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In vivo selection in non-human 
primates identifies AAV capsids for 

on-target CSF delivery to spinal 
cord - implications for ALD 
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ABSTRACT

Systemic administration of adeno-associated virus (AAV) vectors for spinal 
cord gene therapy is associated with a number of challenges, including dose-
related toxicity and a reduction in efficacy due to the presence of pre-existing 
immunity. Improvements in AAV specificity and distribution within the spinal 
cord could lead to significant advances in the treatment of neurogenerative 
disorders, including adrenoleukodystrophy (ALD), which require effective 
central nervous system (CNS) delivery. Intrathecal (IT) administration into 
the cerebrospinal fluid (CSF) represents a promising alternative, with the 
potential to reduce peripheral toxicity. However, its efficacy remains limited 
by incomplete spinal cord distribution and risks of hepatotoxicity. This study 
screened an AAV9-based peptide display library in non-human primates 
(NHPs) via IT administration, identifying capsids optimised for spinal cord 
delivery. Top candidates, selected through biopanning, demonstrated 
improved retention across lumbar, thoracic, and cervical regions with reduced 
off-target liver effects compared with AAV9. To evaluate the potential for 
these optimised capsids in a translational context, we tested them in hiPSC-
derived spinal cord organoids and found that top candidates outperformed 
AAV9 in efficacy of transgene expression. This work highlights the potential 
of hiPSC-based models to advance ALD therapies and establishes a 
foundation for CSF-targeted delivery in preclinical models.
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INTRODUCTION

Adrenoleukodystrophy (ALD) is a severe genetic disorder characterized by 
progressive degeneration of the central nervous system (CNS), with limited 
treatment options1. While hematopoietic stem cell transplantation (HSCT) 
is an effective treatment for childhood cerebral ALD, there is currently no 
available therapy for adult-onset spinal cord degeneration2,3. Given that ALD 
is a monogenic disorder, gene therapy represents a promising therapeutical 
treatment option through the delivery of a functional copy of the ABCD1 
gene to the CNS4,5. However, achieving effective and targeted delivery to 
the spinal cord remains a major challenge.

Intrathecal (IT) administration of adeno-associated virus (AAV) vectors into 
the cerebrospinal fluid (CSF) circumvents some limitations associated with 
systemic delivery, such as the potential for high-dose toxicity and reduced 
efficacy due to pre-existing immunity6–8. However, IT delivery has inherent 
limitations, including incomplete distribution throughout the spinal cord 
and potential for peripheral leakage, which could result into liver toxicity9,10. 
Therefore, there is a clear need for vectors for spinal cord therapy with 
high efficiency at a lower dose, robust distribution across the spinal cord 
from lumbar to cervical regions, and minimal off-target effects in peripheral 
organs.

To address these challenges, we collaborated with a group specialised in 
therapeutic delivery that developed an in vivo selection strategy using an 
AAV9 peptide display library (iTransduce), which was optimised for spinal 
cord targeting in non-human primates (NHPs) with the aim of improving 
clinical relevance11. This approach identified capsids that exhibited 
enhanced biodistribution within the spinal cord and reduced transduction 
in the liver, in comparison with AAV9. To advance these findings towards 
human application, we tested the four most promising capsids in hiPSC-
derived spinal cord organoids and motor neurons, demonstrating superior 
transduction efficiency and narrowing the number of candidates to two. 
These capsids represent a promising advancement in the development of 
gene therapies and translational application for ALD that target the spinal 
cord.

RESULTS

In vivo selection of AAV capsids for enhanced spinal cord targeting

To improve targeted delivery to the spinal cord, our collaborators used a 
two-round selection strategy in non-human primates (NHPs) using an AAV9 
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peptide display library, iTransduce, which was designed to identify capsids 
with optimized biodistribution (Figure 1). The primary aim was to enhance 
the localization of the vector in the spinal cord while simultaneously reducing 
its biodistribution in peripheral tissues, particularly in the liver.

In the first round of selection, cynomolgus monkeys received an intrathecal 
(IT) injection of the iTransduce AAV peptide library, which features a CBA-
driven Cre cassette followed by a p41-driven AAV9 capsid containing 
randomised 21-mer bp inserts that encode for 7-mer peptides. Three 
weeks following the injection animals were sacrificed and biodistribution 
was evaluated by recovering AAV DNA from spinal cord regions (cervical, 
thoracic, and lumbar). The recovered unique inserts were analysed with 
next-generation sequencing (NGS). These unique inserts obtained from all 
three spinal cord regions were pooled and ligated back into the iTransduce 
plasmid backbone to create a refined library for the second round of 
selection.

In the second round of selection, a new reporter AAV expression was 
used to facilitate transduction-based selection in a non-transgenic animal. 
The reporter plasmid contained a Cre-sensitive floxed-STOP-H2B-mPlum 
cassette, which allowed the detection of successful transduction events. 
Following IT co-injection with the refined iTransduce library from round 
one, only cells co-transduced with Cre-expressing AAV capsids activated 
nuclear mPlum expression. Spinal cord tissues were harvested, and DNA 
was extracted from whole tissue, flow-sorted nuclei, and flow-sorted H2B-
mPlum nuclei containing transduction-competent capsid DNA. NGS was 
performed to identify AAV capsids for further screening for spinal cord 
transduction. Candidates for further screening were selected based on NGS 
read frequency and enrichment in whole tissue DNA, regional enrichment in 
the cervical spinal cord, presence in nuclei-sorted samples for transduction 
competency, common motifs and high frequency across multiple spinal cord 
regions, and manufacturing yield efficiency, with a focus on those producing 
higher yields. Based on this criterion, 13 candidate peptides were selected 
and subsequently tested for biodistribution in the spinal cord and liver of both 
non-human primates (NHPs) and mice. After evaluating the biodistribution 
data and transduction efficiency in the spinal cord, along with manufacturing 
yield the selection from the initial 13 candidates was narrowed down to four 
promising peptides: NL1, TH1, TP1, and TR2, which exhibit the potential for 
enhanced transduction capabilities. 
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Figure 1. Overview of the in vivo selection in NHPs to identify AAV capsids with the ability to 
efficiently transduce spinal cord (A) Round one of selection. The iTransduce AAV genome plasmid 
has a CBA-driven Cre cassette followed by a p41 driven AAV9 capsid with randomized 21mer bp 
inserts encoding for 7mer peptides inserted into the capsid. NHPs are injected IT with the library and 
three weeks later animals are sacrificed and spinal cord removed. NGS is performed on AAV genomes 
containing 21mer inserts amplified from three spinal cord reions. The rescued cap inserts are inserted 
into the iTransduce backbone and packaged into the R1 rescued library. (B) Round two of selection. A 
second reporter AAV expression plasmid is used to allow transduction-based selection in a nontransgenic 
animal. The reporter contains a Cre-sensitive floxed-STOP-H2B-mPlum cassette. When co-injected IT 
into NHPs with iTransduce library from Round one, cells that are co-transduced with Cre-expressing 
capsids can rescue nuclear mPlum expression. Spinal cord is again isolated and DNA isolated using three 
different strategies: (1) whole tissue DNA as in 1a, (2) flow-sorted nuclei, and (3) flow-sorted H2B-mPlum 
nuclei (contains transduction-competent capsid DNA). NGS is performed and AAV capsids are identified 
for further screening for spinal cord transduction.
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Evaluation of selected capsids in hiPSC-derived spinal cord organoids

We tested the transduction efficiency in hiPSC-derived spinal cord 
organoids (hSO), another clinically relevant system. We transduced hSO 
with the top four candidate capsids (NL1, TH1, TP1, and TR2) and compared 
them with AAV9. Single-stranded AAV genomes encoding a CAG-driven 
GFP cassette were packaged into each capsid to be able to track GFP 
intensity with live cell imaging in transduced organoids (Fig. 2A).
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Day 55 hSO were transduced with 2.5 x 1010 vector genomes (vg) per 
organoid and per ml. We performed serial live cell imaging to quantify 
GFP fluorescence in organoids at days 1, 7, and 10 after transduction. GFP 
intensity increased greatly between day 1 and 7 and was highest at day 10 
for all capsids (Fig. 2B). By day 10, TR2 and NL1 exhibited the highest mean 
fluorescence levels, with increases of 4.7-fold and 4-fold, respectively, in 
comparison to AAV9 (Fig. 2B). Confocal imaging of sectioned hSO further 
confirmed robust GFP expression, revealing bright GFP+ cells that co-
localised with NeuN+ neurons, indicating successful neuronal transduction 
(Fig. 2C). Quantification of the percentage of GFP+ cells revealed an 
enhanced transduction by TR2 and NL1, with increases of 1.7- to 2.1-fold 
compared with AAV9 (Fig. 2D). In addition, we quantified the number of 
AAV genome copies in organoids incubated with each capsid and found 
gene transfer to be enhanced 1.9- to 2.1-fold compared with AAV9 (Fig. 2E).

Transduction Efficiency in Human iPSC-Derived Spinal Motor Neurons

To assess transduction in motor neurons, a relevant target for the spinal 
phenotype of ALD, we tested the four candidate capsids in 2D monocultures 
of ISL1+ hiPSC-derived motor neurons (Fig. 3A). Live cell imaging revealed 
strong intensity of GFP earlier than in hSO, therefore, we fixed cultures at day 
6 after transduction. We quantified the percentage of GFP+ motor neurons 
and, at the tested dose, all capsids including AAV9 efficiently transduced 
these cells (Fig. 3B). 

Overall, the findings in hiPSC-derived brain models highlight the 
potential of these systems as preclinical models for the evaluation of gene 
therapy vectors, advancing their development for therapeutic applications 
in neurodegenerative disorders.

Figure 2. NHP selected capsids transduce hSO more efficiently than AAV9 (A) Live-cell images 
of GFP+ cells within organoids at 7 days after transduction. (B) Quantification of mean GFP intensity in 
whole live organoids at days 1, 7, and 10. Day 7 GFP signal of NL1 and TR2 was increased in comparison 
with AAV9 (n = 2; p = 0.03 and 0.0059, respectively). Day 10 GFP signal of all AAV variants was superior 
to AAV9 (n = 2; NL1 p < 0.0001, TH1 p = 0.049, TP1 p = 0.0146, TR2 p < 0.0001). Quantifications 
were performed in three organoids per hiPSC line per capsid. P values were calculated using two-way 
ANOVA with Bonferroni’s multiple comparison correction test. (C) Representative immunofluorescent 
confocal images of hSO transduced with AAV9 and AAV variants stained against GFP in green at day 
55, 10 days after transduction (scale bar, 100 mm). (D) Quantification of the percentage of GFP-positive 
cells in transduced organoids 10 days post transduction (n = 2). Quantifications were performed in 5–7 
organoids between both hiPSC lines, with more than 5,000 DAPI nuclei included. (*p < 0.05; **p < 
0.01). The p values were calculated using nested one-way ANOVA with Bonferroni’s multiple comparison 
correction test. (E) Quantification of AAV genomes in organoids 10 days after transduction (n = 2). Three 
organoids per hiPSC line per capsid were pulled to perform DNA isolation. (*p < 0.05; **p < 0.01). 
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DISCUSSION

There are no current effective treatment options for the spinal phenotype 
of ALD, highlighting a critical unmet need for targeted therapies. As a 
monogenetic disorder, gene therapy holds promise as a treatment option for 
ALD through the delivery of a functional copy of the ABCD1 gene. Here we 
aimed to improve current vectors using clinically relevant systems. Through 
a two-round AAV9 capsid library screening in NHPs, four candidate capsids 
with improved biodistribution to the spinal cord and reduced off-target 
biodistribution to the liver were identified. The use of NHPs for this screening 
stage maximized the clinical translatability of capsid selection, as NHPs 
share key anatomical and physiological characteristics with humans that are 
not present in smaller animal models, such as organ size and cerebrospinal 
fluid (CSF) volume. This approach also provided a realistic assessment of 
the biodistribution capabilities of candidate capsids, an essential aspect for 
developing a gene therapy vector aimed at human application.

In subsequent testing in human iPSC-derived spinal cord organoids, two of 
the four NHP-selected capsids, NL1 and TR2, exhibited superior transduction 
efficiency compared with both AAV9 and the other two candidates, based 
on both higher genomic copy numbers and increased percentages of GFP-
positive cells. This refinement in capsid selection through the organoid 
model highlights the translational potential of human cell-based systems in

Figure 3. NHP selected capsids and AAV9 efficiently transduce hiPSC-derived motor neurons (A) 
Representative immunofluorescent confocal image of hiPSC-motor neurons transduced with NL1 stained 
against GFP in green and ISL1/2 in red at day 6 after transduction (scale bar, 50 mm). (B) Quantification of 
the percentage of GFP-positive ISL1+ hiPSC-derived motor neurons in transduced monocultures 6 days 
after transduction. Quantifications were performed with 2 images per coverslip per hiPSC line per capsid; 
one coverslip per line, with more than 175 ILS1+ neurons included. No statistical significance was reach 
using nested one-way ANOVA with Bonferroni’s multiple comparison correction test. (E) 
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preclinical development of gene therapy12–14. 

We evaluated transduction efficiency in 2D and 3D hiPSC-derived brain 
models. In 2D cultures transduction efficiency was notably higher than in 3D 
hSO, as evidenced by the greater percentage of GFP+ cells across all capsids 
tested. This discrepancy is likely due to the structural dissimilarities between 
the two systems. The greater surface area in the 2D cultures may allow more 
effective viral entry. The relatively rapid and extensive transduction in 2D 
cultures may have masked potential differences between capsid groups, as 
the increased accessibility to viral particles in monolayer cultures minimises 
the variability in transduction observed in the more complex 3D structures. 
Dimensionality alone, however, is not the only factor that might have played 
a role in the observed differences in transduction efficiency. At the time of 
transduction, hSO were not only composed by neurons but also neuronal 
progenitors, and most of the GFP+ cells in organoids displayed a neuronal 
morphology. Therefore, differences in cellular accessibility heterogeneity 
likely contributes to the differences between the 2D and 3D culture models.

Previously, the recombinant AAV9 (rAAV9) vector was used for the delivery 
of the human ABCD1 gene in vitro to primary mixed brain glial cells from 
Abcd1-/- mice, ALD patient fibroblasts, and in vivo to Abcd1-/- mice15. rAAV9 
ABCD1 delivery resulted in a positive gene transfer that also translated to 
reduced levels of VLCFA. Top selected capsid candidates, NL1 and TR2, 
represents a promising opportunity for further testing in a patient-specific 
context. These capsids could be evaluated for ABCD1 gene delivery in ALD 
hiPSC-derived spinal cord organoids. We have previously characterized the 
lipid profile of ALD hSO and reported lipidome alterations. In particular, 
we observed a reduction in phosphatidylethanolamine plasmalogens and 
an increased in their degradation classes. Testing of ABCD1 gene delivery 
via discovered capsids would be informative not only to evaluate the 
transduction efficiency and gene delivery fidelity of the capsids but also, 
in combination with lipidomics, to provide insights into the therapeutical 
potential of gene therapy for ALD by elucidating whether the delivery of 
a functional copy of ABCD1 rescues of the lipidome alterations observed 
in the model system. Such investigations are critical for advancing these 
capsids towards potential clinical application as gene therapy vectors for 
neurodegenerative disorders.
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