. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/239242/

Version: Published Version

Article:

Mortimer, A.J., Sander, C.F., Parmar, A.R. et al. (2026) Comparison of AAV9-driven motor
neuron transduction following different CNS-directed delivery methods in mice. Scientific
Reports. ISSN: 2045-2322

https://doi.org/10.1038/s41598-026-38039-z

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ 32, | University of P UNIVERSITY

UNIVERSITY OF LEEDS %~ Sheffield NS W



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1038/s41598-026-38039-z
https://eprints.whiterose.ac.uk/id/eprint/239242/
https://eprints.whiterose.ac.uk/

SCientiﬁc Reports https://doi.org/10.1038/s41598-026-38039-z
Article in Press

Comparison of AAV9-driven motor neuron
transduction following different CNS-directed
delivery methods in mice

Received: 14 November 2025 Alannah J. Mortimer, Chiara F. Sander, Amisha R. Parmar, Ailsa J. Williams, Mimoun
Accepted: 28 January 2026 Azzouz, Guillaume M. Hautbergue, Pamela J. Shaw, Laura Ferraiuolo & Richard J.
Published online: 04 March 2026 Mead

Cite this article as: Mortimer A.J.,

Sander C.F,, Parmar A.R. et al. We are providing an unedited version of this manuscript to give early access to its
Comparison of AAV9-driven motor findings. Before final publication, the manuscript will undergo further editing. Please

neuron transduction following different note there may be errors present which affect the content, and all legal disclaimers
CNS-directed delivery methods in mice. apply.
Sci Rep (2026). https://doi.org/10.1038/

$41598-026-38039-7 If this paper is publishing under a Transparent Peer Review model then Peer

Review reports will publish with the final article.

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1038/s41598-026-38039-z
https://doi.org/10.1038/s41598-026-38039-z
https://doi.org/10.1038/s41598-026-38039-z
http://creativecommons.org/licenses/by/4.0

Comparison of AAV9-driven motor neuron transduction
following different CNS-directed delivery methods in mice

Alannah ) Molel*, Chiara F Sander!, Amisha R Parmar}?, Ailsa ] Williams?,
Mimoun Azzouz!, Guillaume M Hautbergue!, Pamela ] Shawl, Laura Ferraiuolo?,
Richard ] Mead®*

L University of Sheffield, Sheffield Institute for Translational Neuroscience, UK

*Corresponding authors: Richard | Mead, r..mead@sheffield.ac.uk,
Alannah ] Mole: a.j.mole@sheffield.ac.uk

1. Abstract

Gene therapies are promising for diseases previously considered incurable.
Adeno-associated virus serotype 9 (AAV9) demonstrates remarkable
tropism for motor neurons (MNs) and represents an exciting candidate to
target genetic causes of motor neuron diseases like amyotrophic lateral
sclerosis (ALS). However, systemic delivery risks immunogenicity and off-
target effects, therefore localised delivery to the CNS is advantageous. We
assessed MN transduction in wild-type post-natal mice using AAV9-
controlled, cytomegalovirus-promoter driven, enhanced GFP expression.
Intra-cisterna magna (ICM) and intra-cerebroventricular (ICV) methods
were compared. Four weeks post-delivery, GFP positivity in MN and
astrocytes were gquantified via immunchistochemical approaches and viral
genome copy number determined by qPCR. All delivery methods achieved
high MN transduction in lumbar spinal cord (>68%). Unilateral ICV delivery
provided the highest and most consistent levels (89 £ 3%), and minimal
peripheral viral copies. ICV delivery resulted in higher astrocytic
transduction, most notably in the cortex. Brainstem MN transduction was
high with all methods (>55%). We failed to find evidence of neuronal
transduction in motor cortex. Viral genome copies trended higher in spinal
cord and brainstem with ICV approaches, however further work is required
to understand how bilateral repeated dose delivery leads to more profound
increases. Whilst several routes of administration into cerebrospinal fluid
exist, direct comparisons for targeting MNs /n vivo remain limited. Overall,
all methods of CNS-directed delivery result in high levels of motor neuron
transduction in the lumbar spinal cord and brainstem, but not in motor
cortex. Unilateral ICV appears to provide the best balance between
consistent, high levels of transduction and low off-target effects. However,
ICM might be the better option if seeking to avoid astrocytic transduction.

Keywords: Gene therapy, motor neuron, AAV9, ICM, ICV
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2. Highlights

cortex

CSF delivery of AAV9 targets >68% of lumbar spinal cord
(SC) motor neurons

Unilateral ICV yields high and consistent lumbar SC motor
neuron transduction (>88%)

Unilateral ICV results in the lowest number of peripheral
viral copies

ICV targets significantly more astrocytes, particularly in

Bilateral repeat dose ICV leads to significantly higher viral

copies in the liver

3. List of Abbreviations

Abbreviation

Expansion \%

AAV
ALS
BBB
ChAT
CMV
CSF
GFAP
GFP
IBA1
ICM
ICV
IHC
IT
\Y
MN
SMA

vg

Adeno-associated virus
Amyotrophic laterai sclerosis
Blood brain barrier

Choline acetyltransferase
Cytomegalovirus
Cerebrospinal fluid

Glia!l fibrillary acidic protein
Green fluorescent protein
lonised calcium binding adaptor molecule 1
Intra-cisterna magna
Intra-cerebroventricular
Immunohistochemistry
Intrathecal

Intravenous

Motor neuron

Spinal muscular atrophy
Viral genome



4. Introduction

Motor neuron diseases, such as amyotrophic lateral sclerosis (ALS) are
devastating neurodegenerative conditions that are characterised by
progressive degeneration of motor neurons, leading to debilitating muscle
weakness, paralysis, and ultimately death. The unmet need to identify
effective therapeutic strategies to target the underlying genetic and
molecular abnormalities in ALS has driven the exploration of innovative
approaches. The manipulation of genetic material, or gene therapy, to treat
or prevent disease, has been transformative in the field of medicine.

Among various gene delivery vectors, adeno-associated virus serotype 9
(AAV9) has gained prominence as an ideal candidate for delivering
therapeutic genes to the central nervous system (CNS) [1]. AAV9 has a high
affinity for motor neurons, a versatile and safe profile, and has the capacity
to cross the blood-brain barrier (BBB) in both rodents and non-human
primates, although penetration level varies depending on delivery method
[2-7]. AAV9’s unique tropism towards the central nervous system has driven
extensive work into its application for targeted gene delivery for
neurodegenerative conditions, such as the monogenic, childhood motor
neuron disease, spinal muscular atrophy (SMA), for which gene therapies
are now commercially available [8].

The choice of delivery method of AAV9 piays a crucial role in determining
the efficiency and specificity of vector transduction within the CNS. Several
strategies have been developed for AAV9 delivery targeted to the CNS
including: intravenous (IV) injection; intra-cerebroventricular (ICV) injection;
intrathecal (IT) injection either by lumbar puncture or intra-cisterna magna
(ICM), sub-pial and intra-parenchymal injection. Each method offers unique
advantages and challenges in terms of target cell specificity, transduction
efficiency and off-target effects and have been reviewed recently [9]. In
brief, intravenous injection can provide systemic distribution of AAV9
vectors, however there are numerous challenges. Firstly, vectors are
diluted in the circulation, leading to higher dosing requirements which may
have toxicity and cost implications. There is also limited BBB penetration
when delivering AAV9 systemically and it may lead to heightened immune
response or result in non-specific transduction in peripheral organs [10, 11].
There have also been concerns raised regarding AAV-mediated genotoxicity
in the liver, which remains debated in the field, and continues to be
monitored in clinical trials [12].

In contrast, direct injection into cerebrospinal fluid (CSF) allows for precise
targeting of specific CNS regions or cell populations but may require more
invasive procedures that pose risk of tissue damage or immune responses.
ICV and ICM methods offer an alternative route for delivery of AAV9 vectors
directly into CSF, enabling widespread distribution within the CNS, whilst
minimising invasiveness and allowing for lower dosing than systemic
delivery. In this study, we chose to deliver vectors early in postnatal
development as this is a useful time point for therapeutic proof of concept,



particularly where neurodegenerative phenotypes develop rapidly such as
in models of SMA. In addition, at this age, delivery is less invasive, since
injections can be delivered without surgery due to skull structure. Despite
extensive research on AAV9 vector delivery methods, direct comparative
studies evaluating motor neuron and spinal cord transduction after different
administration routes in mice after early administration remain limited.

Here, we therefore aimed to compare ICV and ICM methods of AAV9
delivery to mice /n vivo and compare motor neuron transduction levels to
determine the most effective approach for specific motor neuron targeting
in pre-clinical studies. We utilised AAV9 controlled cytomegalovirus (CMV)-
promoter driven expression of enhanced green fluorescent protein (eGFP)
to compare levels of motor neuron transduction in the spinal cord after
delivery either ICM, or ICV of neonatal wild-type mice. At around 4 weeks
post-infusion, a timepoint at which transgene expression should be high [13,
14], the animal was humanely sacrificed and we used quantitative PCR and
immunohistochemical approaches to assess viral distribution. We chose to
administer at neonatal stages as this is the major timepoint used in studies
for therapeutic proof of concept and particularly where neurodegenerative
phenotypes develop rapidly [15]. Whilst this is relevant for paediatric
diseases, it could be argued that this might limit translation to adult-onset
diseases such as ALS. However, it is worth nothing that there is a growing
appreciation for the complexity and functionality of the BBB at early stages
in development [16, 17]; recent studies using ICM delivery in cats suggest
that motor neuron transduction is not affected by age at CSF delivery [18].
Here, we found that all CNS-directed delivery methods yielded high levels
of lumbar spinal cord motor neuron transduction (>68%), however noted
that upper motor neurons did not appear transduced in any case. ICM
delivery was more variable and technically challenging than ICV but lead to
minimal astrocytic transduction. Unilateral ICV delivery targeted lumbar
motor neurons at high and consistent levels, along with astrocytes in the
cortex. Bilateral iCV delivered over two days (repeat dosing regimen)
resulted in significantly higher astrocytic transduction in spinal cord,
brainstem and cortex, and resulted in higher peripheral viral genome copies.
Overall, we provide direct comparison of methods of motor neuron and
spinal cord targeting using AAV9 in neonatal mice.

5. Methods

5.1. Animals and Ethics Statement

All animal procedures and methods were performed in accordance with
the UK Animals (Scientific Procedures) Act 1986 under a UK Home Office
project license and in line with institutional guidelines and regulations.
This license was ethically reviewed and approved by the local ethics
committee (University of Sheffield Animal Welfare and Ethical Review
Body). Mouse maintenance and day to day care was in line with the Home
Office Code of Practice for Housing and Care of Animals Used in Scientific
Procedures. The ARRIVE guidelines were followed in the preparation of
this paper [19]. Pregnant, wild-type C57BL/6J (JAX®) mice (Charles River,



UK) were housed in open cages in pathogen-free conditions with ad
libitum access to food and water, on a 12:12 light/dark cycle within animal
facilities at the University of Sheffield. Pregnant dams were acclimated to
the smell of tattoo ink and isoflurane around one week prior to birthing to
familiarise them with these scents and reduce risk of pup rejection. At
birth, pups were identified by tattoos that were applied to the footpad
under local anaesthetic (EMLA cream) until ear notching was possible.
Injections were undertaken before postnatal day (P) 3. Both sexes were
used. Runts, which were identified easily on visual inspection, were
excluded from the study. At weaning, pups were group housed.

5.2. Injections of viral vector

Self-complimentary (sc) AAV9-CMV-eGFP vector (4815 bp, packaged size
2.2 kb) at titre 9.45E+10 viral genomes (vg)/mouse in 0.001% pluronic
carrier, or vehicle only (pluronic) were delivered before postnatal day 3
under general anaesthesia (isoflurane) in the following groups, as
summarised in Table 1: 5 uL ICM; 5 pL unilateral (right only) ICV; or 5 pL
unilateral (right) ICV on day 1 and 5 pL unilateral (left) ICV on day 2
(referred to as ICV bilateral repeat dose). Controls received an equivalent
injection of carrier only. Injection material was loaded into a 25 uL Hamilton
syringe with 33G, small hub RN needle (PST 4).

Table 1: Summary of treatment groups and litres

Group Injection site Injecticn Volume/| Number of Total
material injection| injections | injection titr
Control Cisterna magna| Pluionic carrier 5 L 1 0 vg/mouse
or lateral
ventricle
ICM Cisterna magna| scAAV9-CMV- 5puL 1 9.45E+10
_ eGFP vector vg/mouse
ICV Unilateral| Latera! ventricle| scAAV9-CMV- 5 uL 1 9.45E+10
eGFP vector vg/mouse
ICV Bilateral | Lateral ventricle] scAAV9-CMV- 5 L 2 1.89E+11
Repeat Dose eGFP vector vg/mouse

Anaesthesia was induced at 5% isoflurane, and 3 L O%/min. Pups were
transferred onto a Model 940 Small Animal Stereotaxic Instrument (Bilaney)
and placed over a WeeSight™ transilluminator to visualise the injection site.
Pups were maintained under anaesthesia on a modified nosecone at 2%
isoflurane, 0.5 L O2/min throughout, with alterations based on individual
monitoring. For ICM, the injection site was visible through the skin as a small
dark triangle and was most easily accessed when the pups head was tilted
slightly forward over the transilluminator. Infusions were initiated
immediately after the needle punctures through the skin. For ICV, the site
was located approximately 0.25 mm lateral to the sagittal suture and 0.50
- 0.75 mm rostral to the neonatal coronary suture and at a depth of 2 mm,
as described previously by Glascock et al., 2011 [20]. 5 pL volumes were
delivered by syringe driver (Harvard Apparatus) at a rate of 1 uL/minute.
Note that the needle was left in position for around 1 minute after infusion



completion to allow pressure to dissipate and then the needle was
withdrawn slowly to minimise flowback. After infusion, pups were recovered
upright (in a tube holder) to encourage spinal distribution, in an incubator,
for around 10 minutes before returning to the home cage and monitoring
for resumption of normal maternal care.

5.3. Tissue Collection

Around 4 weeks post-injection, mice were sacrificed by an overdose of
pentobarbital and a cardiac perfusion was performed with PBS. The spinal
cord was then dissected /n situ, the start of the lumbar region was identified
anatomically by the end of the ribcage and presence of the lumbar
enlargement. The lumbar region was fixed in 4% paraformaldehyde
overnight. The remaining spinal cord was snap frozen on dry ice for viral
copy number analysis. The brain was dissected and split along the midline,
with the right half being fixed in 4% paraformaldehyde overnight, and left
being split into regions of cortex, cerebellum and brainstem for copy
number analysis. The approximate area of motor cortex cortical layer V was
identified by cell size and density. The brainstem is composed of many
nuclei; we quantified cells that were positive for ChAT and are likely located
in the dorsal motor nucleus. Liver and heart were also snap frozen to assess
off-target effects.

5.4. Immunohistochemistry

Fixed brains and lumbar spinal cord were paraffin embedded and sagittally
or transversely sectioned on a microtome at 10 um respectively. Tissue was
deparaffinised and subjected to antigen retrieval in a pressure cooker
(Access Revelation, pH 6.4). Sections were blocked with 5% BSA and 0.25%
tx-100. Slides were then immunostained for: GFP + ChAT (motor neuron
identity in spinal cord) or NeuN (neuronal identity in motor cortex region);
GFP + GFAP (astrocytic identity); and GFP + Ibal (microglial identity). Note
that for double stains using ChAT, we found that staining was optimal when
antibodies were added consecutively. Primary and secondary GFP staining
was therefore performed and then followed by ChAT staining. For all other
combinations, primary antibodies were added simultaneously in a single
incubation. A summary of primary antibodies and conditions of use are
shown in Table 2. Secondary antibodies used included: goat anti-chicken
Alexa Fluor 488, 1:1000 (ThermoFisher, A-11039); donkey anti-chicken
Alexa Fluor 488, 1:1000 (Jackson Immunoresearch, 703-545-155); goat
anti-rabbit Alexa Fluor 555, 1:1000 (ThermoFisher, A27039); donkey anti-
goat Alexa Fluor 555, 1:400 (Thermofisher A21432). Negative controls
consisted of sections incubated in the absence of primary antibody.

Table 2: Summary of primary antibodies used for immunohistochemistry

Primary Antibody Species / Dilution / time Supplier
Isotype / (Product
temperature code)

RRID




Anti-Green Chicken 1:1000/ Abcam AB 300798

Fluorescent Protein Polyclonal IgY Overnight / (ab13970)

(GFP) 4°C
Anti-Choline Goat Polyclonal 1:200/ Merk Millipore[ AB_ 2079751
Acetyltransferase 72 hour / 4°C (AB144P)
(ChAT)
Anti-Glial Fibrillary Rabbit 1:500/ Dako (Z0334)| AB_ 1001338
Acidic Protein (GFAP) Polyclonal Overnight /
4°C
Anti-lonised calcium Rabbit 1:500/ GeneTex AB 1240434
binding adaptor Polyclonal IgG Overnight / | (GTX100042)
molecule 1 (Ibal) 4°C
Anti-NeuN Rabbit 1:200/ Cell Signallingl AB_2630395
Monoclonal Overnight / | Technology
4°C

5.5. Viral DNA extraction

DNA was extracted from cortex, cerebellum, brainstem, spinal cord, liver
and heart by standard phenol-chloroform extraction inethod. In brief, tissue
was crushed with a pestle in a 1.5mL Eppendorf, and 250 pyL of reporter
lysis buffer (Promega) was added and tissue was crushed again. 1 uL of 20
mg/mL proteinase K was added, pulse vortexea and incubated at 50°C for
1 hour. Samples were homogenised 15x with a 21G needle. 250 pL of
phenol/chloroform/isoamyl alcohol was added and vortexed vigorously for
3 minutes. Samples were centrifuged at 17000 x g at room temperature for
10 minutes. Around 225 uL of supernatant was removed to a new 1.5 mL
Eppendorf and 25uL 3M sodium acetate and 1 pL glycogen was added and
pulse vortex. 750 uL of 100% ethanol was added and tubes were inverted.
Samples were left to precipitate overnight at -20°C. The following day,
samples were centrifuged at 17000 x g at room temperature for 20 minutes.
Supernatant was discarded and samples was washed with 500 uL of 70%
ethanol and centrifuged at 17000 x g at room temperature for 10 minutes.
Supernatant was discarded, and the sample was pulse spun, and a pipette
was used to remove as much ethanol as possible. Samples were left to air
dry for at least an hour at room temperature. DNA was resuspended in 25 -
50 pyL of RNAse free water. Concentration and quality were determined by
nanodrop and corrected to ensure that equivalent concentrations were
used in qPCR. DNA was stored at -20°C.

5.6. Quantitative Polymerase Chain Reaction (qPCR)

A BioRad CFX Touch Real-Time PCR gPCR system was used to determine
the number of viral genome copies present in different tissues. Primers
were used that targeted the bovine growth hormone (bGH) polyA tail of the
pPAAV9I-CMV-eGFP vector: bGH pA Forward CTCGACTGTGCCTTCTAGTTG and
bGH pA Reverse CCTACTCAGACAATGCGATG. A standard plasmid (CMV.GFP
plasmid clone 675.5, Vector Biolabs) was used in serial dilution to generate
a standard reference curve with a known number of viral copies (see
Supplementary, Fig. S.1 for curve). Copies of viral DNA were determined




using absolute quantification gPCR, with the equation X, = Eamp!P-C9)
wherein X, is copy number; Eamp is the exponential amplification value
which is 107 (-1/slope); b is the y-intercept of the standard curve; and Cq
is the quantification cycle value. 1uL of DNA was used per reaction at
50ng/well as corrected after nanodrop, therefore the final X, value was
divided by 50, so copy number is expressed per nanogram of DNA. SYBR
green was used with cycling times as shown in Table 3.

Table 3: gPCR cycling conditions for viral genome analysis

Cycling Step Temperatu| Time Ramp rate Number of
re cycles
Enzyme activation 95 5 min 1
Denaturation 95 30 sec 2°C/sec 39
Annealing/Extension 58 1 min 39
Signal Stabilisation 4 5 min 1
90 5 min 2°C/sec 1
Hold (optional) 12 Infinite 1
5.7. Quantification and Statistical Analysis

Images of lumbar spinal cord, brainstem and motor cortex sections were
taken on an Incell analyser 2200/2000 with equai exposure settings, before
being taken into Image ] and adjusted for brightness and contrast equally
across all sections, and a flat-field correction was applied. A minimum of 3
slides per animal were used for quantification, with a minimum of 65 motor
neurons per animal. Motor neurons were manually quantified for co-
localisation with anti-ChAT, indicative of motor neuron identity, and anti-
GFP, with the criteria that motor neurons must have a positive DAPI nuclei
and express green in at least 50% of the cell within the ChAT+ boundary.
For cortical anti-GFAP quantification, indicative of astrocytes, and anti-GFP
quantification, Image j was used to count cells and co-localisation assessed
on overlap. A manual count was then taken of GFP positive cells, to allow a
correction to be applied for non-selective staining of blood vessels.
Quantification of anti-ChAT and anti-GFAP, were analysed using
CellProfiler™ (software available www.cellprofiler.org and we have made
pipelines available where all settings and steps are fully detailed:
https://github.com/CFESander/CellProfiler_astrocyte pipelines.qgit) (See
Supplementary Fig. S.2 for example training paradigm) [21, 22].
Investigators were blind to treatment group during all manual quantification,
however blinding was not necessary for automated pipelines. Data were
collated in excel and statistical analyses were undertaken in Prism10.

6. Results

6.1. AAV9 delivery to CSF leads to high motor neuron
transduction in the lumbar spinal cord, with unilateral ICV
delivery providing consistently high levels.
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There is a distinct lack of literature that directly compares transduction
levels /n vivo in mice following different CNS-directed delivery methods of
AAV9. We therefore firstly aimed to quantify the number of transduced
motor neurons in the spinal cord 4 weeks after ICM, unilateral ICV or
bilateral ICV repeat dose delivery of AAV9-CMV-eGFP.

We used immunohistochemical approaches (Figure 1) to manually count
the number of motor neurons that co-localised with choline
acetyltransferase (ChAT), indicating motor neuron identity, and expressed
this as a percentage of the total number of motor neurons counted in the
lumbar spinal cord (Figure 2). Note that, unexpectedly, we found cells that
were quantified as positive for GFP in control animals. We are confident that
this positivity is artefact, since viral genome copy number analysis in
control animals was also negligible (see Table 6). We acknowledge,
however, that due to artefact, it is possible that we may have overestimated
transduction levels in injected animals, and the risk of false-positive
identification must be highlighted. In future, it may be worth exploring
alternative imaging approaches that might reduce this, although it is likely
that variation in background levels will continue to present challenges. For
transparency, we have included control data (as opposed to expressing
levels relative to control), to highlight the chaiienges with eliminating
background staining with GFP immunohistochemistry. We noted that GFP
fluorescence intensity appeared visually higher in the bilateral repeat dose
ICV group compared to other methods, but due to background variation,
quantification was challenging. All tissue was fixed and treated identically
as far as possible and controls with primary antibody excluded were
included (Supplementary, Fig. S.4), with antibody non-specificity and
autofluorescence being the likely the origin of such background.

We found that all delivery methods lead to high levels of motor neuron
transduction in the spinal cord, with over 68% of lumbar motor neurons
being transduced in all groups, as summarised in Table 4. We noted that
unilateral ICV approaches yielded more consistent, higher percentages of
transduced motor neurons in the lumbar spinal cord than other approaches
(Figure 2). Note that, as expected, and consistent with previous reports
[23, 24], intramuscular delivery failed to show retrograde transduction of
motor neurons in the spinal cord (Supplementary, Fig. S.3).
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Figure 1: Visualisation of choline acetyltransferase (ChAT) positive
cells, indicating motor neurons, and GFP co-localisation in the
ventral horn of the lumbar spinal cord in mice around 4 weeks after
AAVI-CMV-eGFP delivery. Note that transduction can be clearly
visualised in all delivery conditions. Note that there are transduced cell
types particularly visible in the bilateral repeat dose ICV condition which
are not motor neurons and which are likely astrocytes. Differences in visible
motor neuron numbers reflect differences in field selection, rather than
biology. Sections labelled with anti-ChAT, anti-GFP and DAPI. Scale bar =
40 um.

Table 4. MN counts in lumbar spinal cord and average transaduction leve/

Route of Total MNs[Transduced MNs Percentage of
Administration | counted | (eGFP+/ChAT+) Transduced
(ChAT+) MNs +SEM (%)
ICM (n=5) 661 452 68.4 =11
Unilateral ICV 744 662 89.0 = 3
(n=5)
Bilateral repeat 643 482 75.0 9
dose ICV (n=4)

ChAT/GFP/DAPI
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Figure 2: Quantification of the perceritage of GFP positive cells that
are co-localised with ChAT, indicating transduced motor neurons,
in the spinal cord after different CNS-directed delivery methods of
AAVI9-CMV-eGFP. Note that there are high levels of transduction in all
groups, however the most consistent and highest transduction is seen after
unilateral ICV delivery. ICM = intra-cisterna magna, ICV unilateral =
unilateral intra-cerebroventricular;, ICV  bilateral = bilateral intra-
cerebroventricular delivery repeated dose group. One-way ANOVA with
Tukey’s correctioni  for multiple comparisons. *p=<0.05, *p=<0.01
***0<0.001. Error bars = mean %= SEM.

6.2. AAV9 delivery to CSF leads to high motor neuron
transduction in the brainstem but not in the motor cortex

We next sought to investigate and compare the extent to which motor
neurons in the brainstem and cortex were targeted by ICM and ICV delivery
methods of AAV9-CMV-eGFP.

Using immunohistochemistry (Figure 3), we manually quantified the co-
localisation between ChAT, indicative of motor neurons, and GFP, indicating
positive transduction in the brainstem and expressed the number of co-
localised motor neurons as a percentage of total motor neurons counted
(Figure 4).



We found that motor neuron transduction was high in the brainstem in both
conditions, with >55% of motor neurons transduced in all groups, as
summarised in Table 5, however we noted high variability (Figure 4).

In the cortex, however, we were unable to detect co-localisation of the
neuronal marker (anti-NeuN) with GFP, suggesting minimal neuronal
transduction (Figure 5).

ChAT GFP DAPI Merge

Control

ICM

Unilateral
ICV

Bilateral
ICV

ChAT/GFP/DAPI

anti-ChAT anti-GFP  DAPI

Figure 3: Visualisation of choline acetyltransferase (ChAT) positive
cells, indicating motor neurons, and GFP co-localisation in the
brainstem in mice around 4 weeks after AAV9-CMV-eGFP delivery.
Note that transduction can be clearly seen in all delivery conditions.
Sections are labelled with anti-ChAT, anti-GFP and DAPI. Scale bar = 20 um.

Table 5: MN counts in brainstem and average transduction level

Route of Total MNs [Transduced MNs Percentage of
Administration counted |(eGFP+/ChAT+)| Transduced MNs *
(ChAT+) SEM (%)
ICM (n=5) 473 262 55.4 £ 15
Unilateral ICV (n=5) 424 296 69.8 = 16




Bilateral ICV 850 601 70.7 £ 16
Repeat Dose (n=4)
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Figure 4: Quantification of tire percentage of GFP positive cells that
are co-localised with ChAT, indicating transduced motor neurons,
in the brainstem afier different CNS-directed delivery methods of
AAVI9-CMV-eGFP. Noie that there are high levels of transduction in all
groups, although this is variable between animals. ICM = intra-cisterna
magna, ICV unilateral = unilateral intra-cerebroventricular; ICV bilateral =
bilateral intra-cerebroventricular repeat dose delivery. One-way ANOVA
with Tukey’s correction for multiple comparisons. *p=<0.05. Error bars =
mean * SEM.
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Figure 5: Visualisation of the neuronal marker, anti-NeuN, and GFP
in the motor cortex in mice around 4 weeks after ICV AAV9-CMV-
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eGFP delivery. Note that a lack of co-localisation is seen with NeuN,
suggesting minimal neuronal transduction. Note that we can see other non-
neuronal cell types that are transduced following ICV administration in the
cortex. An example of region of interest selection at lower magnification is
provided in supplementary material (Fig. S.5). Scale = 20um.

6.3. The number of viral genome copies in spinal cord and
brainstem is higher with ICV delivery methods.

Quantification of viral genome copy number can provide additional insight
into the biodistribution and transduction efficiency of gene therapy vectors.
Here, we used quantitative PCR (qPCR) on vector genome DNA isolated
from various CNS tissues to gain further insight into viral distribution and
compare this across delivery methods. We quantified the average number
of vector genome copies/ng of DNA in each tissue (Table 6 and Figure 6) by
extrapolating Ct values from a standard curve generated from a GFP
plasmid with known viral copy humber (see Supplementary data, Fig. S.1).
As expected, we found that the control group had negligible viral copy
numbers, confirming that our detection method was specific, and further
evidencing that immunohistochemical positivity previously detected in
control is artefact.

We were able to detect viral copies in ali treatment groups. There was a
trend towards a higher viral copy number in spinal cord and brainstem after
ICV delivery methods.

In spinal cord, there were between 7-8 copies/ng of DNA after ICM delivery,
threefold higher following unilateral ICV at around 30 copies/ng of DNA and
significantly higher after bilateral repeat dose ICV at around 308 copies/ng
of DNA, as summarised in Table 6 and Figure 6. The viral genome copy
number does nct necessarily align with data obtained for motor neuron
transduction rates obtained from immunohistochemical analysis (Figures 2
and 4). We can attribute this to either transduction of other cell types, such
as astrocytes, or perhaps there is a limit to transduction efficiency such that
higher viral genome copy number does not translate to a greater
transduction rate. It is also possible that overexpression of GFP protein
could lead to immunogenicity which could interfere with, and paradoxically,
reduce GFP expression. At this age although unlikely, others have indicated
that neutralising antibodies may be present within 24 hours of first dose,
thus cannot be excluded [25].

A similar trend was also seen in brainstem, with around 9 copies/ng of DNA
after ICM, 464 copies/ng of DNA after ICV unilateral and 1053 copies/ng of
DNA after bilateral repeat dose ICV, also summarised in Table 6 and Figure
6. We noted increased variability in viral copy number at higher levels. In
cortex, we observed high viral genome copy numbers following ICV delivery,
despite a lack of neuronal transduction. Taking copy number results
together with immunohistochemical assessment, this is likely due to the



high level of astrocyte transduction in cortex (see Results, Table 7 and Fig.

7).
Table 6: Viral copy number analysis in central tissues as determined by
qPCR.
Tissue Number of viral copies/ng of DNA (Mean + SEM)
Control ICM Unilateral ICV| Bilateral ICV
(n=4) (n=5) (n=3-5) Repeat Dose
(n=4-5)
Spinal cord 0 7.7 £2 30.1 £ 17 308.9 = 55
Brainstem 0 9.1 +3 463.5 = 148 1053.0 = 200
Cerebellum 0 65.4 = 40 6.9 +£3 46.5 £ 17
Cortex 0 56.9 + 54 5598.0 = 3688| 3432.0 £ 1101
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Figure 6: Quantification of viral copy number in spinal cord,
brainstem, cerebellum and cortex. Quantitative PCR on CNS tissue
suggests that there are high copy numbers in spinal cord and brainstem,
with a trend towards higher copy number in these tissues when delivered
intra-cerebroventricularly (ICV). ICM = intra-cisterna magna, ICV unilateral
= unilateral intra-cerebroventricular;, ICV bilateral = bilateral intra-
cerebroventricular repeat dose delivery. One-way ANOVA with Tukey’s
correction for multiple comparisons. ns=not significant, *p=<0.05,
**¥<0.001, ****p=<0.0001. Error bars = mean = SEM.,



6.4. ICV delivery of AAV9-CMV-eGFP results in significantly
higher astrocytic transduction than other delivery methods,
particularly in cortex

In this work, we intended to selectively target motor neurons, however, it
was evident from immunohistochemistry that other cell types had been
transduced after AAV9-CMV-eGFP delivery that were not ChAT- or NeuN-
positive. Using immunohistochemistry, we identified these cells as being
positive for the astrocytic marker, glial fibrillary acidic protein (GFAP), in
spinal cord, brainstem and cortex (Figure 8, Figure 9 and Figure 10
respectively). In cortex, cells also appeared negative for the microglial
marker, anti-ionised calcium binding adaptor molecule 1, Ibal (Figure 11),
indicating that these cells were likely astrocytic in identity.

We quantified the number of GFP positive cells that co-localised with GFAP
and expressed this as a percentage of the total number of GFAP positive
cells. As summarised in Table 7, we found that there were significantly
higher percentages of astrocytes transduced with a Bilateral ICV repeat
dose approach in spinal cord and, particularly in the cortex. Astrocytic
transduction was minimal with ICM delivery in all regions. In ICV groups, we
found significantly more astrocytic transduction in spinal cord and
brainstem.

In the bilateral ICV repeat dose group, in spinal cord, we found around 1.4%
of astrocytes were transduced, and in brainstem 0.37% of astrocytes were
transduced (Table 7, Figure 7)

Overall, we found that ICV delivery resulted in significantly higher astrocytic
transduction than ICM delivery, although it is worth noting that numbers
were low in spinal cord and brainstem, but high in cortex (Table 7, Figure
7). Further work is required to determine the biological significance of this,
and to assess routes for better targeting of upper motor neurons.

Table 7: Percentage of transduced astrocytes in spinal cord, brainstem and
cortex.

Tissue Percentage of transduced astrocytes (Mean + SEM)
Control ICM Unilateral ICV| Bilateral ICV
(n=2) (n=3) (n=4) Repeat Dose
(n=3)
Spinal Cord 0.04 0.10 £ 0.07( 0.31 +£0.14 1.42 + 0.32
Brainstem 0.07 = 0.05 = 0.02 0.04 = 0.03 0.37 = 0.04
0.03
Cortex 0+x0 0.50 = 0.50 16.20 = 4.31 25.60 *+ 9.50
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Figure 7: Quantification of the percentage of transduced
astrocytes in spinal cord, brainstem and cortex. Quantification of GFP
positive cells that co-localised with the astrocytic marker, GFAP, showed
that percentages of transduced astrocytes following intra-cisternal magna
(ICM) and unilateral intra-cerebroventricular (ICV) injection are not
significantly different than control, suggesting minimal astrocytic
transduction in these groups. Note that there are a small but significantly
higher percentage of transduced astrocytes following bilateral ICV repeat
dose delivery in spinal cord and brainstem. Note (hat in cortex, ICV delivery
appears to target a much higher percentage or astrocytes, compared to ICM.
One-way ANOVA with Tukey'’s correction for muitiple comparisons. *p=<0.05,
**p<0.01, **** p<0.0001 Error bars = mean = SEM.
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Figure 8: Visualisation of glial fibrillary acidic protein (GFAP)
positive cells, indicating astrocytes, and GFP co-localisation in the
spinal cord in mice around 4 weeks post AAV9-CMV-eGFP delivery.
Note that transduction of astrocytes can be clearly seen in bilateral ICV
repeat dose conditions (examples indicated by yellow arrowheads).
Sections are labelled with anti-GFP, anti-GFAP and DAPI. Scale bar = 50 um.
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Figure 9: Visualisation of glial fibrillary acidic protein (GFAP)
positive cells, indicating astrocytes, and GFP co-localisation in the
brainstem in mice around 4 weeks post AAV9-CMV-eGFP delivery.
Note that transauction of astrocytes can be clearly seen in bilateral ICV
repeat dose group (example indicated by yellow arrowhead). Sections are
labelled with anti-GFP, anti-GFAP and DAPI. Scale bar = 50 um.



Control ICM Unilateral ICY Bilateral ICV

Figure 10: Visualisation of glial fibrillary acidic protein (GFAP)
positive cells, indicating astrocytes, and GFP co-localisation in the
cortex in mice around 4 weeks post AAV9-CMV-eGFP delivery. Note
that transduction of astrocytes can be clearly seen in both ICV groups.
Sections are labelled with anti-GFP, anti-GFAP and DAPI. Scale bar = 20 um.
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Figure 11: Micrograph snowiing a lack of GFP co-localisation with
the microglial marker in cortex, anti-ionised calcium binding
adaptor molecule 1, Ibal. No overlap between GFP and lbal was seen.
Sections are labelled with anti-GFP, anti-lbal and DAPI. Scale bar = 20

um.

6.5. Unilateral ICV delivery of AAV9-CMV-eGFP provides the
lowest levels of peripheral transduction

With AAV-mediated gene therapies, there is concern regarding peripheral,
off-target effects, particularly pertaining to hepatotoxicity. We therefore
quantified the number of viral genome copies found in liver and heart, to
quantify the peripheral viral load following different CNS-directed delivery
methods.

As summarised in Table 8 and Figure 12, after ICM administration there
were around 9 and 14 copies/ng in the liver and heart respectively.
Unilateral ICV delivery resulted in the lowest and most consistent number
of copies, with <3 copies/ng of DNA in liver and heart. As might be expected
with a higher dose, bilateral ICV repeat dose resulted in significantly more
viral copies than any other delivery route, with around 35 and 23 copies/ng



of DNA in liver and heart respectively, although we did not see any overt
signs of toxicity in study animals. When considering the best route of
administration for motor neuron targeting, it is worth noting that a bilateral
repeat dose approach could lead to 10x more viral load in the liver than
another delivery method, despite achieving similar levels of motor neuron
transduction in spinal cord and brainstem. Overall, achieving a balance

between specific transduction in the CNS versus off-target effects is a
critical consideration.

Table 8: Viral copy number analysis in peripheral organs as determined by
qPCR.

Tissue Number of viral copies/ng of DNA (Mean = SEM)
Control ICM Unilateral ICV| Bilateral ICV
(n=4) (n=5) (n=5) Repeat Dose
(n=4)
Liver 0 9.0+14 2.8 2 35.1 + 13
Heart 0 13.7x7 2.2+ 2 23.3 13
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Figure 12: Quantification of viral copy number in liver and heart.
gPCR on peripheral tissue suggests that there is Ilimited off-target
transduction in peripheral organs. Note that Unilateral ICV achieves the
lowest and most consistent number of viral copies in liver and heart. Also
note that Bilateral ICV repeat dose delivery results in significantly more viral
copies in the liver. One-way ANOVA with Tukey’s correction for multiple
comparisons. ns=not significant, *o=0.05. Error bars = mean * SEM.

7. Discussion



In line with previous studies, we have demonstrated that CNS-directed
delivery of scAAV9-CMV-eGFP in neonatal mice can transduce motor
neurons to high levels. We found that unilateral ICV delivery of scAAV9-
CMV-eGFP transduced over 88% of motor neurons in the lumbar spinal cord
and over 69% of motor neurons in brainstem. More generally, at 4 weeks
post-injection, we found that any CNS-directed route transduced over 68%
of motor neurons in the lumbar spinal cord and over 55% of motor neurons
in the brainstem. We have highlighted challenges with GFP
immunohistochemistry which must be taken into consideration, since
staining artefact may lead to an overestimation of transduction levels. We
therefore must be cautious when comparing transduction levels reported
here to other studies since most studies fail to quantify or do not report
control artefact levels. Greater transparency of potential false-positive
levels is required in the literature, and we hope that our work highlights
challenges with what might be assumed to be simple visualisation of a
fluorescent protein. Viral copy numbers in the CNS were also high across all
groups, however we noted that bilateral ICV repeat dose delivery, whereby
the titre is effectively doubled across two days, resulted in significantly
higher viral copies in the liver. We also noted that bilateral ICV repeat
dosing leads to significantly more astrocytic transduction in spinal cord
(around 1.4%) and brainstem (around 0.37%) than other delivery methods,
although numbers remained low. In cortex, either unilateral or bilateral ICV
approaches transduced significantly more astrocytes (>16%), compared to
the ICM group, where astrocytic transduction was almost negligible.

Taking motor neuron transduction ievels and viral copy number data
together, unilateral ICV delivery may provide the best balance between
achieving high and consistent lower motor neuron transduction whilst
minimising peripheral effects. If astrocytic transduction is desired, then ICV
approaches could be effective, but titre should be optimised to determine
potential dosing thresholds that lead to astrocytic transduction with
minimal peripheral impact. If avoiding astrocytic targeting, then an ICM
approach may be more appropriate. Systemic delivery should also be
considered if non-neuronal subtypes are the intended target, as the
literature suggests that more widespread targeting of periphery and other
cell types [4, 24, 26-29]. Further work is required to optimise targeting of
upper motor neurons with these methodologies.

7.1. Systemic versus CNS-directed delivery of AAV9

Vascular delivery of AAV9 remains the most widely adopted infusion route
and is also more applicable to paediatric patients. Whilst an intravascular
approach has proven clinical potential and application, challenges remain.
The most obvious challenge lies in the large quantities of vector that are
required to achieve significant CNS-targeting. Only a fraction of the vector
penetrates the blood brain barrier (BBB), thus making widespread CNS
delivery historically challenging [2, 4], although development of BBB-
penetrant capsids has been ongoing and several recent BBB-penetrating



AAV9 capsid variants have been engineered that show widespread CNS
transduction [30-33]. With an intravenous approach using scAAV9-CBh-GFP
in neonatal mice, Foust et al., 2009 reported one of the highest levels seen
with a systemic approach, reporting up to 61% motor neuron transduction
in mice. However, vascular delivery also leads to widespread targeting of
astrocytes throughout the spinal cord and brain, and, most notably, in
peripheral organs [4, 24]. Similar peripheral organ targeting, and astrocytic
transduction in mice are reported with AAV9 after systemic delivery
throughout the literature [3, 4, 26-29]. Whilst targeting of astrocytes may
not necessarily be undesirable, as there is potential for astrocytes to deliver
secreted transgene products to the CNS, the additional challenges of
toxicity, immunogenicity and circulating antibodies with such large infusion
volumes are problematic.

With systemic delivery approaches, large vector doses are required to
reach the CNS due to full-body distribution. Increasing the viral load
consequently increases peripheral organ exposure. Indeed, significant
concerns over liver toxicity have emerged in both clinical and non-clinical
settings in spinal muscular atrophy, Duchenne muscular dystrophy and
myotubular myopathy [34-39].The liver is highly vascularised, receiving
around 25% of cardiac output and around 30% of thie body’s total volume
per minute [40, 41], which may drive hepatic tropism. The mechanisms by
which the liver tolerates, or fails to tolerate, AAV9 have been reviewed
recently [42], however in brief transduction of AAV vector in macrophages
in the liver, known as Kupffer cells, are thought to elicit an immune
response and subsequently eliminate the therapeutic effect of delivered
therapies by developing antibodies to the capsid, transgene, or through
cytotoxic T-cell-mediated mechanisms. Activation of capsid-specific T cells
may result in destruction of transduced hepatocytes and result in
consequent hepatotoxicity. Acute liver injury has been found to correlate
with high hepatoceiluiar load, macrophage activation, and type 1 interferon
innate virus-sensing pathway responses [34]. Thus, reducing the viral load,
as can be achieved with CNS-directed AAV9 delivery, has clear advantages,
despite being more invasive and technically challenging. The presence of
anti-AAV antibodies in the bloodstream, even at low titres, can block
transduction of tissues by intravenous AAV9 [4]. Anti-AAV antibodies are
common in human and non-human primates, although normally lower in
infants and young children [10, 43, 44].

Since reduced doses of vector are required to reach clinically relevant
transgene expression with CNS-directed delivery, the immunogenicity risk
is inherently lower. Work in nonhuman primates, suggests that direct CSF
delivery can yield widespread transduction with a dose ten times lower than
intravenous delivery [45]. Thus, CNS-directed approaches offer a
compelling alterative. Our data indicate that unilateral ICV delivery results
in minimal viral genome copies in the liver, which is promising from a
toxicity perspective. Notably, bilateral ICV delivery with an increased titre
via repeated dosing resulted in significantly higher viral load in the liver,
however toxicity was not expected or observed with this viral load. Our



observations may be due to increased titre of the vector, since we doubled
the dose with a bilateral approach, however we cannot rule out other
mechanisms of augmentation, which we will discuss. We must also note
that here, effects of repeated dosing versus higher titre cannot be
distinguished, and that delivering bilaterally within the same session would
help to elucidate this. ICV delivery is already used in clinical trials such as
those in Canavan disease (NCT04833907) and mucopolysaccharidosis type
I (NCT04571970) and so is already clinically translatable. In non-human
primates, ICV delivery has been shown to transduce over 65% of motor
neurons in the lumbar spinal cord at 3 weeks post-delivery, and ICM has
been shown to transduce neurons in the brain [46, 47]. Due to the close
anatomical relationship between brainstem and the cisternal space, ICM
routes of delivery carry higher procedural risk. In the clinic, an intrathecal
catheter via the subarachnoid space from a lumbar puncture may reduce
invasiveness of an ICM procedure; in non-human primates, delivery to the
lateral ventricle or ICM with a catheter has been shown to effectively target
cervical motor neurons [48]. Work using AAV9-mediated gene delivery in a
mouse model of mucopolysacccharidosis type | examined the therapeutic
effectiveness of different routes of CSF delivery and found that all treated
animals were indistinguishable from control, regardless of route [49]. Our
data agrees and suggests that the main consideration when choosing
between routes in murine preclinical work likely resides in desire to achieve
astrocytic transduction. ICV appears to resuit in higher and more consistent
lumbar motor neuron transduction, however, higher numbers of astrocytes
are transduced, especially in cortex. If seeking to avoid astrocytic
transduction, ICM may be a better ¢ption.

It is important to note that delivery of AAV9 into CSF directly does not
negate the challenge of circulating pre-existing anti-AAV antibodies [10],
and mild dorsal root ganglion toxicity has been highlighted in preclinical
animal studies [28], however only one case has been reported in humans
[50]. Since transduction can be achieved at lower viral titre within the CNS
compartment, immunogenicity risks are reduced. Studies in dogs have
reported similar transduction levels regardless of route (ICV or ICM),
however animals receiving ICV have been reported to develop encephalitis
associated with a T cell response, which did not present after ICM delivery
[51]. Immune tolerance of AAV-based therapies, screening for neutralising
antibodies and immunosuppression remain important clinical
considerations. Here, we did not pre-screen for neutralising antibodies due
to the very young age of delivery, however it is possible that repeat could
lead to development of neutralising antibodies - which has been shown to
develop within one day in mice [25] - that may interfere with transduction
or lead to more inflammatory processes and damage. In addition, intra-CSF
delivery of AAVs has been shown to induce more dorsal root ganglion (DRG)
pathology in non-human primates than if AAV is delivered intravenously
[52]. We did not assess DRG biodistribution here, however including this in
future may allow us to better understand and predict the consequences of
DRG transduction.



Note that we trialled intramuscular delivery of vector into gastrocnemius
muscle in neonatal and adult mice, however, despite evidence of myofiber
transduction, there was minimal evidence of retrograde transduction to
motor neurons in the lumbar spinal cord (see Supplementary Fig. S.3).
Previous studies have similarly shown that there is minimal transduction to
lumbar spinal cord after direct intramuscular hindlimb delivery of AAV9 [23,
24]. This route of administration could be useful if seeking to selectively
target peripheral muscle but does not appear useful for targeting alpha-
motor neuron somata. It would be interesting to assess alternative
approaches for evaluating CNS biodistribution. Co-injection of the same AAV
serotype by two different routes with different reporters for each route of
administration, for example, may provide an interesting way to compare
distribution within the same animal. However, consideration of tolerable
volumes, system pressure and distribution to other cell types, and
visualisation of co-stains, would likely be pertinent. Assessing if both CSF-
delivery methods remain equally as effective if vectors are delivered to
mice during adulthood would be interesting, since age-dependent declines
in transduction have been described with CNS-directed therapies [53]. We
chose to administer at neonatal stages as this is the major timepoint used
in studies for therapeutic proof of concept and particularly where
neurodegenerative phenotypes develop rapidly [15].

Another critical consideration is that here, we failed to find evidence of
motor neuron transduction in the motor cortex. There could be several
reasons for this linked into dose, route, age at time of delivery, and viral
vector identity that merit further work. This is undoubtedly a key
consideration for gene therapy work in diseases such as ALS, since both
upper and lower motor neurons are affected. Previous work has reported
expression in brain using AAV9, although transduction in motor cortex
appears low; notab!ly however, identity is not clearly defined, thus the
possibility that positivity arises from e.g. transduced astrocytes, cannot be
excluded [54]. In future work, it would be pertinent to assess other spinal
cord regions to gain broader insight into vector distribution. Here, we chose
to use a CMV promoter to drive expression, which expresses ubiquitously
but has been described as exhibiting neuron-predominant expression with
AAV9 when delivered to CSF in non-human primates at lower titres [55].
Our data is largely in line with this, as we saw astrocytic transduction with
a repeated dose in the bilateral ICV group. Assessing alternative promoters
with greater neuronal specificity (e.g. synapsin 1, CaMKlla or Hb9 or ChAT
for motor neurons) would be interesting. For example, work using synapsin
promoter-driven recombinant AAV9 in neonatal mice has shown that direct
CSF delivery can specifically target neurons in motor cortex, spinal cord,
peripheral nerves and ganglia [56]. Our work highlights the importance of
assessing and optimising viral distribution for preclinical work, to ensure
vectors are reaching their intended target to ensure that they are assessed
for true therapeutic efficacy.



7.2. Augmentation of transduction with consecutive
delivery of AAV9

To achieve our highest titre group, we delivered vector across two sessions
on consecutive days. The reasoning for this was primarily driven by our aim
to increase vector titre within the constraints of the injection volume, to
limit the risk of increasing intracranial pressure, whilst keeping the
construct constant. At 4 weeks post-injection, we anticipated strong
expression of the transgene [14]. Fortuitously, our repeat dosing regimen
led to an interesting observation: when scAAV9-CMV-eGFP was delivered
bilaterally across two days, effectively doubling viral titre, we noted that
there was a significant increase in viral copy number in spinal cord and
brainstem above the two-fold level that we might have anticipated. The
mechanisms underpinning such an increase in viral vector load remain
unclear. Whilst we will suggest some explanations for this here, we must
recognise that there are limitations since effects of repeated dosing versus
higher titre delivery cannot be distinguished here.

The CNS is described as an immune-privileged compartment, which likely
serves to preserve tissues with limited regenerative capacity from
destructive inflammatory reactions [57]. In studies delivering small
amounts of AAV vectors directly to the brain in Parkinson’s disease [58-61],
Canavan disease [62, 63] and late infantile neuronal ceroid lipofuscinosis
[64], AAV vector administration was generally associated with minimal
detectable immune responses to the capsid or the transgene in serum and
peripheral blood mononuclear cells. The upper limit of vector dose that can
be administered without breaking the immunologic unresponsiveness of
the CNS is unclear, but we might hypothesise that our initial dose increased
host cell permissiveness, without initiating a substantial immune response.

The mechanisms of AAV transduction have been reviewed previously, with
N-linked galactose described as the primary receptor for AAV9 along with
binding of a putative integrin and laminin receptors as co-receptors [65-67].
In brief, when AAV9 reaches a cell, it attaches to receptors/co-receptors and
is endocytosed into the cell. Inside the endocytic vesicle, the virion travels
towards the trans-Golgi network. During this trafficking phase, it goes
through structural changes that expose a catalytic domain on the capsid.
The virion then escapes into the cytosol and the capsid is imported through
the nuclear pore complex into the nucleus in an importin B-dependent
process. Here, the single stranded genome is ultimately released from the
capsid. After release, it is converted to double stranded DNA and it persists
as a circular episome, and linear or episomal concatemers. It is this final
step of AAV9 transduction that permits expression of the transgene.
Conversion into double stranded DNA (dsDNA) is often described as the
rate-limiting step for AAV9 transduction, that restricts the efficiency, speed
of onset and transgene expression. dsDNA conversion relies partially on
host-cell DNA synthesis and vector concentration [68-71]. Augmentation of
viral transduction can be achieved by improving the efficiency of double
stranded DNA conversion, independently of vector titre. Current methods



for this include using DNA-damaging agents such as ultraviolet irradiation
or hydroxyurea, or inhibition of specific host-cell factors. However, the
clinical utility of such approaches is limited, due to the risk of mutagenic
breaks and exacerbation of genotoxicity. Use of a self-complementary AAV
however bypasses the need for second-strand synthesis by folding into a
double stranded structure (via deletion of the D-sequence on one of the
inverted terminal repeats). Further work is therefore required to elucidate
if our dosing approach may have influenced the cellular machinery and/or
expression kinetics or efficiency, or influenced proteasomal degradation
pathways, to consequently enhance transduction. Indeed, we might
reasonably hypothesise that a threshold exists whereby higher doses reach
a level that is sufficient to transduce glial cells, however our finding of
significant cortical astrocyte transduction following ICV administration may
indicate other mechanisms at play. Our repeated dose regimen may have
activated astrocytes and consequently made them more prone to take up
gene vectors after consecutive injection. In future, including a bilateral
group dosed within the same session would be pertinent to elucidate effects
caused by dose versus schedule. Additional work may also seek to explore
transduction levels of other cell types such as oligodendrocytes or
interneurons and explore their contribution to viral genome load, and
whether this might explain increases. Due to issues with GFP visualisation,
it was not possible to assess intensity of GFP in motor neurons here,
however, in future, this would be of interest, since we might hypothesise
that more viral genomes are incorporated and this might help to explain
the discrepancy seen between cell numbers and viral copy number.
Increases in GFP expression could explain increases in copy number despite
transduced cell numbers appearing similar.

Overall, further work is required to understand the complex mechanisms by
which repeated AAV9 delivery across consecutive days can increase viral
load in the spinal cord, and the utility, if any, of such an approach. The lack
of cortical transduction remains surprising and warrants further
investigation.
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