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Genetic diseases such as Neurofibromatosis type 1 (NF1) and Charcot-Marie Tooth disease involve Schwann cells (SCs) associated
with peripheral nerves. Gene therapy using adeno-associated virus (AAV) vector mediated gene delivery is a promising strategy to
treat these diseases. However, AAV-mediated transduction of SCs in vivo after intravascular delivery is relatively inefficient, with a
lack of extensive characterization of different capsids to date. Here, we performed an in vivo selection with an AAV9 capsid peptide
display library in a mouse model of NF1. We chose one capsid variant, AAV-SC3, which was present in NF1 nerves for comparison to
two benchmark capsids after systemic injection. AAV-SC3 significantly outperformed one of the two benchmark capsids at levels of
transgene mRNA in the neurofibroma. Immunofluorescence microscopy revealed transgene expressing Sox10-positive SCs
throughout the neurofibroma with AAV-SC3 injection. Next, we performed a pooled screen with four of the top capsids from our
initial selection and AAV9 and identified one capsid, AAV-SC4, with enhanced biodistribution to and transduction of normal sciatic
nerve in mice. This capsid displayed a peptide with a known laminin-binding motif, which may provide a conduit for future laminin-
targeting strategies. Our results provide a baseline for future AAV-based gene therapies developed for NF1 or other diseases that
affect SCs.
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INTRODUCTION
Adeno-associated virus (AAV) vectors are currently the lead in vivo
gene therapy system owing to their relatively efficient transduction
of differentiated or slowly dividing cell types in the brain, muscle,
and liver [1]. Currently, there are seven FDA- and European
Medicines Agency-approved AAV-based medicines to treat genetic
diseases [2–6]. Several other gene therapy trials are underway using
AAV vectors for gene delivery. However, AAV is less developed for
peripheral nerve transduction. In recent years, the Kleopa group has
tested AAV vectors for transduction of Schwann cells (SCs) in adult
mice with some success [7]. They found that AAV9 and AAVrh10
transduced SCs when transgene expression was controlled with the
P0 (MPZ) promoter and delivered via intrathecal or intravenous (i.v.)
injection in adult mice [7, 8]. Tanguy et al. observed that AAV9 and
AAVrh10 could transduce SCs in neonatal mice via i.v. injection [9]
and Homs et al. showed transduction of SCs by direct nerve
injection of AAV8 [10]. We also observed transduction of sciatic
nerve SCs in non-human primates (NHPs) after intrathecal injection
of the engineered AAV-F capsid [11].

Neurofibroma is a benign yet complex mixed-cell tumor,
composed of neoplastic SCs, axonal processes, perineurial
cells, fibroblasts, endothelial cells, and immune cells (mast
cells and macrophages), with excessive extracellular matrix,
which develop within peripheral nerve sheaths [12]. Neurofi-
broma initiate due to loss of NF1 function in the SC lineage
[13], followed by a cascade of interactions with other cell
types in the surrounding tumor microenvironment. There is an
urgent medical need to develop therapies that address the
underlying genetic abnormalities in NF1 neurofibroma. AAV-
based gene therapy to treat NF1 is one potential strategy,
although there has been little to no characterization of their
biodistribution and transduction in preclinical models of NF1,
which may differ from other models owing to the complex
nature of the cellular environment of these tumors as
mentioned above.
In this study, we set out to develop AAV capsids with enhanced

ability to biodistribute to and transduce neurofibroma and sciatic
nerve after systemic injection of mice.
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MATERIALS AND METHODS
Cells
Human 293 T cell were obtained directly from American Type Culture
Collection (CRL, 3216, Manassas, VA) and a large cryo-bank was made. Cells
(passage 30 and below) were cultured in high glucose Dulbecco’s modified
Eagle’s medium containing HEPES (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO) and 1x Gibco
Penicillin-Streptomycin-Glutamine (100 U/mL penicillin, 100 μg/mL strep-
tomycin, 292 μg/mL L-glutamine (Invitrogen) in a humidified atmosphere
supplemented with 5% CO2 at 37 °C. Cells were tested and confirmed
negative for mycoplasma contamination using a MycoAlert® kit (Lonza).

Animals
All animal experiments were approved by the Massachusetts General
Hospital Subcommittee on Research Animal Care following guidelines set
forth by the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. We used adult age (8-10 week old) female C57BL/6
(strain # 000664) from The Jackson Laboratory (Bar Harbor, ME). No sample
size calculation was performed for the experiments. Sample sizes were
chosen based on prior experiments which yielded statistically significant
differences between groups. For all animal studies, investigators assigned
to perform analysis of tissues were blinded to the group identity. The
principal investigator held the key to the codes and the samples were
unblinded at the time of graphing the data.
The NF1 floxed animal model was a gift from Dr. Luis Parada, UT

Southwestern Medical Center, Dallas, TX with exons 31–32 of Nf1 gene
flanked by loxP sites provided by Dr. Nancy Ratner [13]. The luciferase
reporter mouse strain was contributed by Dr. Alain Charest, Beth Israel
Deaconess Medical Center, Boston, MA. This animal model has a loxP-
flanked STOP cassette upstream of the luciferase cDNA [14]. Nf1flox/flox/
Flucflox animal model was generated by mating the Nf1flox/flox xand
Flucflox/- mice with each other and genotyping of progeny.
Nf1flox/flox/Flucflox littermates were identified by tail genotyping using two

sets of PCRs, targeting Nf1 and luciferase genes, respectively. First PCR was
used to amplify the Nf1 gene at two sites : a 480-bp band [from intron 30 of
the Nf1 gene of the wild-type (WT) allele] and a 350-bp band (from the neo
gene of the floxed allele; for details refer to Supplementary Table S1).
Conditions for genotypingwere 94 °C for 1min followed by 30 cycles of 94 °C
for 30 s, 65 °C for 30 s and 72 °C for 60 s and ending with an extension for
2min at 72 °C using primers targeting Nf1 (Supplementary Table S1).
Another PCR was performed to detect the presence of the floxed luciferase
transgene. Conditions for genotyping were 95 °C for 5min followed by 40
cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s and ending with an
extension for 10min at 72 °C using primers in Supplementary Table S1.
For animal studies using C57BL/6 mice, mice were randomly grouped.

For the Nf1flox/flox/Flucflox mice used in the studies with vectors targeting
NF1 neurofibroma, mice were grouped according to the bioluminescent
signal from the AAV1-Cre injected nerve(s) as described in the section
“Transduction and biodistribution study in the murine NF1 model”.

AAV peptide display library production. We have previously described
construction and production of the iTransduce AAV9 peptide display
library [11].

AAV-P0-tdTomato (tdT) expression cassette and AAV-CAP.NF rep/cap plasmid
construction. To generate an AAV expression cassette driving tdT under
the P0 promoter we used pAAV-CAG-tdT (codon diversified), a gift from
Edward Boyden (Addgene plasmid # 59462; http://n2t.net/addgene:59462;
RRID:Addgene_59462). We removed the CAG promoter/elements using an
upstream NdeI site and downstream KpnI site (upstream of tdT cDNA).
Next, we PCR-amplified a fragment of rat P0 promoter (Q5 enzyme, NEB,
Ipswich, MA) from dsAAV-PO-GFP plasmid [15] using the following primers
which both contain sequences homologous to pAAV-CAG-tdT for Gibson
Assembly:
Gibson Rat P0 For: 5’-tgcccacttggcagtacatcaagtgtatcatatgacgagcattctc-

gaactct-3’
Gibson Rat P0 Rev: 5’-cctcgcccttactcaccatggtggcggtacccagagcgtctgtggggt-3’
We next performed a Gibson Assembly reaction (NEB) with the digested

AAV-tdT plasmid and P0 promoter PCR product with homology arms and
transformed an aliquot of the assembly into SURE electrocompetent bacteria
(Agilent, Santa Clara, CA). Bacterial clones were screened by SmaI restriction
enzyme digestion to evaluate inverted terminal repeat (ITR) integrity. Next, we
performed complete plasmid sequencing to confirm sequence integrity using
Oxford Nanopore technology at Plasmidsaurus (Eugene, OR).

To create a rep/cap plasmid encoding AAV9 capsids displaying the peptide
inserts of interest for production of vectors encoding AAV-P0-tdTomato, we
digested an AAV9 rep/cap plasmid with BsiWI and BaeI which removed a
fragment flanking the VP3 amino acid 588 site for peptide sequence insertion.
Next, we ordered a 997 bp dsDNA fragment from Integrated DNA Technologies
(IDT, Coralville, IA), which contains overlapping Gibson homology arms with the
BsiWI/BaeI cut AAV9 as well as the 21-mer nucleotide sequence encoding the
peptide of interest in frame after amino acid 588 of VP3. Last, we performed
Gibson assembly using the Gibson Assembly® Master Mix (NEB) to ligate the
peptide containing insert into the AAV9 rep/cap plasmid. Insert identification
was confirmed by complete plasmid sequencing as above.

AAV vector production, purification, and titration. For transgene expression
studies we used pAAV-P0-tdT plasmid described above. AAV production
was performed, as previously described [16]. Briefly, 293 T cells were triple
transfected using polyethylenimine reagent with (1) rep/cap plasmid
(AAV9, AAV-F, AAV-SC3, or AAV-SC4) (2) an adenovirus helper plasmid,
pAdΔF6, and (3) ITR-flanked AAV-P0-tdT transgene expression plasmid. Cell
lysates were harvested 68–72 h post-transfection and purified by
ultracentrifugation in an iodixanol density gradient. Iodixanol was removed
and buffer exchanged to phosphate buffered saline (PBS) containing
0.001% Pluronic F68 (Gibco, Thermo Fisher Scientific, Waltham, MA) using
7 kDa molecular weight cutoff Zeba™ desalting columns (Thermo Fisher
Scientific). Vector was concentrated using Amicon® Ultra-2 100 kDa MWCO
ultrafiltration devices (Millipore Sigma, St. Louis, MO). Vector titers in vector
genome (vg)/ml were determined by Taqman qPCR in an ABI Fast 7500
Real-time PCR system (Applied Biosystems, Foster City, CA) using custom
probes and primers to the tdT sequence (Supplementary Table S1) and
interpolated from a standard curve made with a restriction enzyme-
linearized AAV plasmid. Vectors were pipetted into single-use aliquots and
stored at −80 °C until use.

Barcoded AAV capsid candidate production for screening in
C57BL/6 mouse sciatic nerve
We individually packed the AAV-CBA-hFrataxin barcoded genome described
in [17] in each capsid candidate (AAV-SC1 to SC4) and the AAV9 capsid.
Vectors were produced, purified and titered as described above.

Bioluminescence imaging of neurofibroma progression. To induce neurofi-
broma formation, sciatic nerves were directly injected with AAV1-CAG-Cre
vector. To visualize tumor growth in the sciatic nerve, the animals were first
anesthetized with isoflurane and then injected intraperitoneally with D-
luciferin (150 μg/g body weight; GoldBio Technology, St. Louis, MO). Five
minutes after the injection of D-luciferin, imaging was performed using an
IVIS® Spectrum optical imaging system fitted with an XGI-8 Gas Anesthesia
System (Perkin Elmer, Hopkinton, MA). Bioluminescent images were acquired
using the auto-exposure function. Data analysis for signal intensities and
image comparisons were performed using Living Image® software (Perkin
Elmer). To calculate radiance for each animal, regions of interest (ROI) were
carefully drawn around each signal which is expressed as radiance (photons/
sec/cm2/steradian).

Hematoxylin and eosin (H&E) and immunohistochemistry (IHC) staining for
neurofibroma. Mice were transcardially perfused with 1X PBS. Neurofi-
broma and naïve sciatic nerves were harvested, fixed in 10% formalin
overnight and then embedded in paraffin. H&E staining was performed on
deparaffinized and rehydrated tissue 5 µm thick tissue sections with
established standard protocol (DFHCC Special Core at MGH). To further
characterize this tumor, we performed IHC staining for SC marker Sox10
(Cat no. 66786, Proteintech, Rosemont, IL) and proliferative marker Ki67
(Cat no 790-4286, Ventana Medical Systems, Oro Valley, AZ). For Sox10 and
Ki67 staining, tissue sections were deparaffinized, rehydrated, and then
subjected to antigen retrieval using established protocol (DFHCC Special
Histology core in MGH). Tissues were blocked by 10% goat serum in PBS
before immunostaining staining using 3, 3′-diaminobenzidine (DAB),
according to manufacturer’s protocol with the HRP-conjugated anti-rabbit
(K4010 Kit, Dako Single Stain Envision Kits, Carpinteria, CA).

In vivo selection of SC-tropic capsids. We performed two rounds of in vivo
selection to identify our candidate capsids. For round one, we injected the
Nf1flox/flox/Flucflox neurofibroma-bearing mice (n= 2) with the unselected
AAV peptide library via tail vein i.v. injection at a dose of 4 × 1010 vg/
mouse. Two weeks post-injection, the sciatic nerve with neurofibroma and
the contralateral side (naïve nerve) were harvested for DNA isolation. We
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recovered cap gene sequences via PCR from both neurofibromas and the
naïve nerves. DNA was isolated using the Arcturus PicoPure DNA Extraction
Kit (Applied Biosystems; Cat no.: 11815-00). Then, AAV vector DNA
corresponding to the 21-mer insert-containing region was amplified by
PCR using Q5® High-Fidelity DNA Polymerase (New England Biolabs, cat no:
M0491, Ipswich, MA) and Library NGS primers (Supplementary Table S1).We
then pooled the PCR amplified cap gene containing the inserts extracted
from the neurofibroma samples and cloned them into the AAV plasmid
backbone to produce vector for round two.
For the second round of selection, we injected Nf1flox/flox/Flucflox/flox

neurofibroma-bearing mice (n= 2) with the library generated from round
1 at a dose of 1.15 × 1010 vg/mouse, via the tail vein. Two weeks post-
injection, the animals were euthanized, and sciatic nerves were harvested.
Unique barcode adapters were annealed to each sample, and samples

were sequenced on an Illumina MiSeq. Approximately 100,000 reads per
sample were analyzed. Sequence output files were quality checked initially
using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and analyzed using a program custom written in Python. Briefly, sequences
were binned based on the presence or absence of insert; insert-containing
sequences were then compared to a baseline reference sequence (AAV9-
VP3), and error-free reads were tabulated based on incidences of each
detected unique 21-mer insert. 21-mer inserts were translated into
peptides and normalized.

Transduction and biodistribution study in the murine
NF1 model. Seventeen Nf1flox/flox/Flucflox mice (both sexes were included)
were injected with AAV1-CBA-Cre (CBA= chicken beta-actin promoter)
vector into both sciatic nerves at the sciatic notch (34 nerves total). Mice
were imaged by bioluminescence imaging as described above and 34 days
later separated into four groups (one no-vector group, n= 2; AAV9, n= 5;
AAV-F, n= 5; AAV-SC3, n= 5). This experiment was performed once.
Animal allocation into groups: we measured the bioluminescence signal in
sciatic nerves for each mouse and grouped mice such that each group had
an equal number of males and females and the mean bioluminescence
signal for each group was within 2-fold of the other groups. Mice were
then injected with 1012 vg of each capsid packaging the AAV-P0-tdT
genome via the tail vein. Six weeks later, mice were euthanized, and one
sciatic nerve was harvested and snap frozen for RT-digital droplet (dd)PCR
analysis. The other sciatic nerve was drop-fixed in buffered 3.7%
formaldehyde and then cryoprotected and embedded in O.C.T. media
(Tissue TEK, Sakura Finetek USA, Torrance, CA) for cryosectioning. We also
snap froze brain and liver from each mouse for qPCR biodistribution of
AAV genomes. All groups and samples were coded and individuals running
the assays below were blinded to the sample identities.

Transduction and biodistribution studies in adult C57BL/6 mice. For
comparison of AAV9 to AAV-SC4 we used n= 6 mice/group (both sexes were
included, 3males, 3 females). Micewere then injected via the tail vein with 1012

vg ( ~ 5 × 1013 vg/kg) of each capsid packaging the AAV-P0-tdT genome. Seven
weeks later, mice were euthanized, and one sciatic nerve was harvested and
snap frozen for RT-ddPCR and qPCR analysis. The other sciatic nerve was drop-
fixed in buffered 3.7% formaldehyde and then cryoprotected and embedded
in O.C.T. media (Tissue TEK, Sakura Finetek USA, Torrance, CA) for
cryosectioning. All groups and samples were coded and individuals running
the assays below were blinded to the sample identities. For testing
transduction of liver and sciatic nerve with AAV-SC4 capsid packaging a self-
complementary (sc) CAG-GFP expression cassette, we injected n= 3 adult
female C57BL/6 mice with a dose of 1 × 1011 vg ( ~ 5 × 1012 vg) of vector via
the tail vein. Three weeks later, mice were euthanized and liver and sciatic
nerves harvested for immunofluorescencemicroscopy analysis of cryosections.
This experiment was performed one time.

Taqman real-time qPCR for AAV genome biodistribution in brain, liver, and
sciatic nerve. AAV vgs and murine genomes were co-isolated from
homogenized brain, liver, and sciatic nerve tissue using a DNeasy Blood
and tissue kit (Qiagen, 69504, Germantown, MD). Briefly, approximately
10mg tissue was homogenized using 1.4 mm ceramic beads and buffer
ATL (Qiagen) in a BeadBug™ homogenizer (Benchmark Scientific, Sayreville,
NJ). Following homogenization, we followed the manufacturer’s protocol
to isolate DNA. DNA concentrations were determined using a NanoDrop
spectrophotometer (Thermo Fisher Scientific). All samples were diluted to
100 ng/µl and 1 µl of sample was used for a Taqman qPCR in an ABI Fast
7500 Real-time PCR system (Applied Biosystems) using probes and primers
to the tdT sequence (Supplementary Table S1) and interpolated from a
standard curve made with a restriction enzyme-linearized AAV plasmid. We

quantitated the amount of AAV genomes in each sample by converting
the vg copies in each reaction (1 ng input DNA) to AAV genomes per µg of
input DNA.

RNA extraction, cDNA synthesis and ddPCR to detect AAV transduction of
neurofibroma and naïve sciatic nerves. Total RNA from sciatic nerves was
extracted using the Qiagen miRNeasy Micro Kit (catalog no. 217084), and
an additional DNase digestion was performed using the Qiagen RNase-free
DNase set (catalog no. 79254) to ensure AAV-tdT genomic DNA digestion.
Complementary DNA (cDNA) was synthesized consistently for all samples,
using the SuperScript IV VILO cDNA Synthesis Master Mix (Thermo Fisher
Scientific, catalog no. 11756050), according to the manufacturer’s protocol.
Absolute quantification of target transcripts (copies/μl) was determined

using the Automated Droplet Generator QX200 AutoDG Droplet Digital
System from Bio-Rad (Hercules, CA), according to the manufacturer’s
instructions. The TaqMan PCR reaction mixture consists of ddPCR Supermix
for Probes (No dUTP) (Bio-Rad catalog no.1863024), primers, probes and
template cDNA (3 ng/μL) in a final volume of 20 μL. TaqMan probe and
primers were used for tdT (codon diversified, Addgene 59462 plasmid
derived seq.; forward primer, 5’- TGATGGACCTGTGATGCAGA -3’; reverse
primer, 5’- GCCTGGTGGATTTCTCCTTTC -3’; probe, 5’ -CGGTGGAGGCCTCC-
CATCCCA-3’) peptidylprolyl isomerase A (PPIA) (Mm02342430_g1), and
GAPDH (Hs02786624_g1). Each assembled ddPCR reaction mixture was
then loaded into the sample wells of an eight-channel disposable droplet
DG32 Cartridge for QX200 (Bio-Rad, catalog no.1864108). A volume of 20
μL of droplet generation oil (Bio-Rad catalog no. 1864110) was loaded into
the oil well for each channel. The plate was heat sealed with a foil seal and
then placed on a conventional thermal cycler and amplified to the end
point, according to the manufacturer’s cycling conditions. After PCR, the
96-well PCR plate was loaded on the droplet reader (Bio-Rad) and analysis
of the data was performed with QuantaSoft analysis software (Bio-Rad). Tdt
expression in neurofibroma was normalized to readings for PPIA, a
reference gene previously used for nerve samples [18], and expression in
naïve sciatic nerve was normalized to GAPDH.

Immunofluorescence analysis of neurofibroma and naïve sciatic nerve in mice
injected i.v. with AAV vectors. Sciatic nerves from mice with neurofibroma
were post-fixed in 4% formaldehyde diluted in PBS for 48 h, followed by
30% (w/v) sucrose for cryopreservation for another 48–72 h after which
nerves were embedded and frozen in Tissue-Tek ® O.C.T. compound
(Fisher Scientific). Sections (10 μm) were cut using a NX50 CryoStar
Cryostat (Thermo Scientific) and mounted on glass slides for immunostain-
ing. For immunofluorescence, the cryosections were permeabilized with
0.5% v/v Triton™ X-100 (Millipore Sigma) in PBS for 30min and blocked
with 5% v/v normal chicken serum (NCS) in PBS for 1 h. We treated sections
with TrueBlack® Lipofuscin Autofluorescence Quencher (Biotium, Fremont,
CA) to reduce neurofibroma autofluorescence. Tissue sections were
incubated with primary antibody diluted in 1.5% v/v NCS at 4 °C for
48 h. After three washes with PBS, coronal sections and secondary
antibodies diluted in 1.5% v/v NCS were incubated for 1 h at RT. For
staining of tdT and Sox10 we used chicken anti-mCherry (cat. MCHERRY-
002; Aves Labs, Davis, CA) at a dilution of 1:200 and rabbit anti-SOX10 at a
dilution of 1:100 (cat. no. AB227680; Abcam, Waltham, MA). Secondary
antibodies (both at 1:350 working dilution) were goat anti-chicken
Alexa594 and goat anti-rabbit-Alexa647 (both from ThermoFisher). For
GFP immunostaining we used Chicken anti-GFP antibody (GFP1020, Aves
Labs) at a dilution of 1:500.
Slides were cover slipped with Vectashield mounting medium with DAPI

(Vector Laboratories, Burlingame, CA) and imaging was performed with a
NIKON CSU-W1 spinning disk confocal microscope.

Candidate pooled barcoded library screen in adult mice. Three adult male
C57BL/6 mice were intravenously injected with 7.0 × 1010 vg of the five
pooled, barcoded capsids (1.4 × 1010 vg/capsid). Two weeks later, deeply
anesthetized animals were perfused with cold PBS. We harvested sciatic
nerves, brain, liver, and heart from each animal. Samples for DNA
extraction were immediately frozen on dry ice and stored at −80 °C. This
experiment was performed once.

DNA isolation from mice for barcoded AAV capsid candidates. Tissue
samples ( ~ 25mg) were homogenized using 1.4mm ceramic beads in a
BeadBug tissue homogenizer (Benchmark Scientific) in buffer ATL of the
DNeasy Blood and Tissue Kit (Qiagen). After homogenization, we followed
the manufacturer’s instructions to purify DNA. DNA concentration was
determined using a NanoDrop spectrophotometer (ThermoFisher Scientific).
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PCR to amplify barcodes for NGS. A PCR using the DNeasy-purified DNA as
template was performed (150 ng DNA template input). We used Q5
polymerase (NEB) and primers that amplify a 182 bp amplicon which
contains the unique barcode for each capsid. Primers were: SC-Lib-Fwd (5’
GATGCTTACCCTTACGACGT 3’) and SC-Lib-Rev (5’ CAGCGTATCCACA-
TAGCGTA 3’). The PCR product was purified using the QIAquick PCR
purification kit (Qiagen) and samples were submitted for NGS as described
above. We initially sequenced an aliquot of the pre-injected pooled
barcoded AAV capsids to ascertain the precise frequencies of the barcoded
variants on input. Output frequencies in all tissues were normalized to
these initial ratios. Insert-containing sequence reads were binned using
Hamming distance, comparing to the known barcode sequences;
additional quality control was undertaken to ensure only true barcoded
reads were assigned to each capsid.

Statistics. We used GraphPad Prism 10.3.1 for PC for statistical analysis.
For comparison of AAV barcoded genome frequency between capsids and
across tissues we used a 2-way ANOVA followed by a Dunnett’s multiple
comparisons test. For comparison of biodistribution or transduction of a
single tissue between three capsids we used an Ordinary one-way ANOVA

followed by a Dunnett’s multiple comparisons test. For comparison of two
capsids for biodistribution to or transduction of sciatic nerve we used an
unpaired two-tailed t test. p values < 0.05 were accepted as significant.

RESULTS
Nf1flox/flox/Flucflox induced mouse tumor model with
characteristics of neurofibroma
We used Nf1-flox/flox (off) transgenic mice [19] crossed to Fluc-
flox (on) mice [14]. We injected AAV1-CBA-Cre into the left sciatic
nerve of young adult mice (total dosage of 6 × 1010 vg/mouse),
such that Cre knocked out Nf1 function, through the use of
conditional (Cre/lox) alleles and turned on luciferase (which has a
floxed STOP cassette) (Fig. 1a). This injection into the sciatic nerve
could have produced minor injury to the nerve, with nerve injury
being associated with NF1-null neurofibroma formation [20, 21].
The right sciatic nerve was not injected and termed the naïve
nerve. Using in vivo bioluminescence imaging, firefly luciferase

NF1 flox/flox/Flucflox/-
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Fig. 1 NF1flox/flox/Flucflox induced tumor mouse model and characterization of neurofibroma. a Overview of NF1 mouse model generation.
Transgenic mice contain both NF1 floxed alleles and a floxed stop firefly luciferase (Fluc) cassette. AAV-Cre injection into the sciatic nerve
induces neurofibroma formation which can be monitored by Fluc bioluminescence. b left image: In vivo bioluminescence imaging of
neurofibroma showing Fluc activity detected on the left sciatic nerve indicating tumor formation. right graph: Increased Fluc activity seen on
the sciatic nerve bearing neurofibroma corresponds to the tumor growth post-injection with AAV1-CBA-Cre vector (n= 9). Inset image:
Compared to the contralateral naïve nerve, “n” (NF+/+), the sciatic nerve bearing neurofibroma, “N” (NF-/-), is markedly thickened and highly
vascularized. c Hematoxylin & Eosin staining. Sagittal section of the naïve sciatic nerve (left image) and neurofibroma (right image). Sciatic
nerve bearing neurofibroma demonstrated features of early neurofibroma such as hypercellularity and mast cells infiltration (arrows).
d Comparing the sagittal section of the naïve sciatic nerve (left image), there are more Sox10-positive cells in the neurofibroma within the
hypercellular area (right image). e At 14 weeks post-implantation, naïve sciatic nerve has no to minimal Ki67-positive cells (left image),
whereas the sciatic nerve with neurofibroma shows marked Ki67 signal indicating high mitotic activity at the tumor site (right image).
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(Fluc) activity was detected on the left sciatic nerve indicating
tumor formation, beginning 2 weeks post-injection (Fig. 1b; n= 9).
Five weeks post-injection, we observed increased tumor growth
(increased luciferase activity) on the left sciatic nerve up to the
13th week post-injection. Naïve nerves and those bearing
neurofibroma were harvested for further characterization. Gross
anatomical assessment indicated that the tumor-bearing sciatic
nerve (Nf1-/-) was markedly thickened and highly vascularized as
compared to the contralateral naïve nerve (Nf1+/+; Fig. 1b, inset).
Histopathological examination confirmed features of neurofi-
broma, such as hypercellularity, expansion of the nerve, presence
of mast cells, mixed composition of SCs and fibroblasts, consistent
with early neurofibroma formation (Fig. 1c). Immunohistochemical
analysis showed that the neurofibroma had many SCs, as
indicated by Sox10 immunoreactivity (Fig. 1d). Scattered prolifer-
ating cells highlighted by Ki67 expression are associated with a
neurofibroma (Fig. 1e). Taken together, both the histological and
molecular characteristics of the tumor from the AAV1-Cre injected
sciatic nerve were consistent with those of neurofibroma.

In vivo selection in the neurofibroma model identified AAV
capsids that traffic to the tumor after systemic injection
As previously described [11] AAV9 7-mer peptide-display library
was produced by transfection of 293 T cells with the library
plasmids. Before library production, the plasmid library was
sequenced via next generation sequencing (NGS) and confirmed
the presence of 21-mer inserts (coding for 7-mer peptides) and
lack of variant bias. We then packaged the capsid library,
performed NGS and confirmed that the vector creation process
maintained sufficient diversity (based on experience with prior
successful selections [11, 17]).
To perform the selection, we injected the Nf1flox/flox/Flucflox

neurofibroma-bearing mice (n= 2) with the AAV peptide library
via tail vein i.v. injection at a dosage of 4 × 1010 vg/mouse. Two
consecutive rounds of selection were performed, with the
composition of the viral pool assessed at each round by next
generation sequencing (NGS) (Fig. 2a). Two weeks post-injection,
the sciatic nerve with neurofibroma and its equivalent contral-
ateral side (naïve nerve) were harvested for DNA isolation and
purification. We recovered cap gene sequences via PCR from both
neurofibromas and one of the naïve nerves. We found numerous
7-mer variants were enriched in sciatic nerves. We then pooled the
PCR amplified cap gene containing the inserts extracted from the
neurofibroma samples and cloned them into the AAV plasmid
backbone to produce vector for round two.
For the second round of selection, we injected two Nf1flox/flox/

Flucflox neurofibroma-bearing mice with the library generated
from round 1 at a dose of 1.15 × 1010 vg/mouse, via the tail vein.
Two weeks post-injection, the animals were euthanized, and
sciatic nerves were harvested. We recovered variants from both
neurofibromas (n= 2) and naïve nerve (n= 2) and subjected the
resulting PCR amplicons separately for NGS. Peptide sequences
encoded by the 21-mer inserts in cap for each of the four samples
are shown (Fig. 2b). We compared the profile from each nerve/
neurofibroma and chose one variant, RPDHLPP (called AAV-SC3)
to test further as it was found at similar frequency (3.4 to 4.3%) in
both mice in the neurofibroma, but not the naïve sciatic nerve
(Fig. 2b).

AAV-SC3 transduces neurofibroma after systemic injection
of mice
To ascertain if AAV-SC3 had higher efficiency at neurofibroma
targeting than the parental AAV9 capsid, we constructed an AAV
expression plasmid which encodes tdT under the rat P0 promoter.
This promoter was used to restrict expression to SCs for two main
reasons. First, it allows more specific expressing thus preventing
confounding results in quantitative PCR and imaging assays, such
as transduced neurons and their axons in the sciatic nerve.

Second, using the P0 promoter should be safer than a more
ubiquitous promoter when developing a therapeutic to treat
neurofibroma. Expressing the transgene in target (SCs) vs non-
target cells (e.g. liver) may prevent off-target toxicity observed
with transgene overexpression [22]. The AAV construct is shown in
Fig. 3a. We also included another capsid, AAV-F, which was
originally identified by its high efficiency of crossing the blood-
brain barrier in mice [11, 23, 24] and subsequently we observed
transduction of sciatic nerve after intrathecal injection in non-
human primates [25].
Nf1flox/flox/Flucflox mice were injected in both sciatic nerves with

1010 vg of AAV1-Cre to induce two neurofibromas/mouse. After 34
days, mice (n= 5/group) received systemic injections of 1012 vg of
AAV9-P0-tdT, AAV-F-P0-tdT, or AAV-SC3--P0-tdT and 6 weeks later
tissues were harvested. From each mouse, one neurofibroma was
used to quantitate tdT expression at the mRNA level by RT-ddPCR
and the other was post-fixed in formaldehyde, cryoprotected, and
sectioned for immunofluorescence analysis. We also analyzed the
biodistribution of each capsid’s packaged genomes in brain and
liver using qPCR with specific probes and primers to detect the tdT
DNA. We observed that one of the animals injected with AAV-SC3
had a 100-fold decrease in vgs compared to all other mice in the
group (data not shown). This likely indicated a failed tail vein
injection and this animal was excluded from further analysis. As
expected from prior studies [11, 26], AAV-F displayed a significant
increase (p= 0.008) of 45-fold compared to AAV9 at biodistribu-
tion to brain (Fig. 3b). In contrast AAV-SC3 displayed a similar
(non-significant) biodistribution to brain compared to AAV9
(Fig. 3b). Means for vector genomes in liver were not significantly
different between any of the groups (Fig. 3b).
Next, we analyzed the levels of tdT mRNA in one neurofibroma

per mouse to assess transgene expression mediated by each
capsid. RNA was isolated, treated with DNase I to remove residual
AAV genomes, and RT-ddPCR performed to quantify cDNA levels
compared to a reference cDNA for PPIA. Interestingly with AAV-
SC3, we found a 2.1-fold increase (p= 0.111) and 6.5-fold
(p= 0.008) increase in tdT cDNA levels over AAV9 and AAV-F,
respectively (Fig. 3c). There was no significant difference of tdT
cDNA levels between AAV9 and AAV-F.
To confirm expression of tdT in the neurofibroma, we

immunostained sciatic nerve cryosections with an antibody
against tdT and fluorescence was measured using confocal
microscopy. No specific tdT immunostaining was detected in the
no vector (control) mouse neurofibroma as expected (Fig. 3d). For
both AAV9 and AAV-SC3 i.v. injected mice, we detected scattered
transduction of cells with distinct SC cell morphology (Fig. 3d). We
also detected transduction of cells with AAV-F, but the labeling
was qualitatively less frequent than AAV9 and AAV-SC3, which
corroborated the RT-ddPCR data (Fig. 3d). To confirm that AAV9
and AAV-SC3 were mediating transgene expression in SCs within
the neurofibroma, tissue sections were immunostained for both
Sox10 as well as tdT. We detected transduced, tdT immunostained
cells with Sox10-positive nuclei for both capsids, indicating
transduced SCs (Fig. 3e).

AAV-SC3 and AAV9 transduce normal nerve in mice after
systemic injection
To test if AAV-SC3 can transduce naïve nerve, we injected adult
male C57BL/6 mice with 1012 vg ( ~ 4 × 1013 vg/kg) of either AAV-
SC3-P0-tdT or AAV9-P0-tdT. Seven weeks post-injection, tissues
were harvested, and DNA extracted from liver and sciatic nerves
(Fig. S1a). AAV-SC3 had slight, 1.4-fold, higher AAV genomes in
sciatic nerve compared to AAV9, although this did not reach
statistical significance (Fig. S1b). AAV genomes in liver were much
higher for both groups than in sciatic nerves, 120-fold higher for
AAV-SC3 and 331-fold higher for AAV9, respectively (Fig. S1b).
Interestingly, there was a small, 1.9-fold, yet statistically significant
decrease in AAV genomes in the liver with AAV-CAP.NF compared
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Fig. 2 In vivo selection with an AAV peptide display library allows enrichment of variants recovered from the second round in the sciatic
nerve of Nf1flox/flox/Flucflox induced tumor model. a In vivo library two-round selection scheme to isolate AAV capsid variants that transduce
neurofibroma. b Round two next generation sequencing (NGS) results of AAV peptide inserts isolated from the neurofibroma (tumor) and
naïve (no tumor) nerve. Each chart show enrichment after second round of library selection, with darker blue shading representing higher
read frequency. The red chart region represents all of the other sequence variants.
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to AAV9. To assess whether the biodistribution of AAV-SC3 was
more selective for sciatic nerve vs. AAV9 we calculated the sciatic
nerve/liver AAV genome ratio for each animal. We observed a
significant, 3.2-fold increase in selectivity of AAV-SC3 compared to
AAV9 for sciatic nerve (Fig. S1c). Next, we measured the

transduction of sciatic nerve using RT-ddPCR of tdT cDNA. There
was a slight, non-significant, 1.5-fold increase in tdT cDNA levels
for AAV-SC3 compared to AAV9 (Fig. S1d). In liver, the amount of
tdT cDNA levels were much higher, tracking with the AAV genome
levels and there was a small, non-significant, 1.09-fold increase
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with AAV-SC3 compared to AAV9 (Fig. S1e). To assess the cellular
localization of transduction, we performed confocal microscopy
on immunostained sections of liver and sciatic nerve of
representative animals from both vector groups and the control
group (no vector). In liver, intense tdT immunofluorescence was
observed in cells with hepatocyte morphology for both capsids
(Fig. S1f). In sciatic nerve we stained for both tdT and Sox10 to
assess transduction of SCs. For both capsids, there were only a few
detectable tdT+ Sox10 -positive SCs within each examined section
(Fig. S1g). Overall, this shows that while the biodistribution of AAV
genomes has been significantly shifted for AAV-SC3 vs AAV9, the
transgene expression has not.

Identification of an AAV capsid variant displaying a putative
laminin binding peptide with enhanced biodistribution to
sciatic nerve after systemic injection
While direct transduction of neurofibroma with AAV could be
potentially useful for control of established tumors, their hetero-
geneous cellular composition and relatively fast cell turnover
makes this a difficult challenge. Identifying capsids which could
mediate gene delivery to SCs of peripheral nerves could also be
useful for prophylactic treatment before neurofibroma initiation
(or for other diseases that affect SCs). Since in our selection we
isolated capsids from both neurofibromas and naïve nerve
(Fig. 2b), we selected four candidates, AAV-SC1-4 (Table 1) for
further testing for naïve nerve biodistribution. We attempted to
include the most frequent variant, HPFVSLA, but vector yield for
this capsid was too low for in vivo use (data not shown). Each of
the four capsids were cloned into conventional rep/cap plasmids
and vectors packaged an AAV expression cassette with unique
barcodes for each capsid. For benchmarking purposes, we also
included an AAV9 capsid also packaging a unique barcoded
expression cassette. All five capsids were pooled in an equal ratio
and a total of 7 × 1010 vg/mouse (1.4 × 1010 vg/capsid/mouse)
were injected into n= 3 adult male C57Bl/6 mice. Two weeks later,
we harvested sciatic nerves, liver, brain, and heart and isolated
AAV genomes (Fig. 4a). For each tissue, the barcode inserts were
amplified using PCR and NGS performed to determine the profile
of each capsid. Of all the capsids, only AAV-SC4 showed an
average of ~5-fold (and up to 7-fold) significant increase in sciatic
nerve (Fig. 4b, c). Interestingly AAV-SC4 appears to be more
selective to sciatic nerve over other tissues such as brain, heart,
and liver which were not significantly increased over AAV9
(Fig. 4c). A database search revealed that the STQ peptide,
contained in the GATPSTQ 7-mer, is a known laminin binding

peptide [27]. Laminins are glycoproteins of the extracellular matrix
and critical for SC function [28].
To assess whether AAV-SC4’s increased biodistribution resulted

in enhanced transduction of SCs, we compared a direct, dose-
matched comparison to AAV9, both packaging the AAV-P0-tdT
expression cassette. For each capsid, six C57Bl/6 mice (3 males, 3
females) were injected intravenously with 1012 vector genomes/
mouse. Seven weeks post injection, mice were euthanized and
sciatic nerves harvested (Fig. 5a). One nerve was utilized for
isolation of AAV genomes and tdTomato qPCR. We observed a
significant (p= 0.0027), 6.3-fold increase in AAV genomes in sciatic
nerve with AAV-SC4 compared to AAV9 (Fig. 5b). When mice were
grouped based on vector type and sex, we noticed that AAV9 in
female mice trended towards higher biodistribution than AAV9 in
male mice, while AAV-SC4 biodistribution was more consistent
between sexes (Fig. 5c). However, this did not achieve statistical
significance. We measured tdT mRNA levels using RT-ddPCR.
Unexpectedly, the average tdT cDNA was higher by 1.73-fold for
AAV9 compared to AAV-SC4, however there was a large variability
between mice in the AAV9 group (Fig. 5d). To confirm the
tdTomato cDNA expression data, we assessed transduction of SCs
in sciatic nerve by immunostaining for tdTomato and SOX10. For
AAV9, similar to prior experiments, we observed sporadic
tdTomato positive cells within the nerve, with even fewer
transduced cells observed for AAV-SC4 (data not shown), which
aligned with the RT-ddPCR data. We wondered if AAV-SC4 might
transduce other cell types in the sciatic nerve, with the P0
promoter preventing efficient tdTomato mRNA transcription in
those other cells. To evaluate this, we packaged a self-
complementary (sc) AAV genome which contained a strong
chicken beta actin (CBA) promoter driving GFP inside AAV-SC4
(Fig. 6a). Adult C57Bl/6 mice were injected systemically with
1 × 1011 vg ( ~ 4 × 1012 vg/kg) of AAV-SC4-CAG-GFP and three
weeks post injection sciatic nerves and livers were harvested for
immunofluorescence analysis of GFP expression. We assessed
transduction of liver which is generally highly transduced by AAV
vectors. Robust transduction of liver was detected for the three
injected mice (Fig. 6b). This confirmed that AAV-SC4 was
competent at transduction of cells in vivo. Next, we assessed
transduction of sciatic nerves in the three injected mice by
immunostaining for GFP as well as Sox10 to mark SCs. We
observed GFP positive immunostaining throughout the nerves in
each mouse, in contrast to the control nerve from mice not
injected with vector (Fig. 6c). While some of the GFP immunor-
eactivity appeared to be inside axons (no DAPI colocalization), we

Table 1. Candidates for further screening for biodistribution to sciatic nerve.

Variant AA sequence % of total reads In vivo characteristics

AAV-SC1 STTLYSP 4% Found in mouse 1 tumor

AAV-SC2 LPTPQRL 18% A top clone in naïve nerve

AAV-SC3 RPDHLPP 3–4% Similar levels in both neurofibromas

AAV-SC4 GATPSTQ 9–11% A top clone in nerves with and without neurofibromas

Fig. 3 AAV-SC3 displays similar biodistribution to liver and brain as AAV9, but increased transgene expression in sciatic nerve of
neurofibroma-bearing mice. a An AAV expression cassette was constructed with a rat PO promoter driving tdT cDNA expression. Nf1flox/flox/
Flucflox mice had neurofibroma induced in both sciatic nerves with local AAV1-Cre injection. After neurofibroma formation, mice were injected
i.v. with three groups of capsids packaging the expression cassette. Six weeks post-injection both neurofibroma were harvested as well as
brain and liver for molecular and histological analysis. ITR, inverted terminal repeat; WPRE, woodchuck hepatitis virus post-transcriptional
regulatory element; pA, polyadenylation signal. b Biodistribution of AAV genomes in brain and liver. **p= 0.008. c RT-ddPCR quantitation of
tdT mRNA in whole neurofibroma-bearing nerves from each group of mice. ns=not significant; **p= 0.008. d Immunofluorescence detection
of tdT expression in neurofibroma of mice injected with AAV vectors. Specific labeling of anti-tdT immunostained cells of SC morphology were
observed in the injected mice, most frequently in the AAV9 and AAV-SC3 injected groups. Scale bar=100 µm. DAPI=blue; tdT
immunofluorescence=magenta. e AAV9 and AAV-SC3 can both transduce SCs in neurofibroma. Sections were immunostained for transgene
expression (tdT, magenta) and Sox10 (yellow). Co-localized cells are shown in white and indicated by black arrows. For (b) and (c), AAV9, n= 5;
AAV-F, n= 5; AAV-CAP.NF, n= 4 For d.: AAV-9, n= 4; AAV-F, n= 5; AAV-SC3, n= 4.
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observed strong colocalization of GFP with SOX10, which indicates
AAV-SC4 can transduce SCs after systemic delivery in mice
(Fig. 6c, d).

DISCUSSION
While others have tested AAV’s for transduction of peripheral
nerves in mice [7], to our knowledge this is the first study to test
different AAV vectors injected systemically for gene delivery to an
in vivo model of NF1. As part of this study, we developed a novel
nerve-associated NF1 mouse neurofibroma model which pro-
duced focal neurofibroma in the sciatic nerve after injection of
AAV1-Cre into young adult Nf1flox/flox/Flucflox mice, so that the
presence and size of tumors could be monitored by in vivo
bioluminescence imaging. This model is similar to that of Dodd

et al. [29], who injected adenovirus-Cre into the sciatic nerve of
Nf1flox/flox mice. In our case, bioluminescent tumors appeared
within 3–8 weeks, which were deemed to resemble early
neurofibroma in NF1 patients using H&E neuropathology and
IHC for the SC marker, Sox10 and proliferation marker, Ki67 [30].
This neurofibroma model was used together with an AAV9
peptide display library to identify a novel capsid variant, AAV-SC3,
which mediates transduction of neurofibroma in mice after
systemic delivery. Compared to the parental capsid, AAV9, we
observed enhanced transduction of neurofibroma (2.1-fold) after
systemic injection in mice. We used the P0 promoter based on
earlier work as it drives selective expression in SCs. While this did
not achieve statistical significance (p= 0.111) at the group sizes
tested (n= 4–5 mice), it did provide promising proof of concept
data that AAV capsid engineering and in vivo selections can lead

Fig. 4 Identification of an AAV capsid variant with enhanced biodistribution to sciatic nerve after systemic injection. a Schematic of
experiment. Four capsids from the in vivo selection, SC1-4, as well as AAV9, were produced, each packaging a uniquely barcoded genome. The
pooled capsids were injected systemically into C57Bl/6 mice and two weeks later sciatic nerve and other tissues harvested and barcode read
frequency determined using NGS of the amplified AAV genomes. b Heat map of read frequency for each capsid variant normalized to AAV9
reads for each tissue. c Graph of fold-change for each capsid across different tissues. ns not significant; ***p < 0.001.
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to transduction of neurofibroma. We chose AAV-SC3 (peptide
RPDHLPP) as it was represented in the top sequencing reads in
two mouse neurofibromas (Fig. 2). We also performed a screen of
four chosen candidate capsids from round two of the selection
(AAV-SC1–4). This selection included AAV-SC3 as well as AAV9 for
benchmarking the new capsids. The goal of the screen was to
identify capsids that distribute to the normal sciatic nerve after
systemic injection in healthy mice. Through this selection we
identified a new capsid, AAV-SC4, which mediated 6-fold
enhanced biodistribution to sciatic nerve compared to AAV9.
Interestingly, we did not observe a significant increase in P0
promoter-driven transgene expression of AAV-SC4 over AAV9,
which made us question whether the capsid was functional at
transduction. To test this we packaged a self-complementary AAV-
CBA-GFP expression cassette into AAV-SC4.The broadly active CBA
promoter was chosen to assess a wider array of cell types in the
nerve, as the P0 promoter has higher activity in myelinating SCs
(MSCs) vs non-myelinating SCs (NMCs) [31]. Using this promoter,
we observed that AAV-SC4 mediated transduction of cells
throughout the sciatic nerve, confirming the capsid’s transduction
capability. We performed confocal microscopy using staining for
GFP and SOX10 to understand whether MSCs and or NMSCs were
transduced by AAV-SC4. We found colocalization of some of the
GFP positive cells with SOX10-positive cells, which indicates that
AAV-SC4 can indeed transduce SCs. Future work will determine
the specific SC type(s) AAV-SC4 is transducing and in comparison
to AAV9. This result also indicates that the P0 promoter (at least
the version we utilized) may not always be the best option for
transgene expression in SCs, particularly those with lower activity

of this promoter. Another explanation for the lack of apparent P0
promoter activity with SC4 in contrast to SC3 and AAV9 could be
due to differences of this capsid recruiting transcriptional
machinery to the this promoter in the AAV genome as described
[32–34]. Since the CBA promoter does seem to be active in SCs
(Fig. 6) in future construct designs detargeting expression from
neurons may be achieved using miRNA-based expression
detargeting as has been done to increase transduction selectivity
for microglia [35].
AAV-SC4 contains a well described laminin binding motif, STQ.

Schwann cells and neurofibroma both display laminin localized
primarily to the basement membrane [36].One study identified
STQ-motif containing peptides that selectively bound denatured
laminin using bacteriophage peptide display [27]. The identified
STQ peptide was found to reduce tumor cell migration,
angiogenesis, and metastasis [27] in mice. In another independent
study, phage display identified an STQ-containing peptide that
bound to the vesicular stomatitis virus glycoprotein (VSV-G) on
lentiviruses and this allowed increased lentivirus transduction of
HT1080 cells [37]. While we did not intentionally target laminin
using our in vivo selection strategy, the identification of an amino
acid motif with a known ligand for peripheral nerve/neurofibroma
may be useful for further improving AAV and other delivery
modalities (e.g. extracellular vesicles, lipid nanoparticles, etc.). In
future experiments, we will test other routes of administration of
AAV-SC4 via intrathecal or direct intra-nerve injection. We will also
test AAV-SC4 for transduction of neurofibroma, as the AAV-SC4
peptide was detected in both neurofibroma and normal nerve in
round two of selection (Fig. 2b). Finally, enhanced capsids may be

Fig. 5 Side by side comparison of AAV9 and AAV-SC4 biodistribution to and transduction of sciatic nerve in C57BL/6 mice after systemic
administration. a AAV9 or AAV-SC4 vectors packaging AAV-P0-tdTomato were injected systemically into male (n= 3) and female (n= 3)
C57BL/6 mice (total n= 6/vector group). Seven weeks later, sciatic nerves were harvested to quantitate AAV genomes and tdTomato
expression. b AAV genome quantitation in sciatic nerve. Each data point represents an individual mouse. The dotted line indicates qPCR
values from control mice not treated with vector. **p= 0.0027. c Data in (b) separated by mouse sex. d RT-ddPCR quantitation of tdT mRNA in
whole neurofibroma nerves from each group of mice.

E. Abou Haidar et al.

394

Gene Therapy (2025) 32:385 – 397



engineered by affinity maturation of amino acids surrounding the
STQ motif as previously demonstrated for other capsids [38].
Several studies have tested existing AAV serotypes for

transduction of SCs after various routes of injection as mentioned
in the Introduction. A recent study used an AAV peptide display
library to identify AAV capsids that could transduce primary
human SCs in culture [39]. These peptides Pep2hSC1 and
Pep2hSC2 were inserted within the AAV2 capsid. The authors
showed that these capsids could transduce human and rodent
SCs, human plexiform neurofibroma cells as well as human nerve
segments upon direct injection ex vivo. Interestingly, they
observed better transduction efficiency in “healthy” SCs than
NF1 patient-derived SCs, which may be due to the selection

method based on healthy patient SCs. Finally, they achieved
transduction of SCs in a nerve crush model in mice after direct
intra-nerve injection. Both the AAV2-based Pep2hSC capsids as
well as our AAV-SC3 and AAV-SC4 capsid may serve complemen-
tary roles in NF1/SC research. The AAV2-Pep2hSC capsids are well
suited for in vitro transductions of human and murine NF1 cells
and direct injection of nerve segments. The AAV-SC3 capsid,
derived from AAV9, is suitable for systemic injections in mouse
models of NF1 when broad biodistribution and potentially blood-
brain barrier (BBB) penetration is desired (AAV9 has broader
biodistribution and ability to cross BBB in contrast to AAV2 [40]).
We found that AAV-SC3 had a similar biodistribution in the brain
as compared to AAV9, thus, its inherent ability to cross the BBB
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Fig. 6 AAV-SC4 capsid packaging a self-complementary (sc) AAV-CAG-GFP genome transduces sciatic nerve after systemic injection.
a Overview of experiment. AAV-SC4 packaged a sc AAV-CAG-GFP expression cassette. mITR, mutated ITR. Tail vein injection of the vector into
C57BL/6 mice and 3 weeks later, liver and sciatic nerve were harvested for immunofluorescence analysis. b Liver is highly transduced by AAV-
SC4-scCAG-GFP. Scale bar= 200 µm. c Representative nerve of control, no vector mouse, and AAV-SC4 injected mouse. Scale bar=
100 µm. d High magnification image of a nerve from a AAV-SC4 injected mouse. Scale bar= 20 µm. In c and d, magenta= SOX10
immunostaining; green= GFP immunostaining. Arrows point to co-localized GFP/SOX10 immunostaining which indicates transduced
Schwann cells.
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does not seem to be compromised by the peptide insert. This is
important as neurofibroma can affect the central nervous system
(CNS), as well as peripheral nervous system (PNS) [41] Finally, AAV-
SC4 may be useful for transduction of peripheral nerves in mice as
prophylactic strategies for NF1, and it should also be tested in
models of NF1 and diseases of peripheral nerves.
AAV vectors, like other viruses and nanoparticles have a propensity

to be biodistributed to the liver. Unless the liver is the target of
therapy, this is generally undesirable as AAV transduction of liver has
been associated with toxicity in both NHP studies and clinical trials
[42, 43]. In this study, we assessed biodistribution to and transduction
of liver after systemic injection of AAV9 or AAV-SC3 both packaging
the AAV-P0-tdT expression cassette. For both vectors, high levels of
both biodistribution and transgene expression (assessed by RT-
ddPCR and microscopy) to liver were observed. There was a small
decrease in biodistribution to liver by AAV-SC3 compared to AAV9,
but this is likely insufficient. It was also apparent that at the high
doses of vector genomes observed in liver, the selectivity of the P0
promoter was lost, as robust expression in hepatocytes was evident
by confocal microscopy. Thus, in future development of AAV capsids
for sciatic nerve transduction after systemic injection, detargeting
from the liver at the steps of both biodistribution and transduction
should be addressed. For reducing off target expression in liver with
SC-targeted AAV’s, incorporation of miRNA binding sites, such as
those for miR122, have been successfully used by others [44, 45].
Using these two strategies may increase the on-target biodistribution
to SCs as well as reduce off target expression.
Overall, our work provides a new semi-quantitative model of

NF1 neurofibroma in mice and important conceptual data that
AAV selection approaches can be used for neurofibroma
transduction in vivo. AAV-SC3 and AAV-SC4 should be useful for
testing new gene therapy approaches in mouse models of NF1 as
well as other models of peripheral nerve diseases.
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