiency condition typically caused by single allele de novo loss-of-function 78 

mutations in the CTNNB1 gene, which encodes for the β-catenin protein.  79 

Beta-catenin is essential for embryonic development, maturation of the central and peripheral 80 

nervous systems (CNS and PNS), and normal functioning of the brain in adulthood (9–12). 81 

Additionally, β-catenin is a central effector protein in canonical Wnt signaling pathway. Beta-82 

catenin acts at multiple sites in the nervous system. In the plasma membrane, β-catenin links 83 

pre- and post-synaptic neurons through its interaction with N-cadherins, playing a role in 84 

synaptic vesicle formation, plasticity, learning, and memory consolidation (13–16). In the 85 

nucleus, β-catenin recruits chromatin-remodeling proteins and interacts with transcription 86 

factors TCF/LEF, promoting transcription of Wnt-regulated genes such as MYC, CCDN1, or 87 

AXIN2 (17), with roles in cell proliferation, cell adhesion via cadherin-to-cadherin interactions, 88 

cell determination (9,10), astrocyte differentiation, glial activation (18), axon guidance and 89 

formation of the synapses between motor neurons and muscle cells (neuro-muscular junctions) 90 

(19,20). In addition, β-catenin protein plays an important role in formation of the blood-brain 91 

barrier (BBB) (21).  92 

Importantly, CTNNB1 has emerged as a high-confidence risk gene for autism spectrum disorder 93 

(ASD) (22–24). Dysregulation of Wnt/β-catenin signaling during neurodevelopment disrupts 94 

cortical patterning, neuronal proliferation, and synaptic function-processes strongly implicated 95 

in ASD pathogenesis (24). Accordingly, ASD features are highly prevalent among individuals 96 
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with CTNNB1 Syndrome, making it a compelling monogenic model for investigating the 97 

molecular mechanisms of autism. 98 

With no current treatments available and the limited interest from the pharmaceutical industry 99 

in developing therapies for rare genetic conditions, the quality of life of individuals with 100 

CTNNB1 Syndrome progressively deteriorates, highlighting a high unmet medical need. 101 

Current research has been focused on the use of small molecules that target and inhibit the 102 

degradation complex responsible for the downregulation of β-catenin protein (25). 103 

Additionally, mutation-independent correction of CTNNB1 mRNA levels has been achieved 104 

through spliceosome-mediated RNA trans-splicing (26), highlighting a promising therapeutic 105 

strategy. 106 

Since all features of CTNNB1 Syndrome are driven by a reduced production of functional β-107 

catenin protein, we hypothesized that a gene augmentation therapy, aiming to deliver a 108 

functional copy of the gene to complement the sub-physiological levels of the functional 109 

protein, could offer the first disease-modifying therapeutic strategy for CTNNB1 Syndrome. 110 

Recombinant adeno-associated viruses (rAAVs) are emerging as highly promising vectors in 111 

the field of gene therapy, as they are able to confer long-term episomal expression in non-112 

dividing cells, such as neurons (27), with a minimal risk of insertional mutagenesis (28,29). 113 

These vectors are derived from non-pathogenic parvoviruses with a single-stranded DNA 114 

genome of approximately 4.7 kilobases (kb), flanked by palindromic ~145 nt Inverted Terminal 115 

Repeats (ITRs) that serve as origin of replication and are required for vector packaging (28). 116 

Given that ITRs are the only elements required in cis for genome packaging (30), the remaining 117 

elements of the AAV genome can be removed, thereby maximizing space (~4.4 kb) for the 118 

therapeutic cassette. This design ensures that rAAVs lack all the elements required for viral 119 

replication, thus enhancing safety profile of AAV-based therapies. AAV vectors have already 120 

demonstrated high efficacy and safety for the treatment of several conditions, including spinal 121 

muscular atrophy (SMA) (Zolgensma®), for which high efficiency and safety was shown (31).  122 

In this study, initiated by the CTNNB1 Foundation, a patient-leading non-for-profit 123 

organization, a set of six AAV-CTNNB1 constructs containing different combinations of 124 

regulatory elements were engineered and developed for the selection of the most promising 125 

therapeutic candidate. Restoration of β-catenin function was firstly confirmed in patient-126 

derived cortical brain organoids. The therapeutic efficacy of the selected AAV-CTNNB1 127 
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construct was further evaluated in a project generated Ctnnb1+/- murine model, where recovery 128 

in locomotor function and anxiety-like behavior, two key phenotype features frequently 129 

manifested by CTNNB1 Syndrome patients, was observed. To study the safety profile of the 130 

therapeutic vector, an 8-month non-good laboratory practice (non-GLP) toxicology study was 131 

conducted in naive C57BL/6J mice, followed by comprehensive histopathological evaluation. 132 

Subsequent safety and biodistribution assessment were performed following EMA guidelines 133 

for new drug development. To do so, an AAV-CTNNB1 vector batch was produced under 134 

current Good Manufacturing Practice (cGMP) conditions. Toxicology and biodistribution 135 

analyses were performed in mice (3-month GLP study) and non-human primates (NHPs) (3-136 

month non-GLP study). A comprehensive study confirmed absence of treatment-related 137 

pathological changes, as determined by clinical observations, clinical chemistry parameters and 138 

final histopathology assessment.  139 

Together, these studies demonstrate the potential therapeutic effects of the AAV9-CTNNB1 140 

vector with no evidence of treatment-related toxicity. These studies supported the Phase I/II 141 

investigational gene therapy clinical trial for CTNNB1 Syndrome (EUCT number: 2025-142 

522719-40-00), which was initiated in Slovenia in December 2025. 143 

 144 

Results 145 

Design and validation of AAV-CTNNB1 expression cassettes 146 

CTNNB1 Syndrome is predominantly caused by haploinsufficiency of β-catenin; therefore, 147 

restoring physiological protein levels through AAV-mediated gene delivery of a functional 148 

copy of the gene represents a rational therapeutic strategy. To identify the most effective 149 

configuration of the CTNNB1 coding region and regulatory elements, six therapeutic cassette 150 

candidates encoding the CTNNB1 gene under the control of the cytomegalovirus 151 

enhancer/chicken β-actin hybrid (CBh) promoter were engineered (Fig. 1a). Since AAV 152 

vectors can accommodate genome sizes of up to 4.4 kb (28) and the length of CTNNB1 coding 153 

region is 2,343 nt (β-catenin is 781aa), additional regulatory sequences were incorporated to 154 

optimize transgene expression. These included 5’ and 3’ untranslated regions (UTR) and 155 

intronic fragments derived from the endogenous CTNNB1 gene. Different variants of CTNNB1 156 

coding DNA sequences (CDS) were also investigated, including a codon optimized (COP) 157 

version and a truncated version lacking the last 108 amino acid residues of β-catenin carboxy-158 
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terminal domain (ΔCTD), containing the transactivation domain required for β-catenin’s 159 

nuclear activity (32). 160 

AAV vectors have been linked to toxicity in the liver and dorsal root ganglia (DRG) of large 161 

animal models, such as piglets and NHPs (33). As this effect has been largely attributed to off-162 

target transgene overexpression, the post-transcriptional silencing of the vector transcripts in 163 

these tissues was evaluated by incorporating microRNA Targeting Sequences (miRTS) (34) 164 

into the AAV cassette. To do so, a mix of miRTS was designed containing binding sites for 165 

miR122a-5p and miR199a-5p, to induce posttranscriptional silencing in the liver, and miR183-166 

5p, to lead to transgene silencing in the DRG. Each miRTS was incorporated in triplicate. 167 

Based on in vivo optimization studies (data not shown), the selected configuration consisted of 168 

nine tandem repeats arranged in “A-B-C-A-B-C-A-B-C” pattern, without linker sequences 169 

between sites. In this design, “A” corresponds to miR122a-5p, “B” to miR183-5p, and “C” to 170 

miR199a-5p. For functional validation, this miRTS detargeting element was inserted into a 171 

control AAV cassette between the enhanced Green Fluorescent Protein (eGFP) reporter gene 172 

and the bovine growth hormone polyadenylation signal (pA) (Supplementary Fig. 1a). The 173 

cassette was packaged into an AAV9 vector and intravenously inoculated into 174 

Fah−/−/Rag2−/−/Il2rg−/− (FRG) (35) chimeric mice repopulated with primary human 175 

hepatocytes. An AAV9-eGFP vector lacking miRTS was used as control. As shown in 176 

Supplementary Fig. 1a, a dramatic reduction in the expression of the eGFP reporter was 177 

observed in liver and dorsal root ganglia when the miRTS detargeting elements was included, 178 

while no impact on eGFP expression was observed in the control group four weeks post-179 

inoculation. Therefore, this set of miRTS was added to all the AAV-CTNNB1 constructs to 180 

limit off-target activity and increase the safety profile of the resulting vectors.  181 

For initial functional validation, each AAV-CTNNB1 construct was packaged into the 182 

AAV2.7m8 capsid (36) and evaluated in CTNNB1-knockout (KO) HEK-293T cells generated 183 

in-house (Supplementary Fig. 1b). To do so, cells were transduced with 2.00 × 106 vector 184 

genomes (vg)/cell and harvested 96 hours post-transduction. Quantitative gene expression 185 

analysis demonstrated that constructs C1, C2, and C3 restored CTNNB1 mRNA to levels 186 

comparable to the wild-type control, whereas construct C4 induced supraphysiological 187 

expression. In contrast, constructs C5 failed to rescue CTNNB1 transcript levels 188 

(Supplementary Fig. 1c). At the protein level, western blot analysis revealed that even though 189 

protein expression levels were increased after AAV2.7m8-CTNNB1 transduction, at the vector 190 
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dose used, none of the constructs was able to restore physiological levels of β-catenin protein 191 

(Supplementary Fig. 1d-e). Consistent with the deletion of the carboxy-terminal end present in 192 

C3’s CDS (Fig. 1a), construct C3 expressed a shorter form of β-catenin (Supplementary Fig. 193 

1d). 194 

 195 

AAV2.7m8-CTNNB1(C4) corrects phenotypes in patient-derived cortical brain 196 

organoids 197 

Following this initial validation, we next sought to identify the optimal AAV-CTNNB1 cassette 198 

configuration in cortical brain organoids derived from a patient with CTNNB1 Syndrome 199 

(CTNNB1^mut^). RT-qPCR analysis confirmed that CTNNB1 mRNA levels were markedly 200 

reduced in CTNNB1mut relative to healthy control (HC)-derived organoids (Supplementary Fig. 201 

1f), and with concomitant reduction in β-catenin protein expression confirmed with 202 

immunostaining (Supplementary Fig. 1g, h). Given the central role of β-catenin in synaptic and 203 

astrocytic biology (13,18,34), synaptophysin and glial fibrillary acidic protein (GFAP) were 204 

also evaluated and were both reduced in CTNNB1^mut^ organoids, although the limited sample 205 

size precluded statistical analysis. Together, these findings indicate that CTNNB1^mut^ 206 

organoids recapitulate key molecular features of CTNNB1 Syndrome. 207 

To compare the different AAV-CTNNB1 cassettes in this preclinical model, the AAV2.7m8 208 

capsid was used as a surrogate AAV variant, as it has previously been shown to outperform 209 

wild-type AAV serotypes 1-12 and other bioengineered capsids at transduction of cortical brain 210 

organoids (27). Organoids were transduced at a multiplicity of transduction (MOT) of 1  1010 211 

vg per organoid and harvested two weeks later for downstream analysis (Fig. 1b). RT–qPCR 212 

and immunostaining analyses identified C4 as the lead construct, as it was the only cassette 213 

that increased CTNNB1 mRNA expression to levels comparable to those observed in HC 214 

organoids (Fig. 1c). 215 

RNA-seq (Supplementary Fig. 2) was performed on organoids following treatment with 216 

AAV2.7m8-CTNNB1(C4) to fully determine the pathway activation upon β-catenin protein 217 

restoration. Within this framework, AAV2.7m8-CTNNB1(C4) treatment was associated with 218 

increased CTNNB1 expression across organoids (Supplementary Fig. 3a), together with 219 

directional changes in expression of Wnt/β-catenin-related genes (Supplementary Fig. 3b) and 220 

cell adhesion-associated genes (Supplementary Fig. 3c), consistent with partial restoration of 221 



 

 9 

β-catenin-dependent transcriptional pathways. Examination of expression of selected β-catenin 222 

pathway genes, including CTNNB1, AXIN2, LEF1, TCF7, GSK3B and CDH2, further 223 

supported a treatment-associated shift in pathway-relevant gene expression, although the 224 

magnitude and direction of change varied across genes and lines (Supplementary Fig. 3d). 225 

Given the established association between β-catenin and tumorigenesis (37), the same 226 

transcriptomic dataset was used to assess whether treatment-induced gene expression changes 227 

were associated with oncogenic risk. Gene set variation analysis indicated that AAV2.7m8-228 

CTNNB1(C4) did not trigger aberrant activation of safety-relevant proliferation or stress-229 

associated pathways (Supplementary Fig. 4a). Across cell cycle-linked signatures, including 230 

E2F targets, G2M checkpoint and MYC targets (38), pathway scores in treated organoids 231 

remained comparable to, or lower than, those observed in untreated controls. Similarly, 232 

PI3K/AKT/mTOR, apoptosis and p53 pathway signatures showed no evidence of marked 233 

induction beyond the range observed across control organoids. Together, these data provide no 234 

transcriptomic evidence of broad oncogenic activation or unintended stimulation of 235 

proliferation-associated pathways, supporting a favorable molecular safety profile for this 236 

AAV-mediated gene therapy. 237 

Pathway-level analyses further supported partial correction of β-catenin-dependent 238 

neurodevelopmental processes. Treatment was associated with directional changes in 239 

expression of genes involved in neuronal maturation (Supplementary Fig. 4b) and genes 240 

associated with glutamatergic synapse (Supplementary Fig. 4c), consistent with partial 241 

restoration of transcriptional pathways linked to neuronal differentiation, connectivity and 242 

synaptic function. These findings are in agreement with the established role of β-catenin in 243 

neuronal maturation, cell adhesion and synapse organization (13,37), and support the 244 

interpretation that AAV2.7m8-CTNNB1(C4) promotes molecular recovery without broader 245 

pathway disruption. 246 

Consistent with these transcriptomic findings, AAV2.7m8-CTNNB1(C4) also restored β-247 

catenin, synaptophysin and GFAP protein expression in CTNNB1     mut      organoids (Fig. 1d 248 

and Supplementary Fig. 5, Supplementary Fig. 6), further supporting the therapeutic potential 249 

of the selected AAV-CTNNB1 candidate for the treatment of CTNNB1 Syndrome. 250 

 251 

CTNNB1 Syndrome disease mouse model generation  252 
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To evaluate the therapeutic effect of AAV9-CTNNB1(C4) gene replacement therapy in vivo, 253 

an efficacy study was performed in a mouse model of CTNNB1 Syndrome. As the majority of 254 

CTNNB1 Syndrome patients are heterozygotes for loss-of-function variants (3,37), a whole-255 

body loss of β-catenin function mouse was generated (Supplementary Fig. 7a), as homozygous 256 

whole-body Ctnnb1 KO mice are not viable (39,40).  257 

Comprehensive characterization studies of this new murine model showed reduced β-catenin 258 

protein levels in both the central nervous system (CNS) and peripheral tissues (Supplementary 259 

Fig. 7b), together with reduced growth relative to wild-type littermates (Supplementary Fig. 260 

7c). Contextual fear conditioning (CFC), an assay used to assess associative learning and 261 

memory (41) showed that mutant mice exhibited increased freezing behavior compared to 262 

controls, with a more pronounced effect in males (Supplementary Fig. 7d-e). An additional 263 

phenotype in male mice was identified using the Rotarod Test, which assesses motor 264 

coordination, balance and endurance (42). This analysis showed that male mice displayed 265 

reduced motor performance at younger ages, followed by recovery over time (Supplementary 266 

Fig. 7d-e). 267 

 268 

AAV9-CTNNB1(C4) in vivo efficacy study  269 

Beta-catenin+/- mice and their wild-type littermates were subsequently used in an efficacy study, 270 

a key step in preclinical drug development (43). Considering the fact that CTNNB1 Syndrome 271 

is a neurodevelopmental condition (2), intracerebroventricular (ICV) route of administration 272 

was selected for vector delivery, as based on published data and discussion with key opinion 273 

leaders (KOL) (data not shown), ICV administration can achieve broader and more extensive 274 

brain transduction compared to other delivery routes (44–46).  275 

Juvenile Ctnnb1+/- mice were infused ICV with low (4.24 × 109 vg/mouse), mid (2.12 × 1010 276 

vg/mouse) or high doses (1.06 × 1011 vg/mouse) of the AAV9-CTNNB1(C4) vector. To control 277 

for potential effects of vector delivery alone, AAV9-eGFP vector (2.13 × 1010 vg/mouse) was 278 

administered ICV to heterozygous mutant and wild-type animals. Therapeutic efficacy was 279 

assessed using a broad battery of behavioral assays through 23 weeks of age (Fig. 2a), at which 280 

point the study was terminated and tissues were collected for molecular analyses.  281 



 

 11 

The treatment with experimental gene therapy had no adverse effects on general development, 282 

as the body weight in both male and female mice increased throughout the study 283 

(Supplementary Fig. 8a). In the Marble Burying Test, which assesses anxiety-like and 284 

compulsive-like behavior, both males and females showed a transient behavioral improvement 285 

after AAV9-CTNNB1(C4) treatment at 12 weeks of age, although this difference was not 286 

maintained at later timepoints (Supplementary Fig. 8b).  287 

The clearest rescue of the disease phenotype was observed in the Open Field Test and in 288 

kinematic gait analysis. The overall spontaneous locomotor activity of the Ctnnb1+/- mice was 289 

reduced, with a more pronounced effect in males than in females, as indicated by decreased 290 

horizontal activity starting at 4 weeks and reduced vertical activity from 12 weeks onward. 291 

Treatment with the high dose of AAV9-CTNNB1(C4) significantly increased rearing activity 292 

in the Open Field Test compared with AAV9-eGFP-treated mutant mice (Fig. 2b, 293 

Supplementary Fig. 8c).  294 

Kinematic Gait Analysis enabled detailed assessment of gait pattern, posture, balance and fine 295 

motor control, features that are also affected in individuals with CTNNB1 Syndrome (3,47). 296 

Ctnnb1+/- mice exhibited notable motor deficits and alterations, including a lowered back 297 

posture evidenced by reduced tail base, iliac crest, and hip height positions, as well as changes 298 

in joint angles and the movement trajectories of the hind and fore paws during the swing phase, 299 

compared to wild-type mice (Supplementary Fig. 9a). Treated mice demonstrated 300 

improvements in several fine motor parameters, such as paw trajectory, fine tail positioning 301 

etc. Administration of mid and high doses of AAV9-CTNNB1(C4) significantly improved the 302 

overall gait score at 12 weeks of age in females and at 20 weeks of age in males. Additionally, 303 

certain gait features (such as hip angle, stride time, or protraction of hind limb) also showed 304 

improvement at 20 weeks in the both sexes group of sexes after the treatment (Fig. 2c, 305 

Supplementary Fig. 9b-f).  306 

Contextual Fear Conditioning also showed a moderate treatment-associated improvement (Fig. 307 

2d), whereas all other behavioral assays, including Clasping and Radial Arm Water Maze 308 

Testing, did not reveal significant treatment-related differences.  309 

At 23 weeks of age, 19 weeks after the treatment, animals were sacrificed and various tissues 310 

were collected for analysis. Functional transduction of the brain was assessed by measuring 311 

hCTNNB1 transgene expression and subsequent increase in β-catenin protein. RT-qPCR 312 
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analysis showed a dose-dependent increase of hCTNNB1 mRNA across multiple brain regions 313 

(Fig. 2e-f, Supplementary Fig. 10a). A significant increase of the β-catenin protein was 314 

observed in AAV9-CTNNB1(C4)-treated animals in various brain regions (Fig. 2g-h, 315 

Supplementary Fig. 10b), whereas peripheral increase of the protein in off-target tissue (liver, 316 

muscles) was not observed (Supplementary Fig. 10c). Biochemical profiling, performed to 317 

assess the effects of treatment on systemic homeostasis and liver and kidney function, showed 318 

no evidence of toxicity, as all measured parameters remained unchanged in treated animals 319 

comparing to controls (Fig. 2i-k, Supplementary Fig. 10d-f). 320 

 321 

AAV9-CTNNB1(C4) gene therapy does not lead to long-term toxicity in mice 322 

To assess the long-term safety and the potential impact of β-catenin overexpression following 323 

AAV9-CTNNB1(C4) treatment, 28±3-day-old wild-type C57BL/6J mice were ICV inoculated 324 

with 1.06 × 1011 or 2.25 × 1011 vg/mouse of the drug candidate or the control (AAV9-eGFP) 325 

vector and monitored for eight months (Fig. 3a). Age and sex matched untreated wild-type 326 

mice served as controls. 327 

Animals were evaluated weekly for behavior, physical appearance, and body weight to identify 328 

any potential adverse effects. Growth trajectories were unaffected by the inoculation with either 329 

AAV9-CTNNB1(C4) or AAV9-eGFP vectors (Fig. 3b), and body weight changes were similar 330 

between groups (Fig. 3c). Moreover, no behavioral alterations were observed throughout the 331 

study. 332 

Blood samples were collected one week and three months post-injection as well as at the time 333 

of sacrifice to assess biochemical markers indicative of liver, kidney, and bile duct function. 334 

Analysis showed (Supplementary Fig. 11a-c) that no statistically significant differences were 335 

detected in albumin, alanine aminotransferase (ALT), alkaline phosphatase (ALP), total 336 

protein, total bilirubin, or creatinine among the untreated, AAV9-eGFP control, and AAV9-337 

CTNNB1(C4)-treated groups, confirming a lack of treatment-related toxicity. 338 

Upon sacrifice, no macroscopic anomalies were observed in any animals. Histopathological 339 

examination of brain and peripheral tissues revealed no treatment-related alterations. In the 340 

liver, microvesicular steatosis and extramedullary hematopoiesis were present across all 341 

groups, including untreated animals, suggesting these findings were age-related and unrelated 342 
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to treatment. In the brain and cerebellum, sporadic observations such as neuronal degeneration, 343 

vacuolation, and intramyelinic edema were noted but were attributed to tissue-processing 344 

artifacts rather than treatment-induced toxicity. Cortical thickness (Fig. 3d) was generally 345 

comparable between treated and control animals; however, a modest yet not statistically 346 

significant increase was detected in female mice administered 2.25 × 1011 vg of control AAV9-347 

eGFP vector and not within group treated with therapeutic candidate vector. Collectively, these 348 

findings demonstrate that administration of up to 2.25 × 10¹¹ vg of AAV9-CTNNB1(C4) does 349 

not induce any adverse behavioral, biochemical, or histopathological effects in wild-type mice. 350 

 351 

Production of cGMP-like grade AAV9-CTNNB1(C4) viral vector 352 

For the safety and biodistribution assessment of the AAV9-CTNNB1(C4) vector in rodent and 353 

non-rodent animal models, a non-clinical batch of the vector was produced. This non-clinical 354 

50 L batch, referred to as Urbagen Lot T-CRUX-110, was manufactured in a cGMP-certified 355 

facility following current European Pharmacopeia and EMA guidelines (48–52).  356 

Before initiating animal studies additional confirmation of Urbagen identity was performed. 357 

Specifically, identity of AAV9 capsid proteins (VP1, VP2 and VP3) was determined via 358 

western blot and specific immunodetection (Supplementary Fig12a). Additionally, 359 

comparability study between research grade AAV9-CTNNB1(C4) and cGMP-like grade 360 

Urbagen was conducted, revealing no significant differences at the vector DNA and vector-361 

derived mRNA expression levels (Supplementary Fig. 12b). Additionally, a potency assay 362 

using CTNNB1 KO cells confirmed that the batches were comparable in efficacy 363 

(Supplementary Fig. 12c-d). 364 

 365 

GLP compliant safety study in mice 366 

To evaluate the safety of the Urbagen, a 90-day GLP regulatory enabling toxicology study was 367 

performed (n=10 animals per sex; 4 groups, total of 80 animals). In this study, 28 days old male 368 

and female wild-type mice received ICV infusion of Urbagen at three different doses: 5.00 × 369 

1010 vg/mouse (the low dose), 1.00 × 1011 vg/mouse (the medium dose), and 3.35 × 1011 370 

vg/mouse (the high dose). All vector doses were adjusted to ensure equal vector volumes in all 371 
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three groups. The high dose represented also the Maximum Feasible Dose (MFD) based on the 372 

vector titer and injection volume limitations. Control group animals received the same volume 373 

of vehicle (cGMP-like PBS solution, containing Poloxamer 188) only. During the toxicology 374 

study, animals were monitored twice a day for potential mortality, gross clinical observation 375 

(Supplementary Table 1) focusing on animal activity and movement, body posture, coat and 376 

body condition, vocalization of the animals, respiration, body weight (measured weekly), 377 

hydration status, secretion observation. In addition, visible mucosae surveillance was carried 378 

out daily, whereas detailed clinical observation scoring of each animal was conducted once per 379 

week. Feed and water consumption were monitored. As several CTNNB1 Syndrome patients 380 

can develop eye pathologies or even Familial Exudative Vitreoretinopathy (FEVR) that can 381 

result in blindness (4), ophthalmological examinations (Supplementary Table 2) were 382 

conducted in order to assess the potential toxicity of Urbagen in the eye. The eye exam was 383 

performed before the ICV administration of the drug candidate and before the necropsy of the 384 

animals. Finally, at study termination, major organs, including brain, liver, spleen, pancreas, 385 

gonads etc. were harvested for a scoring-based (Supplementary Table 5) histopathology 386 

analysis. (Fig. 4a).  387 

During the 90-day toxicology study, no significant changes in body weight were observed, 388 

neither in male nor female animals, after ICV AAV-CTNNB1(4) inoculation. In fact, all 389 

animals gained weight at a similar rate to control animals and as expected based on their normal 390 

age-related growth and development (Fig. 4b, Supplementary Fig. 13a). During the study 391 

period, most animals across all groups exhibited a normal clinical condition (score 0). The most 392 

commonly observed clinical signs (Supplementary Table 6) included mild, localized coat 393 

alterations such as barbering, alopecia, minor scabs, or wounds from fighting (especially 394 

among co-housed males due to frequently reported in mice inter-male aggression). Mild ocular 395 

changes, mainly corneal opacity, were observed across all groups, including controls. 396 

Occasionally and transiently, animals displayed signs such as increased respiratory rate, 397 

hypoactivity, or stress-related behaviors, but these were limited to isolated cases. Female 398 

survival rate in the 90-day toxicity study was 100% for all test groups. In contrast, two male 399 

animals in the medium dose group (1.00 × 1011 vg/mouse) met humane endpoint criteria (total 400 

clinical score >5) and were euthanized prior to scheduled necropsy (on days 26 and 57 of the 401 

study) due to progressive deterioration, leading to overall 80% survival rate in the male medium 402 

dose group and 100% survival for all other male dose groups (Fig. 4c).  403 
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One animal showed head swelling. Necropsy analysis of this animal revealed multiple 404 

multisystem abnormalities, including pronounced hydrocephalus with asymmetric brain shape 405 

and enlarged skull, subdural hemorrhage, and red exudate likely from intracranial 406 

hypertension. Additional findings included intestinal pathology, enlarged lymph nodes 407 

indicating immune activation, absence of internal fat, a reduced thymus, and underdeveloped 408 

seminal vesicles, reflecting poor overall health. 409 

All surviving animals (n=78) were subjected to terminal necropsy procedures on day 90 and 410 

underwent a complete post-mortem examination. Gross examination revealed various 411 

macroscopic findings in both control and treated groups. These included a speckled liver 412 

texture observed across all groups, pale livers in some low and medium dose group animals, 413 

and dark spots present on certain livers. Spleen melanosis was seen in multiple animals, while 414 

some animals exhibited reduced spleen size. Heart enlargement was noted in a few animals, 415 

along with hyperemia in isolated cases. Slight kidney enlargement, alopecia, barbering 416 

affecting the skin and hair, and isolated instances of megacolon and cataracts were also 417 

recorded (Supplementary Table 7).  418 

Hematological analysis was performed on all surviving animals. A complete blood count 419 

(CBC) with differential was conducted to assess their hematological status. Blood analysis 420 

revealed no signs of inflammation or erythropoiesis malfunction in treated animals, as all blood 421 

cell counts and blood panel values were within normal ranges (Fig. 4d-e, Supplementary Fig. 422 

13b). Coagulation assays, measuring prothrombin time and activated partial thromboplastin 423 

time (APTT), additionally confirmed that administration of AAV9-based Urbagen did not 424 

cause any coagulopathies as all measured values were similar throughout all treatment groups 425 

(Fig. 4f). As liver toxicity is one of the most common side effects of AAV9-based therapies 426 

(53) a clinical blood chemistry was performed, where several factors suggested normal 427 

homeostasis liver and kidney functions. Additionally, the absence of liver toxicity was further 428 

confirmed by unchanged albumin, total protein, ALT, aspartate aminotransferase (AST) and 429 

ALP values, whereas creatinine kinase, urea and ions unaltered levels confirmed lack of kidney 430 

malfunctions (Fig. 4g, Supplementary Fig.14). In blood measurements across all groups, 431 

physiological variability was observed with no consistent dose-dependent alterations 432 

attributable to the tested item. Additionally, urinalysis (pH, presence of bacteria, blood, ketone 433 

bodies, glucose) showed no treatment-related abnormalities, further confirming the absence of 434 

Urbagen-induced systemic toxicity (data not shown). 435 
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As mentioned above, ophthalmological exam was also carried out on all animals. Although 436 

some changes in specific ophthalmological parameters were observed, these findings appeared 437 

sporadically across all groups, including the controls, and were deemed incidental. The most 438 

significant variation was seen in corneal cloudiness, especially in terms of severity score and 439 

the affected area (Supplementary Fig. 15). 440 

A systematic histopathological analysis of H&E-stained tissue sections was performed. In the 441 

examined organs, no consistent dose-dependent trends or pathological patterns were observed 442 

that would indicate systemic toxic effects of Urbagen. Particular emphasis was placed on the 443 

histopathological assessment of the brain. Analysis of brain tissues across all groups after ICV 444 

administration of Urbagen showed mostly minimal to moderate (Grade 0–2) focal changes. 445 

The most common lesions: periventricular inflammation, perivascular edema, and occasional 446 

focal necrosis and hemorrhages, were primarily near the injection site, indicating these were 447 

mainly due to mechanical trauma and localized immune responses rather than direct 448 

neurotoxicity of the test item (Fig. 4h). 449 

The majority of the findings were of minimal to mild severity (Grades 1–2) and appeared with 450 

similar frequencies in both treated and control animals. Retinal dysplasia and pituitary cysts 451 

occurred sporadically in both groups without dose-related trends. Minor villous degeneration 452 

in the small intestine segments was also observed in both high dose and control animals, with 453 

no link to the test item. Mild inflammatory infiltrates or acinar degeneration in the liver, 454 

pancreas, and lymph nodes were incidental, showing no tissue damage or impairment. Age-455 

related adrenal hyperplasia and spleen extramedullary hematopoiesis were present in both 456 

groups. Testicular germ cell changes were minimal and seen in both high dose and control 457 

groups, with no spermatogenic arrest. Spinal cord findings, including demyelination and 458 

edema, were sporadic and also occurred in controls, indicating no test item association. 459 

Importantly, no histopathological evidence of systemic inflammation, necrosis, hemorrhage, 460 

or degenerative changes attributable to the test item was observed in any non-neural tissue (Fig. 461 

4i, Supplementary Table 8, Supplementary Fig. 16).  462 

As previously noted, two male mice in the medium dose group were humanely euthanized on 463 

days 26 and 57 of the study, as they exhibited significant body weight loss, labored irregular 464 

breathing, apathy, tremors, and incoordination. Histopathological review of tissue samples of 465 

the these two mice revealed severe hydrocephalus, edema, hemorrhage, neuronal degeneration, 466 

and spinal demyelination. The gastrointestinal tract had widespread epithelial hyperplasia, 467 
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villous atrophy, ulceration, and inflammation. The liver was atrophic, and the pancreas 468 

exhibited acinar necrosis. Lymphoid organs showed atrophy and immune suppression, 469 

including thymic necrosis and bone marrow hypocellularity. The cardiovascular system had 470 

cardiomyocyte vacuolation and myocardial necrosis. Kidneys and testes showed tubular 471 

degeneration and germ cell loss (Supplementary Table 9). 472 

 473 

GLP and GLP-like biodistribution studies in mice 474 

In addition to the safety aspect of Urbagen, the pharmacodynamics and pharmacokinetics of 475 

the tested item was determined. Several in vivo mouse studies were performed using the cGMP-476 

like preparation of the drug candidate. These studies included a 28-day non-GLP 477 

biodistribution study, a 90-day and a 180-days GLP biodistribution study (Fig. 4a). Again, 28 478 

days old male and female wild-type mice received ICV infusion of the same doses of Urbagen, 479 

similar as in the toxicology study. 480 

To determine the biodistribution profile of Urbagen, a 90- / 180-day biodistribution study (n=6 481 

animals per sex, with 24 animals in the 90-day study and 24 animals in the 180-day study), and 482 

a 28-day GLP-like biodistribution study (n=6 animals per sex; total of 24 animals), were 483 

performed. During the study, animals were monitored, examined and scored by the same 484 

protocol as in the toxicology study. At the end of each study, which corresponded to 28-, 90- 485 

and 180-days post AAV-CTNNB1(C4) administration depending on the study, body fluids, 486 

feces and tissue were collected for thorough hematology, biochemical blood analysis, 487 

urinalysis and droplet digital PCR (ddPCR)-based determination of vector and CTNNB1 488 

transgene organism biodistribution.  489 

Daily clinical monitoring of animals after Urbagen administration was performed to assess 490 

general clinical signs, morbidity, and mortality with particular attention to tremors, 491 

convulsions, salivation, diarrhea, lethargy, sleep, and coma. No adverse clinical signs were 492 

observed in all treatment groups, and all animals survived until the scheduled termination 493 

(Supplementary Fig.17a). Body weight of the treated animals was not affected and naturally 494 

increased slightly during the 28-day observation period, similar to the control group 495 

(Supplementary Fig. 17b-d). No pathological findings were detected during external and 496 

macroscopic examination at necropsy.  497 
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At termination, samples were collected and used for non-GLP biodistribution analysis as 498 

approved in ICH guidelines (51). Vector DNA was detected in all organs/tissues tested, with 499 

strong positive correlation observed between provector level and vector dose (Fig. 5a). In the 500 

CNS, the highest vector DNA concentration was detected in hippocampus and at the injection 501 

site, although values in other parts of the brain (brainstem, cerebellum, cortex, thalamus) and 502 

in all dorsal root ganglia (DRG) and spinal cord regions were similar. In peripheral tissues, the 503 

liver and spleen contained the highest vector DNA levels, followed by the adrenal glands. 504 

Vector DNA levels in gonads were almost in all cases below the level of detection (LOD).  505 

The same pattern of biodistribution was determined for human CTNNB1 mRNA, where again 506 

the highest values were detected in hippocampus and liver (Fig. 5b). Transgene expression was 507 

detected throughout all CNS regions, while in peripheral tissues, detectable expression was 508 

limited primarily to the liver and, to a minor extent, the gonads. 509 

In the 90- and 180-day biodistribution studies, no animals showed morbidity, signs of pain or 510 

significant distress during the study, and all animals survived until the scheduled necropsy. 511 

Minor findings were observed, including localized coat changes such as alopecia, barbering as 512 

well as mild ocular changes (Supplementary Table 10). Body weight of the treated animals was 513 

not affected and increased across all animal groups as expected based on the age of the animals 514 

(Supplementary Fig. 18). No specific pathological findings were detected during macroscopic 515 

examination at necropsy. The most frequently observed findings included spleen enlargement 516 

and melanosis, occasional ocular opacities (cataracts), and sporadic increases in visceral fat. 517 

Other isolated observations comprised small skin lesions (such as barbering or alopecia), single 518 

cases of lymph node enlargement, as well as enlargement of the heart, seminal vesicles, and 519 

uterus (Supplementary Tables 11 and 12).  520 

Vector genome analysis by ddPCR confirmed that the 3- and 6-months biodistribution patterns 521 

closely resembled the 1-month observations, but with overall lower vector DNA levels. 522 

Consistent with the 1-month study, at 3 and 6 months the highest vector DNA levels were again 523 

seen in hippocampus and at the injection site. High levels were also confirmed in liver, but at 524 

these later time points no vector DNA was detected in gonads, blood and feces. Similarly, 525 

vector DNA levels in kidney, spleen and adrenal glands decreased substantially (Fig. 5a). 526 

Analysis of hCTNNB1 mRNA at 3 and 6 months, showed continued expression in cortex, heart 527 

and liver (Fig. 5b). 528 
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 529 

Urbagen pharmacokinetics in non-human primates 530 

Finally, the safety and biodistribution of Urbagen was evaluated in vivo in the most clinically 531 

relevant preclinical model, the NHPs. Cynomolgus monkeys (Macaca fascicularis) were used 532 

as they exhibit high resemblance with human anatomy and physiology, this NHP species is the 533 

most frequently used in toxicology studies, including AAV9 gene therapy studies (45,54). In 534 

order to closely mimic the intended clinical protocol, juvenile animals were injected with 535 

Urbagen by bilateral ICV administration at 3.15 × 1013 vg/NHP or 7.85 × 1013 vg/NHP. As 536 

several publications (44,55,56) suggest higher CNS transduction via intracisterna magna (ICM) 537 

injection, a separate control group of animals received Urbagen at dose 3.15 × 1013 vg/NHP via 538 

ICM delivery route. During the 90-day study, animals body weights and vital parameters 539 

(breathing, heart rate, body temperature) were monitored daily. Gross motor functions and 540 

reflexes were checked on a weekly basis. Blood analysis and histopathology assessment of 541 

possible vector toxicity in various organs, including brain, liver, heart, DRGs, spleen, gonads, 542 

etc. were performed at the end of the study. Finally, the biodistribution pattern of Urbagen was 543 

determined using tissues harvested at study termination (Fig. 6a).  544 

Body weight analysis throughout the study confirmed that all treated animals gained body 545 

weight throughout the study as expected based on the age of the animals. CNS activity was 546 

also unchanged, as normal reflexes were observed in all animals (Supplementary Fig. 19a-b). 547 

Blood coagulation tests confirmed no influence of Urbagen on hematological status of the 548 

animals as the APTT and the international normalized ratio (INR) values were similar in all 549 

tested subjects (Supplementary Fig. 19c-d) and in the range with the reported values in 550 

cynomolgus monkeys (57).  551 

Complete blood count with differential revealed that Urbagen did not cause inflammation, 552 

allergic reactions or other side effects as values of neutrophils, lymphocytes, eosinophils were 553 

within normal reference ranges. Hemoglobin, hematocrit and red blood cell indices, as well as 554 

platelet counts, were within normal ranges, indicating no evidence of coagulopathy or impaired 555 

erythropoiesis (Supplementary Fig. 20). In addition, clinical biochemistry confirmed the safety 556 

of Urbagen. AAV9-based therapies can cause several systemic toxic effects, where 557 

hepatotoxicity and DRG toxicity are the most prominent and life-threatening events 558 

(33,46,53,54). Blood panel analysis revealed that values of liver enzymes, such as ALT, AST, 559 



 

 20 

and ALP, as well as urea, creatine kinase and other metabolites were all within normal 560 

physiological ranges, confirming that Urbagen does not cause systemic toxic effects (Fig. 6b, 561 

Supplementary Fig. 21).  562 

Necropsy showing no macroscopic morphological changes in any treated animal. Furthermore, 563 

histopathology assessment based on scoring of H&E-stained tissue sections showed no DRG 564 

toxicity (Fig. 6c). Brain structures were preserved in all animals with no observable pathology 565 

(Supplementary Fig. 22). The frontal pole showed focal mononuclear cells near the lateral 566 

fissure. The anterior commissure contained brown pigmentation in the optical chiasm, similar 567 

to the lungs. Furthermore, liver, lungs and heart exhibited minor focal inflammatory cell 568 

infiltration (Supplementary Fig. 23, Supplementary Table 14).  569 

Vector DNA and hCTNNB1 mRNA biodistribution data obtained 90 days after vector 570 

administration revealed that the vector was widely distributed throughout different parts of the 571 

brain. ICM delivery route resulted in lower overall vector DNA levels compared to ICV 572 

injection, except in the pons, where the ICM-treated animals exhibited slightly higher values 573 

compared to the ICV injection groups (Fig. 6d). High vector DNA levels were also present in 574 

the spinal cord and across all DRG segments. In contrast, among peripheral tissue, only liver 575 

and spleen showed vector DNA levels above the LOD, while lungs, heart and gonads exhibited 576 

levels below the detection limit (Fig. 6e). Analysis of hCTNNB1 mRNA normalized to Macaca 577 

fascicularis GAPDH expression suggest that the transgene is mostly expressed in cortex, 578 

cerebellum and in gyri (Fig. 6f). Detectable transcript levels were also observed in the spinal 579 

cord, cervical and thoracic DRG, whereas lumbar DRG lacked detectable hCTNNB1 mRNA 580 

expression. In peripheral organs, transgene expression remained below LOD, with only 581 

minimal to absent expression detected in the liver, lungs, spleen, and gonads (Fig. 6g). 582 

 583 

Discussion 584 

This study presents preclinical development of the first AAV9-based gene therapy for 585 

CTNNB1 Syndrome, a severe and progressive neurodevelopmental disorder caused by β-586 

catenin haploinsufficiency (2). Through systematic evaluation in patient-derived cortical brain 587 

organoids, a CTNNB1 Syndrome mouse model, and comprehensive toxicology and 588 

biodistribution studies in mice and NHPs, we demonstrated that AAV9-CTNNB1(C4) can 589 
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safely restore β-catenin expression, ameliorate disease phenotypes and support clinical 590 

translation.  591 

Among six AAV-CTNNB1 constructs tested, construct AAV-CTNNB1(C4) emerged as the 592 

lead candidate, demonstrating the ability to restore CTNNB1 mRNA to physiological levels in 593 

patient-derived cortical brain organoids. This selectivity among constructs carrying similar 594 

transgene cargoes but differing in regulatory architecture underscores the critical influence of 595 

construct design on transcriptional output, and thus safety and potential clinical efficacy of 596 

experimental gene therapeutics. The superior performance of construct AAV-CTNNB1(C4) 597 

likely reflects the positive regulatory effects that intronic sequences can exert over transgene 598 

expression. Some introns can enhance gene expression through a phenomenon called intron-599 

mediated enhancement (IME), whereby intronic sequences harbor transcription factor binding 600 

sites or other regulatory elements that promote transcription (58,59). Beyond transcriptional 601 

effects, the act of splicing itself can enhance transcript stability, as is well documented for other 602 

genes, for example human β-globin (60). During spliceosome-mediated intron removal, the 603 

exon junction complex (EJC) binds to the mRNA, promoting nuclear mRNA export efficiency, 604 

and protecting it from nonsense-mediated decay (61). 605 

The transcriptomic findings derived from patient organoids were interpreted as supportive 606 

mechanistic evidence. Within this conservative framework, AAV2.7m8-CTNNB1(C4) 607 

treatment was associated with directional changes in pathways linked to cell adhesion, synaptic 608 

function and neuronal maturation, consistent with partial restoration of β-catenin-dependent 609 

cellular processes. Consistent with this interpretation, pathway-level analyses identified 610 

transcriptional shifts that were biologically concordant with restored β-catenin function. Genes 611 

involved in cell-cell junction organization and focal adhesion showed directional increases 612 

after treatment, in keeping with the established structural role of β-catenin at adherent junctions 613 

(17). In parallel, genes associated with glutamatergic synapse pathways were also increased, 614 

consistent with the known roles of β-catenin in synaptic vesicle organization and postsynaptic 615 

scaffolding (13). Although these pathway-level changes should be interpreted cautiously in 616 

light of organoid heterogeneity and limited sample size, their overall directionality supports a 617 

model in which AAV-CTNNB1(C4) promotes partial restoration of neuronal stabilization and 618 

maturation programmes without evidence of aberrant proliferative or oncogenic transcriptional 619 

activation. The superior performance of AAV-CTNNB1(C4) in organoids was further 620 

supported at the protein level. Treatment normalized β-catenin expression and was 621 
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accompanied by recovery of synaptophysin and GFAP, supporting partial restoration of 622 

disease-relevant neuronal and astrocytic phenotypes. These findings are notable given the 623 

established roles of β-catenin in synapse formation and plasticity (10), as well as in astrocyte 624 

biology (34), both of which are central to normal neurodevelopment and circuit function. Given 625 

the well-established role of aberrant Wnt/β-catenin signaling in tumorigenesis (37), oncogenic 626 

safety was further assessed by RNA-seq in treated patient-derived organoids. Importantly, no 627 

evidence of oncogenic promotion was detected. Pathway-level analyses of E2F targets, G2M 628 

checkpoint, MYC targets, p53 signaling and canonical Wnt/β-catenin signaling showed no 629 

aberrant activation after treatment, and Wnt/β-catenin pathway activity remained at or below 630 

the range observed in wild-type organoids. Together, these data support a favorable 631 

transcriptional safety profile for AAV-CTNNB1(C4), which was subsequently examined 632 

further in vivo. 633 

The developed β-catenin+/− mouse model, showing approximately 50% reduction in β-catenin 634 

protein levels in CNS and peripheral tissues, recapitulates key motor and behavioral features 635 

observed in CTNNB1 Syndrome patients, including locomotor deficits and anxiety-like 636 

behaviors, seen also in ASD patients (62). Treatment with AAV9-CTNNB1(C4) at 4-weeks of 637 

age resulted in dose-dependent improvements across multiple behavioral domains. Systemic 638 

intravenous delivery of AAVs has been widely used in clinical gene-therapy programs for CNS 639 

disorders, including clinical trials for Canavan disease (NCT04998396) and the approved 640 

therapy Zolgenzma (Onasemnogene Abeparvovec) (63) for Spinal Muscular Atrophy (SMA). 641 

However, because the blood-brain barrier (BBB) limits efficient vector entry into the CNS, 642 

systemic administration often requires very high vector doses to achieve meaningful CNS 643 

penetration. Furthermore, a substantial proportion of the administered vector is sequestered in 644 

peripheral tissues such as liver and heart before reaching the brain and spinal cord. These high 645 

systemic doses can increase the risk of off‑target toxicities, induce peripheral immune 646 

responses or liver toxicity, both of which have been reported in clinical studies as well as in 647 

market approved gene therapies (64,65), and may exclude patients with preexisting neutralizing 648 

antibodies against the AAV capsid (66). 649 

In contrast, direct CNS delivery routes, including intrathecal (IT), ICV, ICM and direct 650 

intraparenchymal administration, can offer several advantages. These include bypassing the 651 

BBB, reduction of the required therapeutic dose, improved delivery to the relevant disease cell 652 

populations and reduced systemic side effects, including lower systemic immune activation, 653 
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all of which have been observed in clinical trials for Giant Axonal Neuropathy (GAN) (67), 654 

Spastic Paraplegia 50 (SPG50) (45,68) and the approved therapy Upstaza/Kebilidi for 655 

Aromatic L‑amino acid decarboxylase (AADC) deficiency (69). In the present study, direct 656 

ICV delivery was used in all animal experiments to maximize brain transduction efficiency and 657 

therapeutic potential. In the mouse efficacy study, high-dose-treated animals showed 658 

significantly increased rearing activity in the Open Field Test, consistent with improvement in 659 

anxiety-like behavior, a phenotype relevant to CTNNB1 Syndrome. Kinematic gait analysis 660 

revealed specific motor improvements in treated mice, including normalization of back posture 661 

(tail base, iliac crest, and hip height positions), joint angles, stride time and movement 662 

trajectories during the swing phase, suggesting that treatment with Urbagen may positively 663 

influence motor impairments in CTNNB1 Syndrome patients. These improvements were dose-664 

dependent and sex-specific, with females showing enhanced overall gait scores at 12 weeks of 665 

age and males at 20 weeks of age. The delayed response in males may reflect sex-specific 666 

developmental trajectories or differences in AAV transduction efficiency (70), a phenomenon 667 

that warrants further investigation. 668 

It is noteworthy that genotype dependent change in body weight was not fully corrected in the 669 

murine model by the treatment, suggesting that some aspects of the CTNNB1 phenotype may 670 

be less amenable to intervention at this developmental stage or may require sustained elevated 671 

levels of β-catenin expression. However, the improvements in motor function and anxiety-like 672 

behavior indicate that therapeutic benefit can be achieved in key functional domains even 673 

without complete phenotypic rescue. Importantly, molecular analyses confirmed dose-674 

dependent increases in both CTNNB1 mRNA and β-catenin protein levels across multiple brain 675 

regions in treated animals, with no detectable increase in peripheral tissues such as liver and 676 

muscle, validating the CNS-selective expression profile and safety of the therapeutic vector. 677 

This was later confirmed by comprehensive blood biochemistry analyses that revealed no 678 

clinically meaningful changes compared with baseline or control animals.  679 

Development of new experimental therapies requires extensive evaluation of safety and 680 

biodistribution in vivo, prior to first-in-human trials. These studies are essential for defining 681 

the potential risks and anticipated therapeutic window, thereby informing the overall risk-682 

benefit assessment before human administration. Toxicology studies help establish the safety 683 

profile of the product, whereas biodistribution studies assess how the vector distributes 684 

throughout the body, including to tissues and organs outside the intended target site (71). 685 
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Urbagen was therefore evaluated in GLP, GLP-like and non-GLP toxicology and 686 

biodistribution studies conducted in accordance with harmonized national regulatory 687 

guidelines (48–52). The 8-month non-GLP toxicology study in wild-type mice provided 688 

important evidence of long-term safety. No adverse effects on growth, behavior, or survival 689 

rate were observed in animals receiving up to 2.25 × 1011 vg of AAV9-CTNNB1(C4). 690 

Biochemical markers of liver and kidney function remained within normal ranges throughout 691 

the study, and histopathological examination revealed no treatment-related abnormalities. The 692 

sporadic observations of neuronal degeneration and vacuolation in brain tissue were attributed 693 

to tissue processing artifacts rather than treatment-induced toxicity, as these findings occurred 694 

at similar frequencies across untreated and treated groups. 695 

Toxicology and biodistribution studies using the GMP-like vector preparation, Urbagen, were 696 

designed to provide robust safety data to support first in human clinical translation in 697 

accordance with the EMA ICH S12 guideline. Most animals across all groups remained in 698 

normal clinical condition (score 0) throughout the study, as further supported by 699 

comprehensive blood and urine analyses. Observed findings were mild and included localized 700 

coat changes (e.g. barbering, alopecia, minor scabs, consistent with inter-male aggression), 701 

occasional corneal opacity, and rare transient signs such as increased respiratory rate or 702 

hypoactivity. These findings occurred sporadically across all groups, including controls, 703 

without a dose-response relationship. No treatment-related adverse clinical signs or mortality 704 

were identified, and all observations were consistent with background strain characteristics or 705 

housing-related effects in C57BL/6N mice. No treatment-related ocular abnormalities or signs 706 

of toxicity were noted during ophthalmological examinations conducted at study termination. 707 

High-grade inflammatory infiltration was observed in some high-dose-treated animals, often 708 

accompanied by asymmetrical ventriculi and localized neuronal degeneration. These findings 709 

were consistent with previously reported effects of high-dose CNS-administered AAV vectors 710 

(72) and were thought to reflect immune responses to high vector loads or transgene expression. 711 

Importantly, these inflammatory responses were localized, showed no evidence of widespread 712 

tissue destruction, and were considered clinically manageable through corticosteroid 713 

prophylaxis, which became a standard practice in AAV gene therapy trials (73). 714 

Two male animals from the medium dose group in the 90-day GLP toxicology study met 715 

predefined humane endpoint criteria and were euthanized prior to scheduled necropsy. Both 716 

animals exhibited marked hydrocephalus with asymmetric brain morphology and enlarged 717 
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cranial cavity. One animal developed acute weight loss, labored respiration, tremors, and 718 

severe hypoactivity on study day 26. The second exhibited progressive decline culminating in 719 

>20% weight loss, neurological impairment, and marked hypoactivity by study day 47. The 720 

two humane endpoint cases were isolated to the mid-dose group, with no similar findings in 721 

other groups, including the high-dose group. The absence of a dose–response relationship 722 

suggests that these events were likely idiosyncratic. Several additional observations support 723 

the interpretation that these lesions reflected genetic anomalies rather than vector-related 724 

toxicity. The lesions occurred only in littermates, suggesting a heritable mutation, and no 725 

similar findings were detected in 78 additional animals across all other groups and studies. This 726 

interpretation is further supported by published reports of comparable spontaneous lesions in 727 

C57BL/6J, albeit at low incidence, related to genetic background (74). 728 

Across all biodistribution studies, including the 28-day, 90-day and 180-day studies, no animals 729 

became moribund or exhibited signs of pain or distress, and all survived to scheduled necropsy. 730 

Biodistribution studies revealed highest vector DNA levels in the hippocampus and at the 731 

injection site in a dose-dependent manner, with significant presence also detected in the liver. 732 

Pro-vector DNA persisted in all tested CNS tissues at the 3- and 6-month timepoints, as well 733 

as in the liver. Detectable vector levels declined over time, particularly in blood, feces and 734 

peripheral tissues such as gonads, heart and kidney, indicating progressive vector clearance 735 

from off-target cells while maintaining stable levels in the CNS. Consistent with this, transgene 736 

mRNA expression profile was maintained in the cortex at 3 and 6 months, confirming sustained 737 

therapeutic gene expression in the target tissue. 738 

The 90-day non-GLP study in cynomolgus monkeys provided critical translational data. 739 

Animals receiving Urbagen via either ICV or ICM routes showed no treatment-related adverse 740 

effects. Body weight, reflexes, and hematological parameters, including coagulation markers, 741 

remained normal throughout the study. Clinical biochemistry revealed no evidence of 742 

hepatotoxicity or systemic inflammation, with liver enzymes and other metabolic markers 743 

remaining within accepted physiological ranges (75). 744 

Histopathological assessment confirmed complete absence of DRG toxicity, a critical finding 745 

given the documented susceptibility of primate DRGs to AAV9-mediated toxicity at high doses 746 

(76,77). Minor, low-grade changes were observed in some tissues, including focal mononuclear 747 

cells in frontal pole, pigment deposition in anterior commissure and lungs, minor inflammatory 748 
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infiltration in liver, lungs, and heart, but these were not dose-dependent and were considered 749 

incidental findings consistent with the age and handling of the animals. 750 

Biodistribution analysis revealed widespread vector distribution throughout the brain following 751 

both ICV and ICM administrations, with ICM administration resulting in lower overall CNS 752 

vector levels except in the pons. The results suggest lack of dose dependence at the vector doses 753 

tested following ICV delivery, which can be at least partially attributed to the low number of 754 

animals per group. Nevertheless, both delivery routes achieved robust transduction of the spinal 755 

cord and DRG segments. Peripheral biodistribution was primarily limited to the liver and 756 

spleen, with minimal vector DNA in the lungs and heart, while levels in other tissues were 757 

below the limit of detection. Importantly, hCTNNB1 transgene expression was predominantly 758 

detected in cortex, gyri, and cervical DRG with minimal or absent expression in peripheral 759 

organs.  760 

The differential pattern between vector DNA presence and transgene mRNA expression in the 761 

NHP liver supports the ability of miR122a-5p and miR199a-5p to limit transgene expression 762 

in this tissue. However, although inclusion of miR183-5p targeting sequences clearly reduced 763 

dorsal root ganglion expression in the FRG mouse model, complete elimination of transgene 764 

expression in the dorsal root ganglia was not achieved in subsequent mouse and NHP studies. 765 

This may be related to the fact that liver miRTS-based detargeting was driven by two of the 766 

incorporated target sites, miR122a-5p and miR199a-5p, while only one, miR183-5p, was 767 

included for dorsal root ganglia de-targeting. These data likely reflect the inherent challenges 768 

of achieving complete silencing through miRNA-mediated mechanisms when vector loads are 769 

high. Similar effects have been reported in several previous studies, where high systemic doses 770 

increased the risk of off-target toxicities, including peripheral immune responses and liver 771 

toxicity, adverse events that have also been observed in clinical studies as well as in market 772 

approved gene therapies. Additional silencing strategies, such as increasing the number of 773 

target binding sites, or optimizing their placement to address possible secondary structure-774 

proximity issues, could further improve the observed outcomes. Alternative or complementary 775 

de-targeting strategies, such as capsid engineering to reduce DRG tropism (78,79), may warrant 776 

consideration in future vector iterations. However, the absence of DRG and liver toxicity in 777 

our NHP study confirms that Urbagen cassette provides sufficient protection from off-target 778 

toxicity. 779 
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Together, these findings support the safety and therapeutic potential of AAV9-CTNNB1(C4) 780 

(Urbagen) gene therapy, the first therapy for CTNNB1 Syndrome, a progressive 781 

neurodevelopmental disorder currently lacking a disease-modifying treatment. The 782 

improvements observed in motor function and anxiety-related behaviors in the mouse model, 783 

together with the favorable safety profile observed across species, provided the foundation for 784 

a Phase I/II clinical trial initiated in Europe in December 2025 (NCT07270549).  785 

 786 

Methods 787 

AAV Plasmid design  788 

Six versions of therapeutic cassette encoding CTNNB1 coding region were designed and 789 

cloned. These plasmids contained the unmodified CTNNB1 coding sequence (CDS), codon 790 

optimized (COP), or truncated (ΔCTD) variants, under the control of the cytomegalovirus 791 

enhancer/chicken β-actin hybrid (CBh) promoter and the bovine growth hormone (bGH) 792 

polyadenylation signal (pA). One of the cassettes included the polyadenylation signal 793 

endogenous to CTNNB1 (3’UTR). Between the CTNNB1 CDS and the pA, a mix of miRNA 794 

targeting sequences (miRTS) was incorporated in all constructs to prevent the expression of 795 

the transgene in the liver and DRG. Moreover, some of the plasmids included additional 796 

regulatory elements located in the CTNNB1 gene, such as fragments of the 5’UTR or the 797 

introns. 798 

 799 

Research-grade AAV production  800 

For in vitro experiments, each AAV-CTNNB1 expression cassette, as well as the AAV-eGFP 801 

control, were individually packaged in AAV2.7m8 capsids using a standard helper-virus-free 802 

transient transfection-based system, whereas only the AAV-CTNNB1(C4) and AAV-eGFP 803 

cassettes were packaged into AAV9 capsids for in vivo experiments. Specifically, for each 804 

production, ten 15 cm dishes of adherent human embryonic kidney HEK293T cells were 805 

subjected to triple co-transfection using polyethylenimine (PEI; Bio Scientific, cat# 24765) 806 

with a 1:1:2 molar ratio of pRep2Cap : pTransgene : pAd5 at PEI:DNА rаtіо of 2:1. Mіx 807 

cоntаіnеd DNА аnd PЕІ cоmplеxеs wаs fоrmеd іn ОptіMЕM (Gіbcо™, Cat# 31985) mеdіum, 808 
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іncubаtеd fоr 10 mіn аt rооm tеmpеrаturе, аnd аddеd drоpwіsе tо thе cеlls. Three days post-809 

transfection, cells and culture media were separately harvested, and the AAVs were purified 810 

by iodixanol gradient (Sigma-Aldrich, cat# D1556) as previously described (80). Briefly, cell 811 

lysates were subjected to ultracentrifugation at 58,000 RPM for 2 hours at 18 oC (Beckman 812 

Coulter rotor 70Ti, cat# 337922), after which the fraction containing the vector was isolated 813 

and subjected to buffer exchange and concentration. Buffer exchange (phosphate-buffered 814 

saline [PBS; Gibco, cat# 14190], 50 mM NaCl [Sigma-Aldrich, cat# S5150], 0.001%, Pluronic 815 

F68 [v/v; Gibco cat# 24040]) and concentration step were performed using Amicon Ultra-4 816 

Centrifuge Filter Units (EMD Millipore, cat# UFC910096). The resulting AAVs were diluted 817 

and titrated using ddPCR and primers for the bovine growth hormone gene poly A signal (For: 818 

5’GCCTTCCTTGACCCTGGA; Rev: 5’ACTCAGACAATGCGATGCAA) or the promoter 819 

(For: 5’ACGCCAATAGGGACTTTCCA; Rev: 5’GGGCGTACTTGGCATATGAT).  820 

For in vivo experiments, the AAV-CTNNB1(4) expression cassette was packaged into AAV9 821 

capsids by triple co-transfection and subsequent purification using double Cesium Chloride 822 

(CsCl, Sigma-Aldrich, cat# 562599) gradient ultracentrifugation as previously described (81). 823 

 824 

Validation of miRTS in humanized FRG mice 825 

All animal experiments were performed in accordance with institutional and national 826 

guidelines for the care and use of laboratory animals, under an approved animal ethics protocol 827 

(Protocol No. C389). Female Fah−/−/Rag2−/−/Il2rg−/− mice were bred at CMRI and 828 

maintained, engrafted and monitored as previously described (82). Mice were maintained in 829 

individually ventilated cages (IVCs) and provided drinking water supplemented with (2-(2-830 

nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione) (NTBC, Yecuris, cat# 20-0028). At 6-831 

8 weeks of age, FRG mice were engrafted with human hepatocytes (Lonza, cat# HUM181971) 832 

as previously described (82). The extent of human hepatocyte engraftment was determined by 833 

measuring circulating human albumin using a quantitative ELISA assay (Bethyl Laboratories, 834 

cat# E80-129). AAV9-eGFP vector administration was carried out via lateral tail vein infusion 835 

at a dose of 2.00 × 1011 or 4.00 × 1012 vg/mouse, and animals were kept on 10% NTBC 836 

throughout the study period until the time of tissue collection four weeks post vector 837 

administration. Liver tissue and DRGs were harvested and fixed in 4% paraformaldehyde 838 

(PFA, Scharlau, cat# PA0950500) for 24 hours. Liver samples were subsequently embedded 839 
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in optimal cutting temperature (OCT) compound and cryosectioned at 5 μm using the Leica 840 

CM1950 cryostat prior to counterstaining with DAPI. Whole-mount DRGs were directly 841 

stained and imaged for GFP signal detection using a fluorescence microscope (ZEISS Axio 842 

Imager.Z2) with the same exposure settings for all sections. 843 

 844 

Generation of CTNNB1-KO HEK293T cells 845 

Single-stranded oligonucleotides encoding guide RNAs (gRNAs) targeting exon 3 846 

(CAACAGTCTTACCTGGACTC) and exon 13 (GCATATGTCGCTAAGAGACA) of 847 

CTNNB1 were designed using the CRISPOR web tool (83), synthesized by Macrogen and 848 

prepared for cloning through annealing and phosphorylation. The resulting duplexes were 849 

ligated into the BbsI site of the pSpCas9(BB)-2A-Puro vector (Addgene, cat# 62988) and 850 

verified by Sanger sequencing. HEK293T cells were transfected with the gRNA-Cas9 851 

constructs using Lipofectamine 3000 (Thermo Fisher Scientific, cat# L3000015) following the 852 

manufacturer’s protocol. Twenty-four hours post-transfection, cells were subjected to 853 

puromycin selection (1 μg/mL) (Thermo Fisher Scientific, cat# A1113803) for 48 hours and 854 

subsequently expanded. Clonal populations were obtained by limiting dilution into 96-well 855 

plates, and successful knockout clones were identified by loss of β-catenin protein expression 856 

as determined by western blot analysis. 857 

 858 

Functional validation of AAV-CTNNB1 cassettes in CTNNB1-KO HEK293 cells 859 

In-house generated CTNNB1-KO HEK293 cells were seeded at a density of 3.75 × 105 cells 860 

per well in 24-well plates (Falcon®, cat# 353047). Four hours after seeding, cells were 861 

transduced with individual AAV9-CNNTB1 vectors at a dose of 2.00 × 106 vg/cell. Culture 862 

medium was replaced 16 hours post-transduction, and cells were harvested 96 hours post-863 

transduction for DNA, RNA, and protein analyses. DNA and RNA were extracted using the 864 

Qiagen AllPrep DNA/RNA Mini Kit (Qiagen, cat# 80204) according to the manufacturer’s 865 

instructions. RNA samples were treated with TURBO DNAse (Invitrogen, cat# AM2238) to 866 

remove genomic DNA, and cDNA was synthesized using the SuperScript™ IV First-Strand 867 

Synthesis System (Invitrogen, cat# 18091200). RT-qPCR was performed employing the 868 

iTaq™ Universal SYBR® Green Supermix (Bio-Rad, cat# 172-5121) with the following 869 
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primers at 10 μM: GAPDH For: 5’TGTTCGACAGTCAGCCGCATCTTC, Rev: 870 

5’CAGAGTTAAAAGCAGCCCTGGTGA; CTNNB1 For: 871 

5’CTAGTTCAGTTGCTTGTTCGTG, Rev: 5’CCTTCAACTATTTCTTCCATGCG. Data 872 

are shown as fold change (mean ± SEM) relative to the wild-type, calculated using the 2−ΔΔCt 873 

(Livak) method. Statistical comparisons were performed on −ΔΔCt, using one-way ANOVA 874 

and Fisher’s Least Significant Difference (LSD) multiple comparisons test against the WT 875 

group.  876 

Proteins were extracted using lysis buffer containing RIPA buffer (Thermo Fisher Scientific, 877 

cat# 89901) and Halt (Thermo Fisher Scientific, cat# 78441), and quantified using Pierce™ 878 

BCA Protein Assay Kit (Pierce, cat# 23225) as per manufacturer’s instructions. Western blot 879 

was performed under denaturing conditions using the blocking buffers and dilutions specified 880 

by the antibody supplier (β-catenin: Abcam, cat# ab32572, lot# 1038258-64, 1:1000; GAPDH: 881 

Cell Signaling, cat# 2118, lot# 16, 1:2,500). Chemiluminescent signal was detected using the 882 

ECL substrate (Amersham, cat# RPN2209) and ChemiDoc Imaging System (Bio-Rad) and 883 

semi-quantified with FIJI normalizing β-catenin protein signal against GAPDH protein. 884 

Comparison between groups was performed using ANOVA as parametric test (Shapiro Wilk 885 

> 0.05) and Dunnett’s multiple comparisons test. 886 

 887 

Organoid experiments 888 

Organoids were generated from iPSCs derived from a patient with CTNNB1 Syndrome in the 889 

Stem Cell and Organoid Facility at Children’s Medical Research Institute (CMRI).  890 

For the generation of iPSCs, viable Peripheral Blood Mononuclear cells (PBMCs) were 891 

recovered from anticoagulated blood via density gradient centrifugation with Histopaque-1077 892 

(Merck, cat# 10771) at 500 g for 30 minutes. Recovered fraction containing PBMCs was then 893 

washed twice with 1×D-PBS and centrifuged at 300 g for 30 and 10 minutes respectively. 894 

Isolated PBMCs were then resuspended in frozen media containing 90% Knockout Serum 895 

Replacement (Thermo Fisher Scientific, cat# 10828028) and 10% DMSO (Merck, cat# 896 

D2650).  897 

PBMCs were cultured for six days in Expansion media consisting of STEMSPAN H3000 898 

(StemCell Technologies, cat# 9850) supplemented with 50 μg/mL Ascorbic acid (Merck, cat# 899 
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A4544-25G), 50 ng/mL SCF (Miltenyi, cat# 130-096-692), 10 ng/mL IL-3 (Thermo Fisher 900 

Scientific, cat# PHC0035), 2 U/mL EPO (R&D, cat# 287-TC-500), 40 ng/mL IGF-1 (Miltenyi, 901 

cat# 130-093-885) and 1 μM Dexamethasone (Merck, cat# D8893-1MG). On day 6, 2 × 105 902 

PBMCs were nucleofected with 0.33 μg of the episomal plasmids pCXLE-hUL (Addgene, cat# 903 

27080), pCXLE-hSK (Addgene, cat# 27078) and pCXLE-hOCT3/4-shp53-F (Addgene, cat# 904 

27077) using the P3 Primary Cell 4D-Nucleofector X kit L (Lonza, cat# V4XP-3024) and the 905 

program EO-115 of the Amaxa 4D system (Lonza). Nucleofected cells were then plated on a 906 

Geltrex-coated single well of a 6-well plate and fed daily with Essential 8 media (Thermo 907 

Fisher Scientific, cat# A1517001). Emerging colonies were observed and picked around 2-908 

weeks post-nucleofection and cultured for 10 passages prior to characterization by karyotyping 909 

and immunofluorescence staining for pluripotency markers LIN28, SOX2, NANOG and 910 

OCT4.  911 

The iPSCs were differentiated into cortical brain organoids using a protocol adapted from Yoon 912 

and Pasca (84) with some modifications. Briefly, human iPSCs were grown to 70-80% 913 

confluence in stem cell media consisting of Essential 8 (E8, Thermo Fisher Scientific, cat# 914 

A1517001) and incubated with 1% DMSO (Merck, cat# D2650) for 24 hours (Day -1). Human 915 

iPSCs were additionally incubated in stem cell media containing both 1% DMSO and 10 μM 916 

ROCK inhibitor (StemCell Technologies, cat# 72304) one-hour prior single cell dissociation 917 

(Day 0) followed by dissociation using StemPro Accutase (Thermo Fisher Scientific, cat# 918 

A1110501). Cells were pelleted, counted and seeded in low binding Nunclon Sphera 96-well 919 

U-bottom plates (Thermo Fisher Scientific, cat# 174925) at a concentration of 10,000 cells per 920 

100 μL in E8 media with 10 μM of ROCK inhibitor per well. On day 1, additional 100 μL of 921 

E8 media without ROCK inhibitor per well were added. From day 2, media was replaced with 922 

Essential 6 (Thermo Fisher Scientific, cat# A1516401) containing 2.5 μM Dorsomorphin 923 

(Merck, cat# P5499-5MG) and 10 μM SB431542 (Tocris, cat# 1614). On day 7, organoids 924 

were transferred to a 6-well plate in a rocker shaker (85 RPM) and fed daily with NM basal 925 

media containing 20 ng/mL EGF (R&D, cat #236-EG-200) and 20 ng/mL FGF2 (R&D, cat# 926 

233-FB-025) for the next 10 days, and every other day until day 26. Media was then changed 927 

to NM containing 20 ng/mL NT3 (Peprotech, cat# 450-03-50UG) and 20 ng/mL BDNF 928 

(Peprotech, cat# 450-02-50UG) and organoids fed every other day until Day 44. From there 929 

onwards, organoids are fed with NM alone. The composition of NM basal media is Neurobasal 930 

– A (Thermo Fisher Scientific, cat# 10888022) supplemented with B27 supplement minus 931 

Vitamin A (Thermo Fisher Scientific, cat# 12587001), Glutamax (Thermo Fisher Scientific, 932 
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cat# 35050079), Penicillin-Streptomycin (Thermo Fisher Scientific, cat# 15140122) and 933 

Amphotericin B (Thermo Fisher Scientific, cat# 15290026). 934 

Cortical brain organoids were transduced with 1.00 × 1010 vg/organoid at two developmental 935 

timepoints, termed T1 and T2. T1 samples were transduced at differentiation day 23 and 936 

collected at day 37, whereas T2 samples were transduced at day 43 and collected at day 57, for 937 

immunofluorescence and mRNA analyses. Healthy donor-derived cortical organoids, untreated 938 

patient-derived organoids and organoids treated with an AAV2.7m8-eGFP control vector were 939 

used as controls. 940 

RNA was extracted using Qiagen AllPrep DNA/RNA Mini kit (Qiagen, cat# 80204) as per 941 

manufacturer’s instructions. RNA was then employed for RT-qPCR as described above or for 942 

RNA-sequencing.  943 

For immunofluorescence analysis, organoids were fixed in 4% PFA for one hour, washed in 944 

1×D-PBS and transferred to 20% sucrose. Subsequently, organoids were embedded in OCT 945 

(ProSciTech, cat# IA018) and sections were cut at 14 μm. Immunodetection was performed 946 

using antibodies targeting LIN28 (Cell Signaling, cat# 3695, lot# 2, 1:400), SOX2 (Cell 947 

Signaling, cat# 3579, lot# 8, 1:400), NANOG (Cell Signaling, cat# 4903, lot# 8, 1:200), OCT4 948 

(Cell Signaling, cat# 2840, lot# 20, 1:400), β-catenin (Abcam, cat# ab32572, lot# 1038258-63, 949 

1:200), synaptophysin (Abcam, cat# ab8049, lot# 1096179-1, 1:200), and GFAP (Agilent 950 

Technologies, cat# Z0334, lot# 41526076, 1:200), and employing anti-rabbit (Invitrogen, cat# 951 

A32754, lot# WD319534, 1:500) and anti-mouse (Invitrogen, cat# A31571, lot# 2045337, 952 

1:500) as secondary antibodies. Slides were imaged at 20× and 40× magnification with the 953 

fluorescence microscope (ZEISS Axio Imager.Z2) with identical exposure settings applied to 954 

all samples for each target. For semi-quantitative analysis of immunofluorescence images, 955 

histogram ranges were adjusted using the highest pixel intensity observed in any image of a 956 

given target to standardize the range of all other images using ZEN software. Fluorescence of 957 

the images was then quantified using FIJI, which generated a mask over the areas exceeding a 958 

defined threshold and measured the masked area. 959 

At least three independent differentiation batches were generated across the organoid 960 

workflow. RT-qPCR and immunofluorescence data were analyzed across the biological 961 

replicates indicated for each experiment. Residual normality was assessed using the Shapiro-     962 

Wilk test. Where assumptions for parametric testing were satisfied, group comparisons were 963 



 

 33 

performed using one-way ANOVA followed by Dunnett’s multiple-comparisons test. A two-964 

sided p value < 0.05 was considered statistically significant. 965 

 966 

RNA sequencing data processing, normalization and Differential Gene Expression (DGE) 967 

analysis 968 

Total RNA was extracted from cortical brain organoids (Sigma Aldrich, cat# RTN9604), and 969 

2 μg per sample was submitted to GENEWIZ for bulk RNA sequencing at the two stablished 970 

developmental timepoints. Downstream bioinformatic analyses were performed in-house. 971 

Transcriptomic interpretation was restricted to datasets that met quality and consistency 972 

criteria, which showed the clearest internal clustering structure and most interpretable 973 

separation across conditions in exploratory analyses.  974 

Raw sequencing reads were quality controlled using FastQC (v0.12.1) and aligned to the 975 

reference genome using HISAT2 (v2.2.1). Gene-level expression data were imported into R 976 

for downstream analysis. Following addition of a pseudocount, expression values were log2-977 

transformed and normalized using the voom function in limma (v3.58.1). Differential 978 

expression analysis was performed using limma together with edgeR (v4.0.16), according to 979 

the experimental design. Linear models were fitted using lmFit and moderated using empirical 980 

Bayes shrinkage with eBayes. Principal component analysis (PCA) was used for quality 981 

assessment of sample clustering and to identify batch-associated structure in the dataset. 982 

Functional enrichment analyses, including KEGG pathway and Gene Ontology analyses, were 983 

performed to identify biological processes associated with treatment. Gene set variation 984 

analysis was additionally used to assess pathway-level changes in oncogenic, proliferation-985 

related, adhesion-related, synaptic and neuronal maturation programmes. Given the use of 986 

RNA-seq as a supportive mechanistic dataset within a heterogeneous and batch-variable 987 

organoid model, interpretation focused primarily on concordant pathway-level changes and 988 

biological coherence across orthogonal readouts, rather than on isolated single-gene 989 

differences. 990 

 991 

Generation of a heterozygous Ctnnb1 mouse model 992 
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For the efficacy study heterozygous Ctnnb1 mice (Ctnnb1 het; β-catenin+/-, β-cat+/-) were 993 

developed following IACUC approval at Jackson Laboratory. Beta-catenin+/- mice were 994 

generated by mating B6.129-Ctnnb1tm2Kem/KnwJ (β-cateninflox; strain code 995 

IMSR_JAX:004152)(36) and B6.Cg-Edil3Tg(Sox2-cre)1Amc/J (Sox2Cre; strain code 996 

IMSR_JAX:008454)(37) mice. β-cat+/-mice (Ctnnb1<tm2Kem>/KnwJ;Sox2Cre) are 997 

heterozygous for abolished gene segments from 1st to 6th intron of the Ctnnb1 gene 998 

(MGI:2148567). Mating of β-cateninflox and Sox2Cre resulted in Cre-hemizygous mice that 999 

carry a deletion of a single allele of the Ctnnb1 gene. These animals were further crossed with 1000 

C57BL/6J OlaHsd. From their offspring, the Cre-negative mice with a deleted Ctnnb1 allele 1001 

were selected for colony consolidation. Genotyping of the offspring was carried out by the 1002 

DNA extraction using Phire Tissue Direct PCR Master Mix (Thermo Fisher Scientific, cat# 1003 

F170S) as per vendor recommendations. Primers used in the study: Ctnnb1 wt For:  1004 

5’TGACCTGATGGAGTTGGACA, Rev: 5’ATCTTCTTCCTCAGGGTTGC; Ctnnb1 het 1005 

For: 5’TCAGGAAAAACATTGGATTTGT, Rev: 5’TATCCAGCCCCTCCTCTCTG. 1006 

Appropriate genotypes were determined by standard agarose gel electrophoresis.  1007 

 1008 

Mice efficacy study 1009 

All animal experiments were performed according to the directives of the EU 2010/63 and 1010 

Commission recommendation 2007/526/EC and were approved by the National Animal 1011 

Experiment Board of Finland (Permit Numbers ESAVI/10985/2020; ESAVI/45122/2022). 1012 

This study was performed according to appropriate methodologies and standard operating 1013 

procedures (SOPs) at the testing facility with regularly performed internal audits by the CR 1014 

DRS Finland Ethics Committee and Animal Welfare Body. The Study Protocol was reviewed 1015 

by the Animal Welfare Team. CR DS Finland site in Kuopio is accredited by AAALAC 1016 

International. 1017 

Laboratory animals were housed in Individually Ventilated (IVC) cages Type II Long Cages 1018 

(Allentown Inc.), fed standard chow (Teklad Global 2016) and provided tap water ad libitum. 1019 

The cages were enriched with plastic igloo, gnawing material (aspen sticks), nesting material, 1020 

and tunnels used for handling. Mice were maintained in 12-12-hour dark-light cycle at 1021 

approximately 40-60% relative humidity with 21.5±1.5°C of ambient temperature. All animals 1022 

used in the study were healthy; veterinary care was provided throughout the study. 1023 
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To test the therapeutic effect of AAV9-CTNNB(C4), female and male 3 weeks β-cat+/- and β-1024 

cat+/+ mice were used. Mice were assigned to treatment groups based on pre-treatment body 1025 

weight, ensuring there were no significant differences between the individual groups of mice 1026 

of the same genotype. Female and male animals were randomized separately. The efficacy 1027 

study involved a single intracerebroventricular (ICV) administration of AAV9-CTNNB1, 1028 

followed by assessments of behavioral and cognitive outcomes. ICV delivery was performed 1029 

at 28±3 days of age, and mice were monitored until 23 weeks of age, when they were humanely 1030 

sacrificed and samples were harvested.  1031 

AAV9-CTNNB1(C4) or AAV9-eGFP (control) was injected, by stereotactic injection as in 1032 

(85), into the right lateral ventricle (AP -0.5 mm, ML +1 mm, DV -1.75 mm) using a Hamilton 1033 

syringe and an infusion system (Harvard Apparatus). Animals were injected either with 2.13 × 1034 

1010 AAV9-eGFP vg/mouse or with AAV9-CTNNB1(C4) at low (4.24 × 109 vg/mouse), mid 1035 

(2.12 × 1010 vg/mouse), or high (1.06 × 11 vg/mouse) doses in total volume of 5 μl. 1036 

Body weight of the mice was measured twice weekly starting after weaning. Samples after 1037 

collection were weighed, and fresh frozen in liquid nitrogen immediately after collection and 1038 

stored at -80 °C.  1039 

Human CTNNB1 mRNA copy numbers were determined in brain samples. RNA isolation was 1040 

carried out using GenElute96 well Total RNA Purification Kit (Sigma Aldrich, cat# RTN9604) 1041 

with subsequent RNA quantification (Quant-iTKit, ThermoFisher, cat# Q33140) and integrity 1042 

testing via TapeStationan alysis (Agilent). Reverse transcription (25 ng of RNA) was 1043 

performed using RT Kit (Qiagen, cat# 205311). qPCR was used to determine the expression 1044 

levels of human CTNNB1 gene (For: 5’TGACCTGATGGAGTTGGACA, Rev: 1045 

5’ATCTTCTTCCTCAGGGTTGC), using mouse Gapdh as a housekeeping gene (For: 5’ 1046 

CATCACTGCCACCCAGAAGACTG, Rev: 5’ ATGCCAGTGAGCTTCCCGTTCAG). 1047 

Beta-catenin protein expression was analyzed by ELISA assay, using Human beta Catenin 1048 

(Total) ELISA Kit, 96 Tests (Thermo Fisher Scientific, cat# KHO1211) according to 1049 

manufacturer’s instructions. Samples were lysed in 5x Passive Lysis Buffer (Promega, cat# 1050 

E1941) and next centrifuged (13,400 RPM / 30min / 4 °C). Supernatant was diluted 1:5 and 1051 

absorbance (450 nm with background measurement at 620 nm) was determined using Tecan 1052 

microplate reader.  1053 
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Complete biochemical blood profile was determined using VetScan ® Comprehensive 1054 

Diagnostic Profile (Zoetis, cat# 51631000) rotor and analyzed on the biochemistry analyzer 1055 

VetScan VS2 (Abaxis) according to the manufacturer’s instructions. 1056 

 1057 

Behavioral tests  1058 

Marble Burying Test was performed at 12 and 20 weeks of age during the light phase. Mice 1059 

were brought to dimly illuminated experimental room for at least 1 h acclimation to the 1060 

experimental room conditions prior to testing. A transparent polycarbonate test cage (30 × 18 1061 

× 19 cm) was filled with a 5-cm layer of the standard bedding, and 24 marbles (1.5 cm in 1062 

diameter) were placed evenly next to the walls of a cage. During the test, each mouse was 1063 

transferred from its housing cage to a test cage individually (one mouse per cage). After a 30-1064 

min period, the mouse was transferred back to its home cage. The number of marbles covered 1065 

(at least 2/3 of marble area) was counted and the test cage was photographed. The bedding 1066 

material was replaced between tests, and the marbles were cleaned, 1067 

Open Field Test was performed at 4 (pre-treatment), 12 and 20 weeks of age, during the light 1068 

phase. Prior to the test, mice were allowed to habituate to the test room for at least 60 minutes. 1069 

Activity chambers (Med Associates Inc, St Albans, VT, USA; 27 cm × 27 cm × 20 cm) 1070 

equipped with infrared beams, were used in the test. The mouse was placed in the center of the 1071 

chamber, and the behavior was recorded for 30 minutes in 5 minutes bins. Quantitative analysis 1072 

was performed on the following five dependent measures: total locomotion, locomotion in the 1073 

center of the open field, rearing rate in the center, total rearing frequency, and velocity. Mice 1074 

were tested at low-stress conditions with light intensity lowered to approximately 10 – 30 lux 1075 

of red light. 1076 

Fine Motor Kinematic Gait Analysis was performed at 12 and 20 weeks of age, during the light 1077 

phase. Prior to the test, mice were allowed to habituate to the test room for at least 1 hour. Pre-1078 

defined points, including limb joints and tail, were marked on the body to aid the data analysis 1079 

process. Mice were allowed to move along a corridor, and the movement of the mouse was 1080 

captured from three different directions (from below and both sides) using a high-speed camera 1081 

(300 fps). The captured movements of the marked body points were converted to data points 1082 

representing the movements of the different points as coordinates in relation to the ground and 1083 

the correlation of the movements captured from the three dimensions. Different gait patterns 1084 
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and movements were analyzed using a custom-made automated analysis system. The analyzed 1085 

parameters included general gait pattern parameters (stride time and speed, step width, stance 1086 

and swing time during a stride, interlimb coordination); body posture and balance (toe 1087 

clearance, iliac crest and hip height, hind limb protraction and retraction, tail position and 1088 

movement); and fine motor skills (swing speed during a stride, jerk metric during swing phase, 1089 

angle ranges and deviations of different joints, vertical and horizontal head movement). PCA 1090 

was used to identify different gait features or PC scores (difference between wild-type and 1091 

heterozygous controls). Orthogonality preserving Varimax rotation procedure was used.  1092 

Radial Arm Water Maze Test was performed at 12 weeks of age, over two consecutive days, 1093 

during the light phase. Prior to the test, mice were allowed to habituate to the test room for at 1094 

least 1 hour. Mice were divided into test groups of 3-4 mice in each, balanced for the treatments. 1095 

A six-arm maze was submerged in a pool of water, and a platform was placed at the end of one 1096 

of the arms, 1 cm below the water surface. The mouse was subjected to 15 trials per day for 2 1097 

days, with each trial starting from a different arm while the platform remained in the same 1098 

position throughout the trials on both days. Using visual cues around the room, the mouse was 1099 

expected to learn the position of the escape platform. On both days 1 and 2, a hidden platform 1100 

was used. The duration of a trial was 60 seconds. If the mouse did not find the platform and 1101 

climb on it within 60 seconds, the mouse was placed on the platform for 5 sec. After each trial 1102 

the mouse was placed in a cage placed on a warming mat for the inter-trial interval, to expedite 1103 

the drying of the fur and to keep the mouse warm. The latency to find the platform, and the 1104 

number of errors (incorrect arm entries, i.e. entries to arms without the platform) was counted 1105 

over the 60-second period for each trial. The latency and number of errors were averaged over 1106 

three trials resulting in 10 blocks for the two-day test period. 1107 

Y-maze test was performed at 20 weeks of age, during the light phase. Prior to testing, mice 1108 

were allowed to habituate to the dimly illuminated experimental room for at least 1 hour. For 1109 

the initial training trial, the mouse was placed at the end of one arm of a large Y-maze 1110 

designated “start arm” (arm length: 37.5 cm). The third arm of the maze was blocked off, 1111 

allowing the mouse to explore two of the three arms freely (“start arm” and “familiar arm”) for 1112 

5 min. The “familiar arm” contained spatial cues mounted on the wall at the end of the arm. 1113 

One hour later, the mouse was placed back into the maze in the “start arm” and was allowed to 1114 

explore all three arms with the third arm unblocked (“novel arm”). The “novel arm” contained 1115 

distinct cues mounted on the wall at the end of the arm. Each test session was video recorded 1116 
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and the number of entries to each arm and the amount of time in each arm were calculated from 1117 

the videos. Testing was performed under dim lighting, and the apparatus was cleaned with 70% 1118 

ethanol between trials. 1119 

Rotarod Test was performed at 12 and 20 weeks of age, at each age point over three consecutive 1120 

days, during the light phase. Prior to the test, mice were allowed to habituate to the test room 1121 

for at least 1 hour. Each of the three test days started with a training trial of 5 minutes at 4 RPM 1122 

on the rotarod apparatus (Med Associates Inc, St Albans, VT, USA). One hour later, mice were 1123 

tested for 3 consecutive accelerating trials of 6 min each with the speed changing from 0 to 40 1124 

RPM over 360 seconds. The inter-trial intervals were at least 30 minutes. The latency to fall 1125 

from the rod was recorded. 1126 

Paw Clasping Test was performed at 12 and 20 weeks of age. The mouse was taken from the 1127 

home cage and placed on the wire lid of the cage. The mouse was then suspended by tail for 1128 

30 seconds. The clasping rate was scored from 0 to 2: score of 0 representing no clasping 1129 

behavior, score of 1 was given if the hind paws touched each other for at least 1 second, and 1130 

score of 2 was given when the hind paws touched each other for more than 5 seconds. 1131 

Additionally, latency (in seconds) to first incidence of hind paws touching each other was 1132 

recorded. 1133 

Contextual Fear Conditioning Test (41) was performed at 20 weeks of age, during the light 1134 

phase. Prior to the test, mice were allowed to habituate to the test room for at least 1 hour. The 1135 

training and testing were conducted on two consecutive days, using a Med Associates fear 1136 

conditioning system (Med Associates, Fairfax, VA, USA). On day 1 the training consisted of 1137 

placing a mouse in a chamber, with the house light on, and allowing exploration for 103 sec. 1138 

Afterward an auditory cue (1700 Hz, 80 dB) was presented for 15 sec. A 2-sec foot shock (1.0 1139 

mA) was administered for the final 2 sec of the stimuli. This procedure was repeated three 1140 

times with an inter-shock interval of 60 sec (thus, altogether 4 shocks), and the mouse was 1141 

removed from the chamber 30 sec after the last shock. Approximately 20 hours after the 1142 

training, the mouse was returned to the same chamber in which the training occurred. The 1143 

house light in the chamber was on during the 5 min test, thus the conditions in the chamber 1144 

were similar to day 1, during training. At the end of the 5 minutes context test, the mouse was 1145 

returned to its home cage. The freezing behavior was recorded by a computerized camera 1146 

tracking system.  1147 
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 1148 

A non-GLP long-term single-dose toxicity study in mice 1149 

An 8-month non-GLP toxicology study was performed in C57BL/6J mice at the Bioresource 1150 

Facility of the Westmead Institute for Medical Research (WIMR), Australia. The main goal of 1151 

the study was to identify potential short- and long-term safety concerns associated with AAV9-1152 

CTNNB1(C4) administration. Mice at postnatal day 28±3 of age were used. Mice were 1153 

acclimated for 5 days before the starting the study, with health observations and body weight 1154 

recording every two days. Mice were housed in an enriched-environment with filtered air 1155 

system and provided with ad libitum water and food and 12-12-hour dark/light cycle. Cohorts 1156 

of five males and five females received intracerebroventricular injections of 5 μL of either 1157 

AAV9-CTNNB1(C4) or control AAV9-eGFP vector at doses of 1.06 × 1011 or 2.25 × 1011 1158 

vg/mouse. Additional naïve undosed mice served as controls.  1159 

Animals were monitored weekly for body weight, survival, and physical appearance, and 1160 

clinical signs of adverse effects throughout the study. Blood samples were collected at one 1161 

week, three months, and eight months post-administration and centrifuged for 20 minutes at 1162 

2,000 × g and 4 oC to obtain the plasma. Plasma samples then were employed for biochemical 1163 

assessment of hepatic and renal function (ALB, ALT, ALP, TP, TBIL, CRE) using 1164 

biochemistry analyzer VetScan VS2 (Abaxis). 1165 

At study termination, mice were humanely euthanized and transcardially perfused with cold 1166 

1× Hank’s Balanced Salt solution (HBSS) (Gibco, cat# 14175095). Tissues were harvested, 1167 

fixed in 4% PFA for 24 hours, transferred to 70% ethanol, processed, embedded in paraffin, 1168 

sectioned at 4 μm, and stained with H&E for histopathological evaluation by a certified 1169 

histopathologist. 1170 

Comparison of body weight change and cerebral cortex thickness between treatment groups 1171 

was performed considering normality of residual values (Shapiro–Wilk) and homogeneity of 1172 

variance between groups (Bartlett’s or Brown-Forsythe tests). Body weight comparisons were 1173 

performed using two-way ANOVA or mixed-effects model with repeated measures. One-way 1174 

ANOVA was used as parametric test and Kruskal-     Wallis test as non-parametric method for 1175 

cerebral cortex thickness comparisons. Statistical significance was set at p < 0.05. 1176 

 1177 
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Production of GMP-like grade AAV9-CTNNB1(C4) viral vector, Urbagen 1178 

For biodistribution and toxicology studies, the drug candidate, AAV9-CTNNB1(C4), was 1179 

produced under cGMP-like conditions, including required quality control (QC) and release 1180 

testing by contract development and manufacturing organization (CDMO) - Viralgen, Spain. 1181 

The manufacturing protocols use are the property of Viralgen and due to their proprietary 1182 

nature cannot be provided. 1183 

Identity of the Viral Proteins (VP) was confirmed by SDS-PAGE and western blot, using 1184 

Urbagen and AAV9 empty capsids (AAV9ec; PROGEN Biotechnik GmbH, cat# 66V090) 1185 

diluted to 5.00 × 109 vector genomes per well. The primary antibody against VP1/VP2/VP3 1186 

(PROGEN Biotechnik GmbH, cat# 690058S, lot# DOK2274-13) was diluted 1:100, and the 1187 

secondary antibody m-IgG Fc BP-HRP (Santa Cruz Biotechnology Inc., cat# sc-525416, lot# 1188 

D1323) was diluted 1:1,000. VP bands were visualized using the ChemiDoc™ Touch Imaging 1189 

System (Bio-Rad Laboratories, Inc). 1190 

Genome identity was verified by isolating vector DNA with the GeneJET Viral DNA/RNA 1191 

Purification Kit (Thermo Fisher Scientific, cat# K0821) and performing Sanger sequencing 1192 

(Eurofins). 1193 

 1194 

A 28- and 90-day single intracerebroventricular dose biodistribution and toxicity study 1195 

in mice  1196 

A 90-day single dose toxicity and biodistribution study was performed under GLP-compliance 1197 

(GLP-2024-03), whereas a 28-day study was executed under GLP-like conditions. For both 1198 

studies, juvenile (28±3 days) C57BL/6NCrl female and male mice were used. Study was 1199 

approved by the Institutional Animal Care and Use Committee (IACUC) and the Resort 1200 

Professional Commission of the CAS for Approval of Projects of Experiments on Animals 1201 

(Approved Protocol No. 5509/2024) and in accordance with ICH Guideline M3 (R2). 1202 

Additional guidelines were also followed: Non-clinical Safety Studies for the Conduct of 1203 

Human Clinical Trials and Marketing Authorization for Pharmaceuticals, Guideline on quality, 1204 

non-clinical and clinical aspects of gene therapy medicinal products (EMA/CAT/80183/2014) 1205 

(49), Guideline on quality, non-clinical and clinical requirements for investigational advanced 1206 

therapy medicinal products in clinical trials – Scientific guideline (EMA/CAT/123573/2024) 1207 
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(50), ICH S12 Guideline on nonclinical biodistribution considerations for gene therapy 1208 

products (EMA/CHMP/ICH/318372/2021) (51), and OECD Guidelines for the Testing of 1209 

Chemicals, Section 4; Test No. 408: Repeated Dose 90-Day Oral Toxicity Study in Rodents 1210 

(52). 1211 

Laboratory animals were housed under specific-pathogen-free (SPF) barrier in IVC cages 1212 

GM500 (Techniplast), fed standard chow (Altromin 1314 Forti, Altromin International) and 1213 

water provided ad libitum. Diet and water quality, consumption, and deposition were monitored 1214 

for all animals on a weekly basis. Diet consumption was calculated: 𝐷𝑖𝑒ݐ݌݉ݑݏ݊݋ܿ ݐ𝑖݊݋ =1215 ூ௡௜௧௜௔௟ ௐ௘௜௚ℎ௧ − ி௜௡௔௟ ௐ௘௜௚ℎ௧ே௨௠௕௘௥ ௢௙ ௔௡௜௠௔௟௦ ௜௡ ௧ℎ௘ ௖௔௚௘ ௫ ்௜௠௘ ூ௡௧௘௥௩௔௟ .  1216 

Mice were maintained in 12-12-hour dark-light cycle at approximately 40-60% relative 1217 

humidity with 19-23 °C of ambient temperature. All animals used in the study were healthy 1218 

and veterinary care was provided constantly at the test facility.  1219 

Mice were acclimated for a minimum of 5 days before the start of the treatment. During 1220 

acclimation animals were observed once daily, and all observations were recorded. Samples 1221 

were collected at day 28, day 90 and additionally at day 180 (to prolong the biodistribution 1222 

monitoring) post-test item administration. Vector was administered ICV into the right ventricle 1223 

(total volume ~5 µL/mouse; injection rate: 0.5 µL/min) using a stereotaxic robot with 1224 

StereoDrive stereotaxic system (Neurostar) (AP -0.4, ML 1.0, DV 2.55). On each dosing day, 1225 

one Hamilton Syringe 10 µL 701 RN without needle (Hamilton Company, cat# 7635-01), a 1226 

Hamilton RN Needle (30/12.7/PST4)S 6/PK (Hamilton Company, cat# 7803-17) and a drill bit 1227 

TC cavity Burs Round 0.8 mm diameter (Dentsply Sirona, cat# DENT-E020524100810) were 1228 

used. Test Item was administered in 3 different doses (5.00 × 1010 vg/mouse - low dose, 1.00 1229 

× 1011 vg/mouse - mid dose and 3.35 × 1011 vg/mouse - high dose). Control animals were 1230 

administered the vehicle in the same manner (n=10 males and females for each dose group).  1231 

Once prior to administration and at least once a week thereafter, detailed clinical observation 1232 

was performed on all animals. These observations were performed outside the cage in the 1233 

standard arena and preferably at the same time. Detailed clinical observation was recorded 1234 

using scoring system. All clinical signs and observations were scored (Supplementary Table 1235 

2).  1236 
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All animals were individually weighed (Portable balance PS 3500.X2.M (RADWAG); 1237 

Portable balance KERN EMB (KERN)) at delivery, before dosing, then weekly and before 1238 

necropsy. Body weight change was calculated as follows: ݓ ݕ݀݋ܤ𝑒𝑖݃ℎݐ ܿℎܽ݊݃𝑒 =1239 ி௜௡௔௟ ௐ௘௜௚ℎ௧ − ூ௡௜௧௜௔௟ ௐ௘௜௚ℎ௧ி௜௥௦௧ ௐ௘௜௚ℎ௧  1240 . 100 ݔ 

Animals underwent ophthalmological examinations (Direct ophthalmoscope BETA200 with 1241 

LED): examination of the cornea, area of opacity, iris, conjunctivae, lacrimation, and chemosis 1242 

(Supplementary Table 3).   1243 

Blood collection was performed on day 57 and at the end of the study from the retro-orbital 1244 

sinus. Hematology analysis (reference values: Supplementary Table 3) (Mindray BC5300 Vet, 1245 

Mindray) was conducted on whole blood samples collected in EDTA tubes (EDTA 1000 A 1246 

tubes, KABE LABORTECHNIK GmbH, cat# 078001). Clinical chemistry analysis (reference 1247 

values: Supplementary Table 5) (Beckman Coulter AU480, Beckman Coulter) was performed 1248 

on Li-Heparin plasma samples (Li 1000 A Standard tube, KABE LABORTECHNIK GmbH). 1249 

Coagulation analysis was performed on analyzer Sysmex CA-560 system (Sysmex 1250 

Corporation). Urine and feces were collected overnight (16 hours) from animals housed in 1251 

metabolic cages (Metabolic cages for mice with double chambre feeder, Tecniplast®, 1252 

3700M022). Urinalysis was performed on CLINITEK Advantus Urine Chemistry Analyzer by 1253 

using reagent strips.  1254 

All euthanized animals (due to reached human endpoint or scheduled necropsy) were subjected 1255 

to gross necropsy. All gross pathological changes were recorded including any findings on 1256 

individual tissues and organs if present. Tissues for further histopathological analysis based on 1257 

scoring (Supplementary Table 6) were collected. All collected tissues, except for the eyes with 1258 

optic nerves and brain, were fixed in 4% neutral buffered formaldehyde (FA, prepared in 1259 

house) for 24 hours immediately after collection during necropsy. Eyes with optic nerves and 1260 

the brain were fixed in Davidson’s fixative for 24 hours. After 24 hours of fixation all samples 1261 

were trimmed, except bones and spinal cord, and were transferred to 70% ethanol. Bones and 1262 

spinal cords were subjected to decalcification using Osteosoft® solution. Fixed samples in 70% 1263 

ethanol were stored at +4°C until further processing. Tissue samples in histology cassettes were 1264 

processed on Leica ASP6025 automatic vacuum tissue processor and embedded in paraffin in 1265 

Leica EG1150 H+C embedding station (Leica Biosystems). Paraffin blocks were sectioned 1266 

using a Leica RM2255 rotary microtome at a nominal thickness of 2 µm sections. Prepared 1267 
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slides were stained with hematoxylin–eosin and mounted using Leica ST5020 automated 1268 

staining instrument (Leica) in combination with the Leica CV5030 Glass Coverslipper (Leica 1269 

Biosystems). 1270 

For biodistribution analysis, tissue samples were collected on ice by an RNase free method. 1271 

For sample collection from the injection site, a sterile 2 mm biopsy punch (Kai Industries co.) 1272 

was used to ensure precise sampling. All collected tissue samples were placed into 1273 

RNase/DNase free CRYOGEN Tube 2.0 mL (Biosigma S.p.A.), weighed, immediately snap-1274 

frozen in liquid nitrogen, stored on dry ice and then in the freezer at ≤ -60 °C under monitored 1275 

temperature conditions until transfer for further processing. 1276 

Animals euthanized due to reaching humane endpoint criteria were excluded from statistical 1277 

analyses. Values from clinical biochemistry that were affected by hemolysis were also 1278 

excluded from the analysis. The Benjamini-Hochberg multiple comparison correction was 1279 

applied, and significance was accepted for data with an adjusted p-value bellow 0.05. A linear 1280 

model was applied to each variable using the lm() function, implementing a two-way ANOVA 1281 

to assess the effects of group, sex, and their interaction. 1282 

For the biodistribution study non-GLP quantification of the human transgene CTNNB1 on a 1283 

DNA and RNA level was performed via ddPCR (Biorad). Results from DNA analysis are 1284 

reported as copies of the target gene (hCTNNB1) per 1 µg of DNA. During target gene specific 1285 

ddPCR method development the following parameters were determined: nominal value of 1286 

mGAPDH was 845.8 mGAPDH copies per 2.5 ng of DNA, LLOQ (Lower limit of 1287 

quantification) 5,298.8 hCTNNB1 copies per 1 µg DNA and LOD (Limit of detection) 5298.8 1288 

hCTNNB1 copies per 1 µg DNA. Acceptance criteria were more than 10,000 accepted 1289 

droplets/well and fewer than 2 detectable copies in negative template control samples (NTC). 1290 

Values of DNA level of biodistribution analysis from raw data were calculated as: 1291 

hCTNNB1/1µg DNA= (copies per 20 µL well (FAM)/ copies per 20 µL well (HEX)) *Nominal 1292 

value of mGAPDH per 1µg of DNA, where FAM channel detected hCTNNB1 and HEX 1293 

detected mGAPDH. Results from RNA analysis are reported as copies of the target gene 1294 

(hCTNNB1) per copies of the reference gene (mGAPDH). For RNA detection LLOQ was 1295 

0.002025 hCTNNB1/mGAPDH and LOD 0.00129 hCTNNB1/mGAPDH. Values of RNA 1296 

biodistribution analysis from raw data were calculated as follows: hCTNNB1/mGAPDH= 1297 

copies per 20 µL well (FAM)/ copies per 20 µL well (HEX), where FAM channel detected 1298 

hCTNNB1 and HEX channel detected mGAPDH. 1299 
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 1300 

A GLP-like single dose biodistribution and toxicity study in non-human primates 1301 

For the single dose biodistribution and toxicity study, 2-4-year-old naïve cynomolgus 1302 

macaques (Macaca fascicularis) were used. The study (90-day long) was conducted as a non-1303 

GLP study, following RD 53/2013 national approval. All non-human primates used in the study 1304 

have been tested by the supplier for several distinct kind of infectious diseases, including 1305 

tuberculosis, Herpes B virus infection, Simian Immunodeficiency Virus, salmonella, Shigella 1306 

and filovirus. Nevertheless, animals were isolated for a minimum of 40 days. On day 1 of the 1307 

study, the ICV administration of the test item (volume of the AAV suspension) was performed 1308 

using ventriculography-assisted (X-Ray tube SR 90r20 FN (Siemens)) stereotactic surgery 1309 

(86,87) using Stereotaxic frame 1730 (David Kopf Instruments), and Hamilton syringes. In 1310 

brief, once the animals were located in the stereotaxic frame the skin above the skull was 1311 

opened and a craniotomy was performed to visualize the mid-sagittal sinus. A pediatric spinal 1312 

needle 25GA 3.50 IN 0.50 x 90 mm (Beckton Dickinson, cat# 405257,) coupled to a 1 ml 1313 

syringe without dead volume (NIPRO, cat# SY3-1LC;) was orthogonally inserted 1.3 mm 1314 

lateral to the midline until reaching the right lateral ventricle location confirmed by CSF 1315 

aspiration followed by an x-ray plate with contrast agent (0.3 ml; Omnigraph®). Once location 1316 

of the injection device was secured, the AAV suspension was delivered in pulses of 0.3 ml/min, 1317 

and once completed, the needle was left in place for an additional time of 10 min before 1318 

withdrawal, to avoid reflux of the AAV suspension through the injection tract. The same 1319 

procedure was repeated for deliveries into the left lateral ventricle. For ICV administration (AP 1320 

-0.2, ML -13.2, DV 3.517) (88), a midsagittal injection was performed to deliver 3.15 × 1013 1321 

or 7.85 × 1013 vg/dose of test item by bilateral ICV injection (2 × 2 mL, or 2 × 4 mL). Another 1322 

group of animals was subjected to ICM injection (AP -0.2, ML -27.3, DV -18.7). In this case, 1323 

the skin of the neck was opened, and muscles were separated by planes until securing a direct 1324 

visualization of the cisternae magna in between the end of the occipital bone and the posterior 1325 

lamina of the C1 vertebra. Next, the injection device (same as for ICV deliveries) was inserted 1326 

in the midline of the cisternae magna with the help of a stereotaxic micromanipulator at a depth 1327 

of 2 mm from the surface. The location of the injection device (same one as for ICV injections) 1328 

inside the CSF space was confirmed by x-ray plates and by the extraction of a CSF volume 1329 

equivalent to the AAV suspension to be delivered. Delivery was conducted in pulses of 0.3 1330 

m/min, and once completed, the injection needle was left in place for 10 minutes before 1331 
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withdrawal to ensure the lack of reflux of the AAV suspension through the perforated dura 1332 

matter. The hole made at the level of the dura matter was closed immediately upon needle 1333 

removal by applying a pulse of the electrocoagulator. Once surgery was completed, each 1334 

animal was returned to an individual cage until full recovery of the anesthesia. For ICM the 1335 

animals received 3.15 × 1013 vg/dose of the test item, Urbagen, in 4 mL. 1336 

Body weight and neurological status were monitored throughout the study. On day 90, animals 1337 

were euthanized and necropsies were performed following intracardiac perfusion with a 1338 

phosphate buffer solution, with subsequent organ harvesting for histopathological H&E 1339 

assessment. Perfusion was performed using fixative solution made of 3,000 mL of 4% 1340 

paraformaldehyde and 0.1% glutaraldehyde in 0.1 M PB at neutral pH under a constant flow 1341 

of 3,500 mL/h by the use of a Perfusion peristaltic pump 501S-170 (Watson-Marlow). Samples 1342 

(frontal lobe, head of the caudate nucleus, basal ganglia, temporal lobe, thalamus, 1343 

mesencephalon, hippocampus, pons, colliculi, occipital cortex, cerebellum, occipital cortex, 1344 

visual cortex, spinal cord (cervical, thoracic & lumbar), and dorsal root ganglia (cervical, 1345 

thoracic & lumbar), heart, liver (right lobe), lung (right lower lobe), kidney (right), spleen, 1346 

gonads (testis or ovary), striatal skeletal muscle (quadriceps, right), skin (back), sciatic nerve 1347 

(right), and median nerve (right)) were taken according to Pardo et al. (89) and embedded in 1348 

the paraffin. Scoring for changes was carried out (Supplementary Table 13). Histopathological 1349 

analyses in paraffin-embedded tissues were carried out by a reference pathologist with the 1350 

credentials to perform GLP studies (Patconsult Lab). Blood (Vacutainer) was also collected for 1351 

further analysis. A volume of 0.3 mL of cerebrospinal fluid (CSF) was collected by direct 1352 

puncture of the cisternae magna with an insulin needle. CSF samples were quickly frozen in 1353 

dry ice and stored at -80 ºC for further analysis.  1354 

From collected tissue non-GLP biodistribution analysis was performed via ddPCR (Biorad). 1355 

During target gene specific ddPCR method development the following parameters were 1356 

determined: nominal value of mfGAPDH was 692.3 mfGAPDH copies per 2.5 ng of DNA, 1357 

LLOQ 3,084.4 hCTNNB1 copies per 1 µg DNA and LOD 3,084.4 hCTNNB1 copies per 1 µg 1358 

DNA. Acceptance criteria were more than 10,000 accepted droplets/well with fewer than 2 1359 

detectable copies in NTC. Values of DNA level of biodistribution analysis from raw data were 1360 

calculated as: hCTNNB1/1µg of DNA= (copies per 20 µL well (FAM)/ copies per 20 µL well 1361 

(HEX)) *Nominal value of mfGAPDH per 1 µg of DNA, where FAM channel detected 1362 

hCTNNB1 and HEX channel detected mfGAPDH. Results from RNA analysis are reported as 1363 
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copies of the target gene (hCTNNB1) per copies of the reference gene (mfGAPDH). For RNA 1364 

detection LLOQ was 0.00023 hCTNNB1 / mfGAPDH and LOD 0.00023 hCTNNB1 / 1365 

mfGAPDH. Values of RNA level of biodistribution analysis from raw data were calculated: 1366 

hCTNNB1/mfGAPDH= copies per 20 µL well (FAM)/ copies per 20 µL well (HEX), where 1367 

FAM channel detected hCTNNB1 and HEX channel detected mfGAPDH. 1368 

 1369 
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 1727 

Figure 1. Rational selection of a potential therapeutic AAV cassette for CTNNB1 1728 

Syndrome. (a) Schematic representation of six AAV-CTNNB1 expression cassettes designed 1729 

as candidates for CTNNB1 gene augmentation. The expression of all the constructs is controlled 1730 

by the cytomegalovirus/chicken β-actin hybrid (CBh) promoter and a polyadenylation site 1731 

either derived from the bovine growth hormone gene or the endogenous CTNNB1 gene 1732 

(3’UTR). Complete natural, truncated (ΔCTD) and codon optimized (COP) versions of the 1733 

CTNNB1 coding DNA sequence (CDS) were assembled with different regulatory elements 1734 

such as the endogenous 5’UTR (5’), intronic sequences, or microRNA-Targeting Sequences 1735 

(M). The constructs were no longer than 4.9 kilobases (kb). (b) AAV-CTNNB1 construct 1736 

screening workflow. Each construct was individually packaged into AAV2.7m8 capsids and 1737 

vectors were used to transduce patient-derived cortical brain organoids. Two weeks after 1738 

transduction, organoids were collected for gene expression analysis. (c) CTNNB1 mRNA 1739 

expression levels in patient-derived organoids either untreated (UN) or transduced with AAV-1740 
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CTNNB1 (C1-6) vectors at an MOT of 1.00  1010 vg/organoid. Data are shown as fold change 1741 

(mean ± SEM) relative to the healthy control (HC), calculated using the 2−ΔΔCt (Livak) method. 1742 

Statistical comparisons were performed on −ΔΔCt, using one-way ANOVA (**** p < 0.0001) 1743 

and Dunnett’s multiple comparisons test (ns: non-significant, ** p < 0.01, *** p < 0.001, **** 1744 

p < 0.0001). (d) Representative 20 immunofluorescence images of β-catenin, marker 1745 

synaptophysin, and the Glial Fibrillary Acidic Protein (GFAP) in HC, and CTNNB1mut 1746 

organoids treated or not with AAV-CTNNB1(C4). Scale 200 µm. 1747 

  1748 
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1749 

Figure 2: Determining the therapeutic efficacy of AAV9-CTNNB1(C4) in a CTNNB1 1750 

Syndrome mouse model. Beta-catenin+/- mice (n= 8-9/sex/group) were treated with low, mid, 1751 

or high doses (4.29  109, 2.12  1010, and 1.06  1011 vector genomes (vg)/mouse, 1752 

respectively) of the test vector through the intracerebroventricular (ICV) route at 283 days-1753 

old and monitored for 20 weeks. An AAV9-eGFP control vector (2.12  1010 vg/mouse) was 1754 



 

 61 

administered to B-catenin+/- (n= 8-9/sex) and wild-type mice (n= 7/sex). (a) Efficacy study 1755 

timeline. (b) Total rearing frequency in the open field for combined sexes at 4, 12 and 20 weeks 1756 

of age (mean ± SEM; * p < 0.05 unpaired t-test). (c) Overall Kinematic Gait score determined 1757 

at 12 and 20 weeks of age (mean ± SEM; * p < 0.05; ** p < 0.01; Two-way ANOVA with 1758 

Tukey's multiple comparisons test). (d) Time Spent Freezing for combined sexes determined 1759 

at 20 weeks of age by Contextual Fear Conditioning (mean ± SEM; * p < 0.05 unpaired t-test). 1760 

(e-f) Human CTNNB1 mRNA expression confirmed via RT-qPCR at the end of the study (n= 1761 

4/group; median). (g-h) Human β-catenin protein levels measured via ELISA in mouse brain 1762 

left subcortex (g) and thalamus (h) (n= 4-7/group; mean ± SEM; * p < 0.05; ** p < 0.01; Two-1763 

way ANOVA with Tukey's multiple comparisons test). (i-k) Biochemical blood profile at the 1764 

end of the study; albumin (ALB), total protein (TP) and globulins (GLOB) (i); liver enzymes 1765 

Alanine Aminotransferase (ALT) and Alkaline Phosphatase (ALP) (j); and total bilirubin (TBI) 1766 

and creatinine (CRE) (k) (n= 6-7/group).  1767 

  1768 
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 1769 

Figure 3. Long-term effects following intracerebroventricular (ICV) administration 1770 

AAV9 in C57BL/6J mice. Wild-type mice (n = 5/vector/dose/sex) were administered either 1771 

1.06  1011 or 2.25  1011 vector genomes (vg) of the selected AAV9-CTNNB1(C4) or the 1772 

AAV9-eGFP control vector and monitored for eight months. Untreated wild-type mice served 1773 

as controls (n = 5/sex). (a) Overview of the 8-month study assessing vector tolerability. (b) 1774 

Mouse body weights (mean ± SEM) were monitored weekly for up to 35 weeks post-treatment. 1775 

Mixed-effects model (p= 0.2664) and two-way ANOVA (p= 0.2344) repeated measures were 1776 
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used for statistical analysis in males and females, respectively. (c) Bodyweight changes 1777 

(box=interquartile range, IQR; line within the box= median; whiskers= maximum and 1778 

minimum). One-way ANOVA non-significant (p= 0.8732 for males and p= 0.9318 for 1779 

females). (d) Cerebral cortex thickness (IQR; median; maximum and minimum values). One-1780 

way ANOVA (p= 0.2708) and Kruskal-Wallis (p= 0.1380) tests were used for statistical 1781 

analysis in males and females, respectively. (e) Representative H&E histopathology images of 1782 

the brain, hippocampal gyrus, brainstem, and cerebellum cortex. Scale bars 1 mm (brain), 50 1783 

µm (hippocampal gyrus), and 100 µm (brainstem and cerebellum). 1784 

  1785 
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 1786 

1787 

Figure 4: Overview of the 90-day GLP-toxicology study assessing the safety of Urbagen 1788 

in wild-type mice. Wild-type C57BL/6NCrl mice were ICV inoculated with Urbagen at three 1789 

different dose levels: low (5.00  1010 vg/mouse), mid (1.00  1011 vg/mouse), and high (3.35 1790 

 1011 vg/mouse). Each group consisted of n= 10 mice/sex/dose and was evaluated over a 90-1791 
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day study period. (a) Experimental design of the in vivo toxicology and biodistribution studies. 1792 

(b) Body weight progression of animals throughout the study. (c) Survival rates of animals in 1793 

the toxicology study. (d-e) Differential blood count at day 90. WBC: White Blood Cells, HGB: 1794 

Hemoglobin, HCT: Hematocrit. (f) Blood coagulation parameters at day 90. (g) Biochemical 1795 

blood profile determined at the end of the study. ALB: Albumin, ALT: Alanine 1796 

Aminotransferase, AST: Aspartate Aminotransferase, CREA: Creatinine kinase. (h) 1797 

Histopathological scoring of brain alterations at study termination; mean values per group are 1798 

shown for selected findings. (i) Representative H&E histopathology images of the brain and 1799 

heart. Scale bars: ~200 µm (brain) and ~50 µm (heart). Data are presented as mean ± SEM; 1800 

statistical significance was determined by two-way ANOVA followed by Tukey's multiple 1801 

comparisons test). 1802 

  1803 
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Figure 5: In vivo biodistribution of Urbagen in wild-type mice at different time points. 1805 

Wild-type C57BL/6NCrl mice were ICV inoculated with Urbagen at low, mid, and high doses 1806 

(5.00  1010, 1.00  1011, and 3.35  1011 vg/mouse, respectively; n=6/sex/dose). Using droplet 1807 

digital PCR (ddPCR), biodistribution of the vector DNA (a) and transgene hCTNNB1 mRNA 1808 

expression (b) was determined at different time points (n= 3 animals/sex/dose).  1809 
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1810 

Figure 6: Ninety-day safety and biodistribution assessment in Macaca fascicularis 1811 

following Urbagen administration. Nonhuman primates (NHPs; n=2/group) were treated 1812 

with either 3.15  1013 or 7.85  1013 vg of Urbagen via stereotactic brain surgery using two 1813 

different delivery approaches: biventricular ICV, or intracisterna magna (ICM). (a) Study 1814 

timeline. (b) Liver enzymes (mean ± SEM, one-way ANOVA) measured at study end. (c) 1815 

Representative cervical dorsal root ganglion section from an ICV-inoculated NHP (3.15  1013 1816 

vg). Scale bar: ~250 µm. (d-e) Vector biodistribution by ddPCR at study end in (d) brain 1817 

regions and (e) peripheral tissues. hCTNNB1 mRNA biodistribution by ddPCR at study end in 1818 

(d) brain regions and (e) peripheral tissues. Vg: Vector genomes/NHP; AST: Aspartate 1819 

aminotransferase; ALT: Alanine aminotransferase; SC: Spinal Cord; DRG: Dorsal Root 1820 

Ganglion. 1821 

 1822 

 1823 
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