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Gene therapies and associated technologies are transforming
biomedical research and enabling novel therapeutic options
for patients living with debilitating and incurable genetic dis-
orders. The vector system based on recombinant adeno-associ-
ated viral vectors (AAVs) has shown great promise in recent
clinical trials for genetic diseases of multiple organs, such as
the liver and the nervous system. Despite recent successes to-
ward the development of novel bioengineered AAV variants
for improved transduction of primary human tissues and cells,
vectors that can efficiently transduce human Schwann cells
(hSCs) have yet to be identified. Here, we report the applica-
tion of the functional transduction-RNA selection method in
primary hSCs for the development of AAV variants for specific
and efficient transgene delivery to hSCs. The two identified
capsid variants, Pep2hSC1 and Pep2hSC2, show conserved po-
tency for delivery across various in vitro, in vivo, and ex vivo
models of hSCs. These novel AAV capsids will serve as valu-
able research tools, forming the basis for therapeutic
solutions for both SC-related disorders or peripheral nervous
system injury.
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INTRODUCTION
Gene therapy is poised to transformmedicine as it carries the promise
to treat, or even cure, millions of patients living with debilitating and
currently incurable genetic disorders. As exemplified by the successful
treatment of spinal muscular atrophy (SMA),1 recombinant viral vec-
tors based on adeno-associated viral vectors (AAVs) are showing
immense therapeutic promise in targeting organs that necessitate
direct in vivo gene delivery.2 These include the liver and the nervous
system, in which therapeutic efficacy has already been demonstrated.
The current challenge in the field is to enhance vector-mediated gene
delivery to target tissues of high therapeutic value that are more diffi-
cult-to-access, such as Schwann cells (SCs).2,3 Importantly, these
recent clinical successes hinge on continuing progress in the develop-
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ment of AAV-based gene delivery systems, driven primarily by ad-
vances in AAV capsid technology.4

SCs are the primary glial cell in the peripheral nervous system and
play essential roles in ensuring physiological functions of peripheral
nerves. They achieve this by providing support functions and
secreting key signalingmolecules critical for both axonal maintenance
and repair.5 Due to their ability to promote axonal regeneration and
remyelination following nerve injury SCs are the primary clinical
target in peripheral nerve-related neuropathies.6–8 One such example
is a group of inherited demyelinating neuropathies collectively known
as Charcot-Marie-Tooth (CMT) disease, caused by mutations in
genes such as PMP22,GJB1, or SH3TC2, whose proteins are expressed
in myelinating SCs (nmSCs).9 Another potential target is the tumor
forming SCs that underlie neurofibromatosis 1 (NF1), NF2, and
schwannomatosis.10,11 Although the resulting tumors are typically
benign, these debilitating diseases are often disfiguring, cause intrac-
table pain and secondary neurological dysfunction, which signifi-
cantly impair patient quality of life. Recent advances in gene therapy
technologies have enabled the delivery of a functional copy of a dis-
ease-causing gene in gene replacement strategies, or, alternatively,
correction, replacement, or silencing of disease-causing genes at the
endogenous locus.10–14 However, the success of all gene therapy stra-
tegies depends on the ability to deliver the therapeutic cargo
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Figure 1. FT selection platform for AAV capsids targeting primary hSCs

(A) Overview of the capsid variant selection using the FT platform. (B) Phylogenic relation of the selected AAV shuffling capsid variants and the parental AAV serotypes used to

construct the library. Scale: evolutionary distance of the number of substitutions per site. (C) Schematic representation of the barcoded-AAV hSC testing kit for NGS

(legend continued on next page)
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specifically and efficiently to the relevant target cells. Thus, novel de-
livery vectors capable of efficiently targeting the SCs are needed to
enable the translation of promising preclinical programs into clini-
cally validated solutions for patients affected by genetic and possibly
even acquired disorders affecting SCs.

A central feature of recombinant AAVs (rAAVs) is their capsid-
driven tissue tropisms.15 Several AAV vectors have demonstrated
tropism for SCs with different degrees of success between variants.
Notably, AAV1, AAV2, AAV6, and AAV-DJ have been shown to
transduce primary human Schwann cells (hSCs), with AAV6 and
AAV-DJ being the most efficient.10 In rat nerve explants, AAV1,
AAV5, AAV6, AAV7, AAV8, and AAV9 were the most efficient var-
iants, whereas, in human nerve explants, AAV2 is shown to be the
most effective.16 AAV9, in combination with the Mpz promoter,
has been used in mice to target SCs in X-linked CMT after a single
lumbar intrathecal injection.13 AAV9 and AAV-rh10 have been
shown to transduce SCs in mice, rats, and non-human primates
(NHPs) after intraneural injection.14 In addition, a single injection
of AAV9 in a rat model of CMT1A has been shown to prevent dys-
functions in CMT1A.14 However, despite promising results in these
preclinical models, the aforementioned AAV variants lack specificity
and show broad off-target tropism, significantly decreasing their
translational potential.17

Recent advances in AAV capsid bioengineering strategies, including
rational design and directed evolution, have demonstrated the ability
to select for novel clinically translatable properties of rAAV.18 How-
ever, the success of such strategies depends on the interplay of three
critical elements: the starting AAV library, the selection strategy or
platform, and the preclinical model on which the selection and sub-
sequent validation of AAV variants are performed.19

In this study, we aimed to develop novel AAV variants capable of tar-
geting primary hSCs with high efficiency and specificity for transla-
tional applications. We utilized our recently developed proprietary
functional transduction (FT)-RNA selection method19 to select a
highly variable AAV2-based peptide display library. Following two
rounds of selection in purified primary hSC cultures, we identified
two novel AAV2 capsid variants, named Pep2hSC1 and Pep2hSC2.
Because hSC cultures cannot recapitulate the complexity of the whole
tissue containing various cell types and barriers, we next characterized
these novel AAVs across mouse peripheral nerve injury model and
ex vivo human nerve segments, to clarify the SC subtypes tropism
of the novel AAV capsids. These variants also demonstrated a
decrease in targeting human fibroblasts and a lower entry in primary
human hepatocyte cells. Based on their high efficiency and specificity,
these two new variants hold great promise to enable the development
of the first SC-specific gene therapies in human patients.
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RESULTS
Identifying AAV capsids with improved efficacy on primary hSCs

using the FT platform

To identify novel variants of AAV vectors for efficient transgene de-
livery to hSCs, we performed AAV-directed evolution selections on
cultured primary hSCs. We generated three capsid libraries: AAV2
and AAV9 peptide display libraries, as well as a DNA-shuffled library
based on the capsid genes from AAV serotypes 1–12. The three li-
braries were cloned into our proprietary FT library constructs, which
allows for efficient variant selection based on transgene expression at
the RNA level.19 Following packaging, all three AAV vector libraries
were used to transduce primary hSC cultures. To increase both the
stringency and the chance of selecting the most functional variants,
transduced cells underwent fluorescence-activated cell sorting
(FACS) based on the expression of FT library-encoded EGFP reporter
(Figure 1A). EGFP-positive cells were subsequently used for RNA
extraction and PCR recovery of most functional variants from
AAV-encoded RNA/cDNA.

After two rounds of selection, we selected the 10 top variants from the
AAV2 peptide display library, namely, Pep2hSC1–Pep2hSC10. Inter-
estingly, we were able to detect only a very small number of EGFP-
positive hSCs for the other two libraries (AAV9 peptide display and
the shuffled library, data not shown) and thus opted to process the
entire hSC population for capsid recovery. After two rounds of selec-
tion of the AAV9 peptide display library we identified 12 highly en-
riched capsids (Pep9hSC1–Pep9hSC12) in the RNA/cDNA extracted
from the whole SCs population. The DNA-shuffled library underwent
four rounds of selection. After sequencing 15 random clones, we iden-
tified 4 capsid variants (Shuffle9, 31, 32, and 35) from a phylogenet-
ically distinct subpopulation closely related to AAV2 (Figure 1B).
The four shuffled capsids were included in subsequent functional
evaluations.

We next performed a functional evaluation of the selected 26 novel
variants on hSCs. As reference controls, we included 10 previously
published natural and bioengineered AAV variants that were identi-
fied using our published ‘AAVTesting Kit’ approach20 for their ability
to functionally transduce primary hSCs in culture (Figure S1). Specif-
ically, we packaged two single-barcoded AAV expression cassettes en-
coding EGFP fluorescent reporter under the control of the ubiquitous
human cytomegalovirus (CMV) immediate-early enhancer and pro-
moter20 per novel variant and reference control. Vectors were indi-
vidually titrated and pooled at an equimolar ratio. The barcoded
hSC testing kit was tested on cultured primary hSCs isolated from
the skin (hSk-SCs) or from the sciatic nerve (hN-SCs) from multiple
donors (Table S1).21 Human dermal fibroblasts were also transduced
in parallel to confirm the specificity of the capsids for targeting only
the hSCs. After 48 h, cells were harvested, and DNA and RNA
fferent donors. (D) Identity of the amino acid peptide sequences of Pep2hSC1 and

ith capsid recovery achieved at the level of both (E) cell entry (DNA) and (F) transgene

ntage of total NGS reads for each cell type. Values are normalized to a pre-mix pool
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extracted for subsequent NGS analysis of the barcode composition at
the DNA (cell entry) and RNA/cDNA (transgene expression) levels,
as per our established method (Figure 1C).20

For viral entry (DNA biodistribution) (Figure 1E), the analysis iden-
tified two variants, RKRGDSWSE and RRKDVDFDK, referred as
Pep2hSC1 and Pep2hSC2, respectively (Figure 1D), with relatively
high enrichment in both hSk-SCs and hN-SCs, and which were
almost absent in fibroblasts. For transgene expression (RNA/
cDNA) (Figure 1F), Pep2hSC1, and to a lesser extent Pep2hSC2,
were the most enriched in both hSk-SCs and hN-SCs. Both variants
also demonstrated high specificity for SCs, unlike AAV2.7m8, which
performed very well regardless of the target cell type. Finally, AAV-
DJ, which has been previously reported to be the most efficient at
transducing hSCs,10 was outperformed by AAV2.7m8 and our novel
variants. Non-clustered heatmap visualizations of DNA and RNA/
cDNA analysis for all cell lines are shown in Figure S2.

To evaluate whether the AAV variants selected in primary hSCs could
also transduce primary cells from other species, we performed the
same AAV barcoded hSC testing kit analysis on primary rat and
mouse SCs (Figures S3 and S4, respectively). The bioengineered
AAV-HRP5, a variant that we previously selected for superior homol-
ogous recombination in HuH-7 cells,22 was the top performer both at
cell entry (DNA) and transgene expression (RNA/cDNA) levels in rat
cells while AAV-KP123 was the top variant in mouse SCs (Figure S4).
Interestingly, Pep2hSC1 and Pep2hSC2, efficiently transduced pri-
mary rat SCs with 60% and 40% of EGFP-positive cells, respectively.
AAV2.7m8 did not transduce rat SCs efficiently (17%) (Figure S3).
Pep2hSC1 and Pep2hSC2 were able to transduce primary mouse
SCs. However, EGFP expression was also observed in non-SCs cells
(difference in morphology) following Pep2hSC1 transduction, while
EGFP expression was strictly limited to SCs with Pep2hSC2
(Figure S4).

Characterization of Pep2hSC1 and Pep2hSC2

For further characterization, we decided to focus on two variants,
Pep2hSC1 and Pep2hSC2. As manufacturability is one of the biggest
bottlenecks impacting the clinical development of many novel bio-
engineered variants, we first evaluated the production yields of the
variants using standard adherent HEK293T production protocols
(Materials and methods). Our data showed that there was no signif-
icant difference in manufacturability between the novel variants and
the parental AAV2 capsid (Figure S6A). As clinical grade AAV2 has
been produced at scale to support clinical studies, the data indicate
that the novel SC-tropic variants would be amenable to large scale
production using standard AAV manufacturing protocols.

Based on the relative low performance of both Pep2hSC1 and
Pep2hSC2 compared with AAV2 and other variants that harbors
the heparin-binding motif of AAV2 (AAV-HRS1, AAV-HRP5,
AAV-NP6, AAV-NP94, and the Shuffled variants) in immortalized
hSCs (Figure S5), and the fact that peptide insertions at positions
587–588 of AAV2 capsid sequence reduces the heparan sulfate pro-
4 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
teoglycan (HSPG)-binding phenotype,24,25 we hypothesized that
Pep2hSC1 and Pep2hSC2 were HSPG detargeted and their transduc-
tion was not dependent on heparan sulfate binding. To test this, we
performed a heparin competition assay. As expected, the transduc-
tion efficiency of AAV2 was significantly decreased by soluble hepa-
rin. However, the performance of Pep2hSC1 and Pep2hSC2 was un-
affected (Figure S6B), supporting our hypothesis regarding to the
heparan sulfate binding of those new variants.

Because it is known that peptide insertions at this location not only
alter vector tropism, but also impact the structure of the most pro-
truding surface exposed loop, this modified structure had the poten-
tial to impact recognition by pre-existing neutralizing antibodies.
We, therefore, performed a neutralization assay with serial dilutions
of human intravenous immunoglobulin (IVIg). Both novel variants
demonstrated significantly improved immune escape properties
compared with the parental AAV2 capsid (Figure S6C).

Finally, we investigated the utility of Pep2hSC1 and Pep2hSC2 for
systemic delivery by assessing the off-target transduction of those vec-
tors in vivo. Specifically, because the liver is a natural target for most
natural and bioengineered AAVs,17 and thus presents a major safety
concern, we wanted to evaluate our new variants for their ability to
transduce primary human hepatocytes in vivo using the chimeric
FRG model.26

Chimeric mice repopulated with primary human hepatocytes to a
similar high repopulation index27 were intravenously administered
with a dose of 2 � 1011 vector genomes (vgs), representing approxi-
mately 1 � 1013 vg/kg, of Pep2hSC1, Pep2hSC2, or the parental
AAV2, encoding CMV-EGFP-pA reporter construct (Figures S6D–
S6F). The relative performance in human hepatocytes was assessed
by immunofluorescence (Figures S6D and S6E) and vector entry
into human hepatocytes at the DNA level (Figure S6F) 2 weeks after
injection. While Pep2hSC1 and Pep2hSC2 exhibited a higher trans-
gene expression in human hepatocytes when compared with parental
AAV2 (Figure S6E), both variants showed a diminished entry into
these cells, as evident by a respective 5-fold and 2.5-fold lower average
vector copy number per diploid human genome (Figure S6F). How-
ever, the difference in cell entry was not statistically significant
compared with AAV2.

Novel variants show a strong tropism for primary hSCs

Wenext wanted to perform a detailed functional evaluation of the two
new variants on primary hSCs compared with control capsid AAV-
DJ, which has been reported to efficiently transduce hSCs.10 We
also included AAV2.7m8 that, based on our studies (Figures 1E
and 1F), was highly efficient at transgene delivery to hSCs. We trans-
duced primary hSCs using a low dose of 1,000 vg/cell and harvested
the cells three days later. Transduction efficiency was then deter-
mined by immunofluorescence (Figures 2A and 2C) and by flow cy-
tometry (Figure S8A). Our data supported the next-generation
sequencing (NGS) results (Figures 1E and 1F) and showed that the
two novel AAV variants, Pep2hSC1 and Pep2hSC2, transduced
4



Figure 2. Novel AAV variants transduce hSCs with high efficiency and specificity

(A) Representative images of pure cultured hSCs transduced with EGFP reporter AAVs packaged using indicated capsids at 1,000 vg/cell. Blue, DAPI; purple, S100 (SCs

marker); green, AAV-encoded EGFP. Arrows show EGFP+/S100� cells. Scale bar, 50 mm. (B) Percentage of EGFP+ SCs. Quantification was performed usingR80 cells per

image, andR3 images per variant. p values were determined by one-way ANOVA with Holm-�Sidák’s multiple comparison test (**p% 0.01; ***p% 0.001; ****p% 0.0001).

Data are shown as mean ± SEM. (C) Representative immunofluorescence images of mixed cultured hSCs transduced with EGFP reporter AAVs packaged using indicated

capsids at 1,000 vg/cell. For (A) and (C), arrows indicate EGFP+/S100� cells. Scale bar, 50 mm. (D and E) Percentage of (D) EGFP+/S100+ cells and (E) EGFP+/S100� cells.

Quantification was performed usingR30 cells per image, andR4 images per variant. p values were determined by one-way ANOVA with Holm-�Sidák multiple comparison

test (*p % 0.05; **p % 0.01). Data are shown as mean ± SEM. (F) Proportion of EGFP+ cells in the mixed hSC culture. Percentages of S100+ and S100� cells among total

EGFP+ cells were calculated. p values were determined by unpaired t-test (*p % 0.05; **p % 0.01; ****p % 0.0001).
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hSCs with greater efficiency than both AAV-DJ and AAV2.7m8
(Figures 2A, 2B, and S8A).

Next, we determined the specificity of the novel variants at trans-
ducing primary hSCs. To do so, we used the pn09.2 culture, which
contained both S100+ (approximately 60%) and S100� cell popula-
tions (approximately 40%) as demonstrated by colocalization with
the SCs marker S100b (Figure S7). Cells were transduced as outlined
above (Figures 2A and 2B). Quantification of the EGFP signal in the
S100+ population 3 days after transduction showed that both
Pep2hSC1 and Pep2hSC2 had greater efficiency at functionally trans-
ducing hSCs than AAV-DJ and AAV2.7m8 (Figure 2D). Further-
more, while Pep2hSC1 transduced the S100� population at similar
efficiency to AAV2.7m8, Pep2hSC2 did not transduce S100� cells
at a detectable level (Figures 2E and 2F). We repeated the study using
a higher dose of 10,000 vg/cell, and we observed a similar trend, with
Pep2hSC1 and Pep2hSC2 transducing more than 75% of hSCs
(S100+) and Pep2hSC2 not transducing S100� cells (Figures S9B
Molec
and S9C). To gain additional insights into the function of
Pep2hSC2, we transduced fibroblast cultures with a higher vector
dose. Remarkably, Pep2hSC2 did not transduce fibroblasts, even
when the highest dose was used (Figure S8C). Finally, by plotting
the data as the percentage of the total transduced EGFP+ cells,
Pep2hSC1 and Pep2hSC2 clearly showed a preferential tropism to
SCs (S100+) over the S100� population at both doses tested (Figures
2F and S9D). Conversely, AAV-DJ and AAV2.7m8 displayed a stron-
ger preference for transduction of fibroblasts (S100�) over SCs
(S100+) (Figure 2F) at 1,000 vg/cell, and this preference toward fibro-
blasts was further enhanced at 10,000 vg/cell (Figure S9D).

Recognizing the crucial role of SCs in disorders like neurofibroma-
tosis, particularly in the formation of plexiform neurofibromas,28,30

we evaluated the performance of Pep2hSC1 and Pep2hSC2 in pri-
mary hSCs isolated from a plexiform neurofibroma, namely
pNF01.3. This cell line harbors a mutation in exon 5 (c.565A>T,
787T) of the NF1 gene. The culture contained approximately 90%
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 5
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Figure 3. Novel AAV variants showed enhanced transduction in hSCs isolated from NF1 plexiform neurofibroma compared with AAV-DJ and AAV2.7m8

Functional analysis of indicated AAVs in hSC isolated from NF1 plexiform neurofibroma transduced at (A–D) 1,000 or (E–H) 10,000 vg/cell. Representative images of hSCs

transducedwith indicated AAVs encoding EGFP reporter at (A) 1,000 vg/cell or (E) 10,000 vg/cell. Blue, DAPI; purple, S100 (SCsmarker); green, AAV-encoded EGFP. Arrows

show EGFP+/S100� cells. Scale bar, 50 mm. (B and C) Percentage of (B) EGFP+/S100+ cells and (C) EGFP+/S100� cells. (D) Proportion of EGFP+ cells in the mixed hSC

culture. Percentages of S100+ and S100� cells among total EGFP+ cells were calculated. p values were determined by unpaired t-test (**p % 0.01; ***p % 0.001; ****p %

0.0001). (F andG) Percentage of (F) EGFP+/S100+ cells and (G) EGFP+/S100� cells. (H) Proportion of EGFP+ cells in themixed hSC culture. Percentages of S100+ and S100�

cells among total EGFP+ cells were calculated. p values were determined by unpaired t-test (**p% 0.01; ***p% 0.001; ****p% 0.0001). (B, C, F, and G) Quantification was

performed usingR30 cells per image, andR4 images per variant. p values were determined by one-way ANOVA with Holm-�Sidák’s’s multiple comparison test (*p% 0.05;

**p % 0.01). Data are shown as mean ± SEM.
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SCs (S100+), as shown in Figure S7. We transduced the pNF01.3 SC
culture at 1,000 and 10,000 vg/cell and analyzed the EGFP signal by
immunofluorescence 3 days after transduction.

The transduction levels of the four AAV variants in pNF01.3 culture
were significantly lower than those observed in previous experiments
involving healthy hSCs isolated from nerve tissue (Figure 2). At 1,000
vg/cell, Pep2hSC1 and Pep2hSC2 showed higher transduction in
S100+ cells, at 6% and 13.4%, respectively. In contrast, AAV-DJ and
AAV2.7m8 exhibited minimal transduction with no detectable
EGFP fluorescence in these cells (Figures 3A and 3B). These findings
were a stark contrast to the results obtained from healthy hSCs
(Figure 2).

Interestingly, in the S100� cell population, Pep2hSC1, AAV-DJ, and
AAV2.7m8 achieved relatively high transduction efficiencies (70%,
52%, and 48%, respectively), while Pep2hSC2 transduced less than
6 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
25% of the cells (Figure 3C). When the dose was increased to
10,000 vg/cell, the pattern remained consistent, with negligible trans-
duction for AAV-DJ and AAV2.7m8. However, Pep2hSC1 and
Pep2hSC2 showed improved transduction in S100+ cells by 4.6-fold
and 1.4-fold, respectively (Figure 3F). Notably, the enhanced trans-
duction efficiency of S100+ cells with Pep2hSC1 was accompanied
by an increased transduction rate in S100� cells (77%), while
Pep2hSC2 showed no significant difference in this group (<25%)
(Figure 3G). Finally, both Pep2hSC1 and Pep2hSC2 display a prefer-
ential tropism for SCs (S100+) compared with the S100� population,
even at the higher dose tested (Figures 3D and 3H).

Together these results demonstrate that Pep2hSC1 and Pep2hSC2
display superior performance over AAV-DJ and AAV2.7m8 in pri-
mary hSCs derived from healthy donors and NF1 patients. Further-
more, Pep2hSC2 exhibited an improved specificity for the SCs, with
almost no transduction of fibroblast.
4



Figure 4. Novel AAV variants transduce SCs in human nerve segments

(A) Immunofluorescence of longitudinal sections of human sural nerve segments at 14 days after injection. Nerve segments (0.5cm) were injected with AAV-DJ, Pep2hSC1, or

Pep2hSC2 vectors encoding a CMV-EGFP transgene (1 � 1010 vg dose per segment). Insets show magnified area of transduced cells with elongated morphology char-

acteristic of SCs. DAPI (blue), AAV-encoded EGFP (green). Scale bar, 500 mm. (B) Number of EGFP+ cells overlapping with DAPI marker in nerve segment 14 days after

injection from three donors (mean ± SEM; n = 3). p values were determined by unpaired t-test (*p % 0.05). (C) Confocal microscopy images of longitudinal sections

(legend continued on next page)
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Evaluation of novel capsids for transduction efficiency of human

nerve segments

Assessment of AAV tropism in cell cultures, while highly informative,
has its limitations; the SCs in culture do not exhibit the same struc-
tures and differentiation as SCs surrounding neuronal axons. Indeed,
it has been shown previously that the transduction of monolayers of
cultured SCs does not predict the transduction efficiency in nerve
segments.16

Therefore, we subsequently examined the capacity of the novel vari-
ants to transduce SCs in the context of human nerve segments. Sural
nerve fascicles (approximately 0.5 cm long) from three individual do-
nors (n = 1 segment per serotype and per donor) were injected with
1 � 1010 vg of either Pep2hSC1, Pep2hSC2, or AAV-DJ and assessed
for expression of EGFP protein 7 and 14 days after AAV administra-
tion (Figures 4 and S10). Scanned sections showed a higher number of
EGFP+ cells and a stronger EGFP intensity for Pep2hSC1 and
Pep2hSC2 after 7 days compared with AAV-DJ (Figure S10). On
day 14, immunofluorescent analysis showed that transduction with
AAV-DJ results in a significantly lower percentage of EGFP+ cells
than the novel AAV variants Pep2hSC1 and Pep2hSC2 (Figures 4B
and S10). Of note, for donor 16, the EGFP signal was localized near
the injection site, while the EGFP signal was scattered throughout
the nerve segments for donors 15 and 17. Additionally, donor 17 ex-
hibited an overall lower number of EGFP+ cells than the other two
donors.

Confocal imaging of the nerve segment revealed that the transduced
cells had an elongated morphology with oval-shaped nuclei charac-
teristic of hSCs. This was also confirmed with the co-labelling of
EGFP and S100b (Figures 4C and S11). To further explore the
tropism of Pep2hSC1 and Pep2hSC2, we performed a series of dou-
ble-labelling immunohistochemistry experiments and Pearson’ corre-
lation coefficient analysis to determine the type of hSCs that were
transduced. Interestingly, EGFP was rarely expressed by PRX-labelled
mSCs. However, the transduced SCs from donors 15 and 16 were pos-
itive for p75 neurotrophin receptor (P75NTR) (Figures 4C, 4D, and
S11), which is a marker specific for non-nmSCs or de-differentiated
SCs.29 Interestingly, the transduction of donor 17’s cells showed co-
expression of EGFP and PRX, suggesting that the novel variants
can potentially transduce mSCs (Figure S11).

In summary, these results demonstrate that Pep2hSC1 and Pep2hSC2
capsids can transduce nmSCs and, to a lower extent, mSCs in human
nerve tissue after direct injection into nerve fascicles ex vivo.

Transduction patterns differ between Pep2hSC1 and Pep2hSC2

in injured mouse sciatic nerve

Since the novel capsid variants also showed an improved transduction
profile of rat and mouse SCs in vitro, we next used a mouse peripheral
immunostained for EGFP (green) with either S100 (purple) for SCs, PRX (yellow) for n

colocalization. Scale bar, 50 mm. (D) Pearson’s correlation coefficient for colocalization o

16 is a 44-year-old male, Caucasian, and donor 17 is a 73-year-old male, Asian.
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nerve injury model as a surrogate to gauge the transduction efficiency
in human nerves.

Equal amounts of Pep2hSC1, Pep2hSC2, and AAV-DJ vectors encod-
ing single-stranded AAV CMV-EGFP-pA cassettes were injected into
the sciatic nerves of adult mice at 2 � 1010 vg per animal following
sciatic nerve crush (Figure 5A). Four weeks later, longitudinal sec-
tions of the sciatic nerve were examined for EGFP expression (Figures
5B and 5C) and were co-stained for nmSC marker, PRX, and neuro-
filament (NF) axonal marker (Figures 5D and 5E).

Following sciatic nerve crush, we found that EGFP expression was
more widespread after AAV-DJ injection compared to Pep2hSC1
and Pep2hSC2 with the biggest difference observed in the distal re-
gion (Figure 5B). However, similar levels of EGFP fluorescence
were observed for all three vectors (Figure 5C). For all the vectors
tested, many EGFP cells within the area proximal to the crushed
site (uninjured segment) displayed a morphology resembling mSCs
with distinct appearance of cytoplasmic bands (Figure 5D). Double
labeling with the mSC marker PRX confirmed a close colocalization
with EGFP (Figure 5D). Furthermore, staining with an NF antibody
confirmed EGFP-ensheathed axons in a manner suggestive of myelin
sheath formation (Figure 5D). Notably, this cell type bias contrasts
with what we observed in the human nerve experiment, where the
vectors showed a preference toward nmSCs (Figure 4D).

Interestingly, within the lesioned area in the distal nerve, we found
that Pep2hSC1, Pep2hSC2, and AAV-DJ transduce distinct cell types
(Figure 5E). Pep2hSC1-driven transgene expression was detected
exclusively in axons, positive for NF. Conversely, for Pep2hSC2,
EGFP expression was observed in mSCs, while AAV-DJ targeted
mostly nmSCs. EGFP was assessed in the spinal cord and both
AAV-DJ and Pep2hSC1 transduced motoneurons, with Pep2hSC1
demonstrating superior performance, while Pep2hSC2 demonstrated
only limited transduction efficiency, with only one cell detected in the
entire spinal cord (Figure S12).

Thus, these experiments indicate that Pep2hSC1 and Pep2hSC2 can
transduce naive and injured murine SCs but exhibit unique tropism
toward specific subtypes of SCs, particularly in the context of nerve
injury.
DISCUSSION
Recent advances in bioengineering strategies, including rational
design and directed evolution, have demonstrated the ability to design
and select for novel, clinically meaningful properties of rAAV.18,31 As
a result, a significant effort has been committed to improving AAV
vectors efficiency for clinically important tissue targets, notably the
central nervous system,32–34 the liver,35,36 and muscle.37
mSCs, or P75 (red) for non-nmSCs. Blue outlined insets show magnified area of

f EGFP and PRX or P75 (mean ± SEM; n = 3). Donor 15 is a 42-year-old male, donor
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In this work, we report for the first time the development of AAV cap-
sids bioengineered specifically to support efficient funtional transduc-
tion of primary hSCs. To improve the selection process, we used the
powerful FT selection platform, which allows for robust and stringent
selection of capsid candidates based on their ability to drive efficient
transgene expression in the target cells, increasing the chance of se-
lecting for highly functional variants from vector-encoded cap gene
mRNA.19 We performed an in vitro selection on primary hSCs and
have identified two unique and promising variants, named
Pep2hSC1 and Pep2hSC2. Both variants exhibited improved SCs
transduction with greater specificity compared with AAV-DJ, the
most functional variant for SC targeting reported to date.10 We
confirmed the hSCs transduction efficiency of Pep2hSC1 and
Pep2hSC2 in a direct comparison using hSCs derived from primary
nerve and skin from seven human donors of different ages and sexes.
Interestingly, hSCs isolated from a plexiform neurofibroma were
more resistant to AAV transduction than those isolated from nerve
of healthy donors. This is a critical finding as it directly shows that
data obtained from preclinical models based on healthy cells may
not be the best predictor of vector function in the clinical setting
where diseased cells will be targeted. It was highly encouraging that
our novel AAV variants, Pep2hSC1 and Pep2hSC2, demonstrated
the strongest performance in hSCs isolated from a plexiform neuro-
fibroma among the AAVs tested, despite the fact the percentage of
transduced S100+ cells was lower than what was observed at the
same dose in hSC isolated from healthy donors (Figures 2 and 3).
Importantly from the perspective of in vivo therapeutic application,
our variants showed higher specificity for hSCs in mixed SCs and
fibroblast cultures. Specifically, Pep2hSC1 transduced fibroblasts at
a level similar to control AAV2.7m8 and significantly less efficiently
than AAV-DJ. In comparison, Pep2hSC2 did not transduce human
fibroblasts, positioning this latter variant as a strong candidate for
in vivo gene therapy applications. Of note, the specificity of
Pep2hSC1 can be further improved with the use of the SC-specific
promoters, such as the myelin-specific Mpz promoter,38 which has
been shown to drive a high level of expression in SCs.39,40

As exemplified by the successful treatment of patients with SMA us-
ing AAV9, which can cross the blood-brain barrier and transduce pri-
mary human neurons with high efficiency,1 the clinical success of
gene therapies depends on the ability to select a highly efficient vector
at delivering the therapeutic cargo to the intended human tissue
target. Given that an AAV vector for efficient and specific delivery
to primary hSCs has not been previously reported, we have performed
an AAV screen of highly variable libraries and subsequent validation
of selected variants on primary hSCs. However, it is critical to
Figure 5. Evaluation of novel AAV variants in sciatic nerve crush model

(A) Graphical illustration of AAV delivery following nerve crush injury. Following forceps-

traneural injection (2� 1010 vg dose per mouse) and sciatic nerves were harvested 4 wee

and distal region from the crushed site (transduction area has been reported as the perc

EGFP intensity per transduced cell. (D and E) Longitudinal sections with DAPI (blue), E

Representative images of (D) proximal region and (E) distal region from crushed site. In

Arrowheads indicate colocalization between EGFP and PRX (nmSC marker). Arrows sh
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consider that such a model cannot recapitulate the complexity of
the whole tissue containing various cell types and barriers. Moreover,
a study by Hoyng and colleagues16 reported substantial AAV trans-
duction differences between hSCs cultured as monolayers and SCs
in nerve segments. Thus, we also included studies using human nerve
segments. Those studies (Figure 4) also confirmed enhanced tropism
of our variants toward SCs. A more detailed analysis confirmed that
our novel variants preferentially transduced cells resembling nmSCs.
This tropism toward nmSCs could be explained by the fact that we
performed the selection process using primary hSCs in culture, which
have been shown by Stratton and colleagues41 to contain large pro-
portions of immature SCs. Although we cannot exclude the possibility
that these variants transduce dedifferentiated SCs or repair SCs,
which are possibly present in the excised human nerve segment
and share a similar appearance to nmSCs. However, the presence of
numerous PRX-expressing mSCs even in 14-day explant cultures sug-
gested that the degeneration process is extremely slow. Electron mi-
croscopy analysis of 14-day nerve explant cultures also demonstrated
incomplete degradation of mSCs (data not shown), indicating that the
phenotypes of SCs are likely preserved in nerve explant, reflecting a
natural tropism toward nmSC rather than mSCs in human nerves.

It is essential to acknowledge the impact of nerve lesions on the
observed tropism of Pep2hSC1 and Pep2hSC2. Nerve injuries, such
as in our crush injury model, lead to significant alterations in the
nerve, including reprogramming of SCs and changes in axonal prop-
erties. These modifications, occurring both immediately and during
regeneration, can influence the transduction patterns of our AAV
variants. Therefore, while our data indicate a preference for nmSCs
and mSCs transduction, these findings might be influenced by the
lesion-induced cellular environment. This highlights the need for
further research to fully understand the behavior of these AAV vari-
ants in varying nerve conditions.

Most natural AAV isolates, and bioengineered variants target the liver
with high efficiency. Liver off-target is a significant obstacle to the
clinical development of therapies targeting organs other than the liver
due to safety and cost implications. Indeed, liver toxicity has been
recently reported in SMA patients treated with Zolgensma (AAV9-
SMN)42 and three fatalities related to liver toxicity have been reported
to date following single intravenous administration of a high dose of
AAV8 in a clinical trial targeting X-linked myotubular myopathy.43,44

These alarming reports prompted us to evaluate our novel variants for
their tropism toward human hepatocytes in a xenograft mouse model
of the human liver. While Pep2hSC1 and Pep2hSC2 demonstrated
higher transgene expression in human hepatocytes, both variants
induced nerve injury, AAV-DJ, Pep2hSC1, or Pep2hSC2 were administered by in-

ks post-injection. (B) Quantification of the percentage of transduced area in proximal

entage of EGFP stained area versus total nerve area). (C) Quantification of the mean

GFP (green), PRX (magenta) and neurofilament (NF) staining (light blue). (D and E)

sets show a magnified views of selected areas highlighted by white dotted outline.

ow EGFP-labeled cells enclose the axons marked by NF staining. Scale bar, 50 mm.
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showed reduced entry into those cells compared with parental AAV2,
which could suggest that those variants have a lower risk of causing
acute liver toxicity arising from viral load. It is also important to
note that the use of cell/tissue-restrictive promoters and/or incorpo-
ration of microRNA target sequences (miR-122 specifically) into the
30 UTR of the therapeutic transgenes would be used to suppress the
off-target expression in the liver, further increasing the safety profile
of gene therapies developed using these new AAV variants.45–47

The weak off-target effects of both variants in the human liver coupled
with their ability to transduce hSCs with high efficiency and specificity
(Figures 2, 3, and 4), could facilitate lower therapeutic vector doses.
Importantly, lower doses not only lower the cost of clinical implemen-
tation, but also increases the overall safety profile of the vectors.

Ensuring translatability and clinical impact of newly generated vectors
is an important consideration to address. To this end, cross-species
tropism is an essential and highly desirable characteristic as it enables
the preclinical studies to be performed in relevant in vivo preclinical
models, such as mice or NHPs, without the need to utilize surrogate
vector variants. Our data show that both novel variants reported
here show good translatability betweenmice after intraneural injection
and primary hSC cultures. However, the data also highlighted some in-
ter-species differences regarding the specific types of SCs targeted by
the vectors. Specifically, cell type characterization in murine in vivo
studies showed that the novel variants had an improved tropism to-
ward mSCs, in contrast with the tropism toward nmSCs observed in
humannerve explant (Figure 4). This is not a surprise; it was previously
shown that AAV tropism could differ in each animal model, as well as
across species, due to cell surface receptor differences on the target
cells.48 A detailed examination of double-immunolabeled samples re-
vealed that Pep2hSC1 and Pep2hSC2 transduced a minority of mSCs
in human nerve explant from at least one human donor (Figure S11).
To fully appreciate the clinical applicability of the new variants, further
evaluations in human nerve explant frommultiple donors will need to
be performed. Moreover, in a crush injury model, the tropism was
further biased toward axons and mSCs for Pep2hSC1 and Pep2hSC2,
respectively. These observations are important considerations when
planning applications of those new variants in hSC-related disorders.
In addition, Pep2hSC1 and Pep2hSC2 have not yet been tested in the
NHP model, and thus further studies are required to determine trans-
latability in primates. Finally, alternate AAV delivery methods, such as
intrathecal administration,13,39,49 which has the advantage to be less
affected by pre-existing anti-AAV neutralizing antibodies,50 should
also be evaluated in future studies.

In conclusion, we present, for the first time, novel AAV capsid vari-
ants, Pep2hSC1 and Pep2hSC2, bioengineered specifically for
improved transduction efficiency and specificity of primary hSCs.
Importantly, Pep2hSC1 and Pep2hSC2, demonstrate reduced vector
entry into human primary hepatocytes, and stronger resistance to
neutralization by IVIg than AAV2. Based on our data, these novel
vectors may have the potential to address current limitations of
AAV-based therapies targeting SCs.
Molecu
MATERIALS AND METHODS
Cell culture conditions and cell origins

AAV production was performed using the HEK293T cell line (ATCC,
Cat#CRL-3216) grown in DMEM (Gibco, Cat#11965) supplemented
with 10% fetal bovine serum (FBS) (Sigma-Aldrich, Cat#F9423), 1�
penicillin-streptomycin (PS) (Gibco, Cat#15070), and 25 mMHEPES
(Gibco, Cat#15630).

Normal human neonatal dermal fibroblasts used for flow cytometry
experiments were kindly provided by Associate Professor Anai
Gonzalez-Cordero (CMRI). Cells were cultured and maintained
and were grown in growthmedium containing DMEM supplemented
with 10% FBS, 1 � PS, 1 � L-glutamine (Gibco, Cat#25030-081) and
1� non-essential amino acids (Gibco, Cat#11140) in a humid 5%CO2

incubator at 37�C.
Primary human SCs and fibroblasts

Human tissues were procured, with approval from the local institu-
tional review board, via the Southern Alberta Donation Program
and Human Organ Procurement and Exchange Program (Calgary,
Canada) with donor or family consent. All samples were non-identifi-
able to the researchers in the study.

Human skin-derived SCs, dermal fibroblasts and nerve-derived SCs
were isolated and purified according to protocol previously pub-
lished.21 Briefly, for skin-derived SCs, approximately 1cm2 full thick-
ness neck skin was removed from autopsy samples. The skin was
washed three times in cold Hank’s balanced salt solution (HBSS,
Gibco) and then cut into 2- to 3-mm thin stripes and digested in
5 U dispase (Stemcell Tech) overnight at 4�C or 2–3 h at 37�C. The
next day, the epidermis was removed and discarded and the dermis
was cut into 1-mm pieces, and subsequently placed in 35-mm culture
dishes and covered with a minimum volume of DMEM supplemented
with 10% FBS and 1� PS, 50 ng/mL human recombinant
neuregulin-1 (NRG1, Cat#100-03 Peprotech), 5 mM forskolin (Fsk)
(Sigma), and 12.5 mg/mL Plasmocin (Invivogen) for 2 weeks as an
explant culture. Media were replaced twice weekly. After 2 weeks,
the skin explants were dissociated overnight (37�C and 5% CO2) in
DMEM with 10% FBS, 1.25 U dispase (StemCell, Cat#07913), and
1.25 mg/mL collagenase IV (Worthington, Cat#LS004288). The
next day, the mixture was gently triturated with a 1-mL pipette, the
dissociated cells were passed through a 40-mm cell strainer, and
centrifuged at 300�g for 6 min at room temperature. After resuspen-
sion of the pellet in SC complete medium containing DMEM supple-
mented with 10% FBS and 1� PS, 50 ng/mLNRG1, and 5 mMFsk, the
cells were plated onto poly-D-lysine and laminin-coated culture
dishes for initial expansion.

For nerve-derived SCs, human sciatic nerve samples were obtained
from autopsy donors (Table S1). Individual nerve fascicles were
pulled from 1 cm-long sciatic nerve, cut into 3-mm short segments,
and subsequently placed in a 35-mm culture dishes as explant culture
as described. Cell dissociation and initial expansion were identical to
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skin-derived SCs. Samples were then dissociated and cultured as
described.

After 1 week of expansion, mixed cell populations from both tissue
origins were selected against p75 and Thy1 to isolate SCs and dermal
fibroblasts, respectively. Hybridoma supernatants from 200-3-G6-4
(ATCC, Cat#HB-8373) and K117 (ATCC, Cat#HB-8553) were
used. Purified cells were further expanded in SC complete medium
before experimentation.

Primary human SCs (hSCs) pn02.8 and pn09.2 were kindly provided
by Prof Margaret R Wallace. Media was changed every fourth day for
both skin and nerve cells.

For the rat SC cultures, sciatic nerves were harvested from 6- to
8-week-old Wistar rats. All animal care and experimental procedures
were approved by the joint CMRI and The Children’s Hospital at
Westmead Animal Care and Ethics Committee. Nerves were washed
three times with ice-cold HBSS (Sigma, Cat#H9394). The epineurium
was stripped off under a stereomicroscope, and the nerves were
washed three times with ice-cold HBSS and were then transferred
into a cell culture plate containing, serum-freeDMEM. Short segments
of 3–5mmwere cut andplaced in a 35-mmPetri dish and coveredwith
a minimum volume of DMEM supplemented with 10% FBS and 1�
PS, 50 ng/mL NRG1 (Peprotech, Cat#100-03-100), and 5 mM Fsk
(Sigma Aldrich, Cat#F6886) to keep them attached to the bottom of
the dish. For 2 weeks, the medium was replaced twice a week. During
this time, themajority of the endoneurial fibroblasts migrate out of the
nerve segments onto the culture dish surface, whereas most of the SCs
stayed in the nerve segments. After 2 weeks, the nerve segments were
dissociated overnight (37�C and 5% CO2) in DMEM supplemented
with 25% dispase (StemCell, Cat#07913) and 0.125% collagenase IV
(Worthington, Cat#LS004288). The next day, the mixture was gently
triturated with a 1-mL pipette, the dissociated cells were passed
through a 40-mm cell strainer and centrifuged at 300�g for 6 min at
room temperature. After resuspension of the pellet in DMEM supple-
mentedwith 10%FCS and 1�PS, 50 ng/mLNRG1, 5mMFsk, the cells
were plated onto poly-D-lysine and laminin-coated Petri dishes.

SCs purity was expressed as the percentage of cells positive for S100b,
and the total cell number was determined by DAPI staining.

AAV library preparation

The AAV2 peptide display library was generated as previously
described.19 For the AAV9 peptide display library, random heptamers
were inserted between amino acids 588 and 589 of the AAV9 VP1
protein. In brief, double SfiI restriction sites were inserted into the
local codon-optimized version of the AAV9 cap gene (Caplco9) at
the Q588 insertion site. The resulting plasmid pRep2Caplco9_SfiI
was then digested with SwaI and NsiI, and the capsid-containing frag-
ment was ligated into the equally SwaI/NsiI digested FT-spleen focus-
forming virus (SFFV) selection platform. This FT-SFFV-lco9_SfiI
construct was subsequently digested twice with SfiI and was
dephosphorylated using calf intestine alkaline phosphatase (NEB,
12 Molecular Therapy: Methods & Clinical Development Vol. 32 June 20
Cat#M0290), using the manufacturer’s protocol. The 7-mer random
inserts were made double-stranded using a short primer binding on
the homology arm upstream of the peptide (dslco9-library). The final
library was generated by mixing 225 fmol of the digested FT-SFFV-
lco9_SfiI backbone with 2,250 fmol of the dslco9-library insert into
individual NEBuilder (NEB, Cat#E2621) reactions. The reactions
were combined after assembly and purified using ethanol precipita-
tion. The resulting pellet (1 mg of DNA) was used for electroporation
into SS320 competent cells (Lucigen, Cat#60512). The recovered
transformants were used to inoculate 250 mL of lysogeny broth
containing 10 mg/mL trimethoprim. Only 10 mL of recovered
transformants were used to plate a 5- to 10-fold dilution series of
the electroporated bacteria to determine transformation efficiency.
Total FT-SFFV-lco9_7mer library plasmid was purified with an
EndoFree Maxiprep Kit (Invitrogen, Cat#A31217).

For the Shuffled AAVLib_1–12 capsid plasmid library, the AAV li-
brary was generated as previously described.51 AAV variants 1–12
were included in the parental mix. To move the same library into
the FT platform, the pRC-AAVLib_1–12 was digested overnight
alongside the pFT-SFFV platform with SwaI and NsiI. We ligated
1.4 mg of the insert at 16�C with T4 DNA ligase (NEB, Cat#M0202)
for 16 h into 1 mg of the pFT-SFFV platform. Ligation reactions
were concentrated by using ethanol precipitation, electroporated
into SS320 electro-competent bacteria, and grown as described above.

AAV library selection

The screening of AAV variants in cultured primary human SCs was
based on the FT-based method.19 The Lco2 capsid variants were
selected by screening a lco2 peptide display library on hSCs
in vitro. Approximately 2� 1010 vgs of library were used to transduce
the cultured primary hSCs for 24 h. At 7 days after transduction, DNA
and RNAwere isolated from cell pellets. Capsid variants DNA and ex-
pressed mRNA were amplified from the DNA and cDNA samples,
respectively, with primers lco2_PepLib_F/PepLib-R surrounding
the 7-mer insert. The amplicon was used for Gibson assembly into
the twice SfiI-digested FT-SFFV-lco2 library recipient plasmid and
electroporated into bacteria, as described in the AAV library prepara-
tion. The peptides recovered from the first round of screening were
packaged and screened again in the cultured primary hSCs. Based
on the NGS results, we ranked the recovered variants, and the top
candidates were picked as described in the results and respective
nucleotide sequences encoding these peptides were cloned into the
cap gene of lco2 to obtain helper plasmids for producing capsid var-
iants as vectors. Similar screening methods were performed with the
lco9-based peptide display library. Briefly, the lco9-based peptide
display was analyzed using NGS at every step of selection, including
before selection (packaged library), after round 1 (FT-RNA), and after
round 2 (FT-RNA), using primers lco9_PepLib_F/PepLib-R. We
ranked the recovered variants and chose the top candidates for further
tests as described below.

For the shuffled AAVLib_1–12 capsid library, selected AAV cap
genes were recovered after four rounds of iterative passage in SCs
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with flanking primers (F/R-cap-recovery). Briefly, genomic DNA was
extracted, and the cap sequences were amplified by PCR using the
F/R-cap-recovery primers (Table S3) and cloned directly with Gibson
assembly into recipient plasmid. The reaction was used for electropo-
ration and grown as above. The full cap was then excised using SwaI
and NsiI and cloned into the FT-SFFV platform with 20 individual
ligations at 16�C with T4 DNA ligase overnight. The ligations were
combined and purified using ethanol precipitation. The resulting pel-
let (1 mg DNA) was used for electroporation into competent cells.
AAV capsid ORFs from round 4 were cloned into standard packaging
plasmid harboring rep2 with Gibson assembly and 50 randomly cho-
sen clones were sent for full Sanger sequencing with primers Exter-
nal_Seq_F/R and internal_cap_Seq (Table S3).

AAV packaging

All AAV vectors were produced in HEK293T cells by triple-transfec-
tion using PEI MAX (Polysciences, Cat#24765-1) to package two
unique single-stranded CMV-EGFP-N6Barcode(BC)-WPRE trans-
genes each.20 The FT-lco2_7mer, FT-SFFV-lco9_7mer and FT-
SFFV-AAVLib_1–12 libraries (alongside pRep2 helper plasmids)
were produced in ten 15-cm dishes of HEK293T cells. For the
CMV-GFP-N6BC-WPRE construct, 5 mg transgene plasmid was
transfected per 15-cm dish, while to reduce cross-packaging, 400 ng
transgene plasmid was transfected per 15-cm dish for library produc-
tion. Three days after transfection, recombinant virus was harvested
from the cells and media and purified by ultracentrifuge using iodix-
anol gradient as previously described.52 AAV titers were quantified by
droplet digital PCR (ddPCR) (Bio-Rad) using EvaGreen supermix
(Bio-Rad, Cat#1864034) and following the manufacturer’s instruc-
tions using EGFP-specific primers (Table S3).

Mouse studies

All animal care and experimental procedures were approved by the
joint CMRI and The Children’s Hospital at Westmead Animal Care
and Ethics Committee.

For animals receiving intraneural AAV-CMV-EGFP, in-house bred
16-week-old male C57BL/6J mice were used. Protocols were
approved by the Animal Care Committee at the University of Calgary.
All applicable international, national, and institutional guidelines for
the care and use of animals were followed. Briefly, mice were deeply
anesthetized using 2% isoflurane with oxygen, the surgical area was
shaved and disinfected with isopropanol and betadine. Buprenor-
phine (0.05 mg/kg subcutaneously [s.c.]) was given 15 min prior to
surgery. Sciatic nerve was exposed at mid-thigh level and crushed
twice with a pair of number 5 forceps for 10 s each. The nerve was
then injected with 3 mL AAVs, AAV-DJ, Pep2hSC1, or Pep2hSC2 us-
ing a 5-mL Hamilton syringe fitted with a 33G needle. The crush site
was landmarked with a 10-0 suture. The AAVs were delivered prox-
imal as well as distal to the crushed site to determine the susceptibility
of normal and injured SCs. After the injection, the wound was closed
with 6-0 Prolene sutures and animals returned to their home cages on
a heating pad for recovery. Analgesics Metacam (1 mg/kg, s.c.) was
given once daily for 2 days after surgery. Nerves were harvested one
Molecu
month after surgery. Briefly, animals were deeply anesthetized with
5% isoflurane followed by intraperitoneal injection of overdosed so-
dium pentobarbital. The sciatic nerve was re-exposed and harvested
and processed as described below.

CMRI’s established FRG mouse colony26 was used to breed recipient
animals. FRG mice were housed in individually ventilated cages with
2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione (NTBC)
supplemented in drinking water (8mg/mL). FRGmice, 6–8 weeks old,
were engrafted with human hepatocytes (Lonza Group Ltd.) as
described previously.26 Levels of human hepatocyte engraftment in
chimeric mice were estimated bymeasuring the presence of human al-
bumin in peripheral blood, using the human albumin ELISA quanti-
tation kit (Bethyl Laboratories, Cat# E80-129). hFRG mice were
placed on 10% NTBC before transduction with vectors and were
maintained on 10% NTBC until harvest. Detailed information on all
mice used in the study, including individual estimated repopulation,
can be found in Table S2. We injected 2 � 1011 vgs of each AAV
variant intravenously (lateral tail vein) into hFRG mice. Mice were
euthanized 2 weeks after injection, with one liver lobe collected for
IHC analysis prior to liver perfusion. Hepatocytes for flow cytometry
analysis were obtained by collagenase perfusion of the liver as previ-
ously described with minor modifications.53 To distinguish between
mouse liver cells and human hepatocytes, cells were labeled with
biotin-conjugated anti-human-HLA-ABC (eBioscience, Cat#13-
9983-82, 1:100), phycoerythrin-conjugated anti-mouse-H-2Kb (BD
Pharmigen, Cat#553570; 1:100), and allophycocyanin-conjugated
streptavidin (eBioscience, Cat#17-4317-82, 1:500). GFP-positive-
labeled samples were sorted to a minimal 95% purity using a BD
AriaIII cell sorter. Flow cytometry was performed in the Flow Cytom-
etry Facility, Westmead Institute for Medical Research. The data were
analyzed using FlowJo 7.6.1 (FlowJo, LLC).

DNA and RNA extraction from cells

DNA and RNA were isolated from the cell pellets from the in vitro
experiments using the AllPrep DNA/RNA Mini Kit (Qiagen,
Cat#80204) following the manufacturer’s instructions.

DNA isolation from human hepatocytes

Isolation of DNAwas performed, as described in detail before without
modifications.20 Briefly, we extracted DNA using a standard phenol:
chloroform protocol after proteinase K digest and RNase A diges-
tion step.

Reverse transcription of extracted RNA

Five hundred nanograms of total RNA was treated with TURBO
DNase (Invitrogen, Cat#AM2238) following the manufacturer’s in-
structions. The DNase-treated RNAwas then used for cDNA synthesis
using SuperScript IV First-Strand Synthesis System (Invitrogen,
Cat#18091050) following the manufacturer’s instructions using
2 mM of a WPRE-binding primer (Table S3) to specifically synthesize
AAV encoded transgene cDNA for barcoded NGS analysis or 2 mM of
local codon-optimized AAV capsid reverse primer (lco2/lco9-NGS_R)
for peptide coding region recovery in the FT-RNA library selection.
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Barcode amplification, NGS, and distribution analysis

Isolation of DNA and RNA and cDNA synthesis was performed, as
described in detail before35 without modifications. Briefly, the bar-
coded region was amplified from 50 ng of extracted total genomic
and vector DNA as well as 3 mL final cDNA product with one of
five BC_F forward primers (barcoded to allow multiplexing of
different samples) and the universal reverse BC_R primers using the
Q5 high-fidelity DNA polymerase (NEB, Cat#M0491L). NGS reads
from the DNA and cDNA populations were normalized to the reads
from the respective mixes of the vectors. Heatmaps were generated us-
ing the ’pHeatmap’ (version 1.0.12) source code in R Studio. DNA/
cDNANGS reads were normalized to the NGS reads prior to injection
and scaled using the ‘scale’ function in R Studio. Clustering was per-
formed according to the Euclidean distance between scaled values.

Vector DNA copy number per cell

Vector copy numbers were measured via ddPCR using EvaGreen
supermix and following the manufacturer’s instructions. To detect
AAV genomes, EGFP primers were used, and vector genomes were
normalized to either human or mouse albumin copy number using
primers hALB_F/R for cells from human origin as well as
mALB_F/R for cells from mouse origin (Table S3).

Heparin competition assay on HEK293T cells

We seeded 1.5 � 105 HEK293T cells per well (24-well format) 24 h
before transduction in culture medium (DMEM supplemented with
10% FBS and 1% P/S). Cells were transduced with or without the pres-
ence of 500 mg/mL heparin. Percentage of transgene-expressing cells
was determined by flow cytometry 72 h after transduction.

Neutralization assay

Briefly, 1.5 � 105 HEK293T cells per well (24-well format) were
seeded 24 h before transduction. Vectors diluted in DMEM medium
(supplemented with 10% FBS and 1% P/S) were incubated for 1 h at
37�C with undiluted (neat), 1:2 diluted, 1:4 diluted, 1:16 diluted, and
1:32 diluted human IVIg (Intragam 10, 10g/100 mL, CSL Behring).
The mixture of vector and serum diluted in medium was added
onto the cells and incubated for 48 h at 37�C and 5% CO2. Transduc-
tion efficiency in the presence of IVIg was normalized to the vector
performance in the absence of IVIg (performed in parallel) and was
analyzed by flow cytometry by determining the percentage of
EGFP-positive cells.

In vitro AAV transduction and NGS

Mouse, rat, or human SCs were seeded on a poly-D-lysine and lami-
nin-coated six-well plates using the culture conditions indicated
above. Fibroblast were seeded at 300,000 cells per well in six-well
plates. The cells were incubated overnight with the AAV testing kit
or the hSC testing kit. After PBS wash, fresh medium was provided,
and all cells were allowed to grow for an additional 32 h before har-
vest. Cells were harvested by incubating with TrypLE Express (Gibco,
Cat#12604021) for 5 min at 37�C. The cells were then recovered in
fresh media, spun at 300�g for 5 min, and the dry pellet was used
for DNA and RNA extraction.
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In vitro AAV transduction and flow cytometry

Mouse, rat, or human SCs were seeded on a poly-D-lysine and lami-
nin-coated 12-well plate using the culture conditions indicated above.
Fibroblast were seeded at 300,000 cells per well in six-well plates. The
cells were incubated overnight with respective AAV vector variants at
1,000 vg per cell.

After 16 h, cells were then washed, and media were then replaced.
Three days after exposure to the vector, the cells were rinsed once
with PBS (Gibco, Cat#14190144), dissociated using TrypLE Express,
and recovered in their culture media. Following transfer into 5-mL
polystyrene tubes, the cells were spun down at 300�g for 5 min
and resuspended in FACS buffer (PBS, 2% FBS, 5 mM EDTA) (Invi-
trogen, Cat#15575-020). The flow cytometry analysis was performed
using a BD FACSCanto cell analyzer. The flow cytometry data was
analyzed with Flow Jo 7.6.1.
AAV transduction of primary SC cultures and

immunofluorescence

Rat or human SCs were seeded into 24-well plates containing poly-D-
lysine and laminin-coated coverslips plates and allowed to adhere
overnight. SCs were transduced with rAAVs packaged using candi-
date capsids at 1,000 vg/cell. After 16 h, cells were then washed and
media were then replaced. EGFP expression was assessed by fluores-
cence microscopy (Zeiss Axio Imager.M1) 3 days after AAV
exposure.
AAV transduction of human nerve explants and

immunofluorescence

For the human nerve explants, individual nerve fascicles were pulled
from autopsied sciatic nerve and cut into 1-cm nerve segments. AAV
diluted in PBS/5% sucrose (1.1 � 1010 GC) was injected into the fas-
cicles using a 5-mL Hamilton syringe fitted with a 33G needle, the
nerve was trimmed to the 0.5-cm segment with maximal bolus reten-
tion. Individual nerve explants were then placed separately in 24-well
plates for 14 days in DMEM with 10% FBS, 1% P/S supplemented
with 50 ng/mL NRG1 and 5 mM Fsk in a humidified incubator at
5% CO2 and 37�C. Media were changed twice weekly.
Immunohistochemistry

For immunostaining of chimeric liver samples, one lobe was collected
and was fixed with 4% (w/v in PBS) paraformaldehyde (PFA) over-
night at 4�C before being cryoprotected through a sucrose gradient
(10%, 20% and 30% w/v sucrose in PBS). Liver samples were then
frozen in optimal cutting temperature (OCT) (Tissue-Tek; Sakura Fi-
netek USA). Liver sections (5 mm)were prepared on a Cryostat (Leica,
Cat# CM1950). Sections were permeabilized with 0.2% Triton X-100
in PBS (PBST) and blocked in 10% rabbit serum (Sigma Aldrich) in
PBS for 30 min at room temperature.

Sections were then incubated with rabbit monoclonal anti-human
GAPDH antibody conjugated with Alexa Fluor 647 (Abcam,
Cat#ab215227, clone AF674, 1:600 dilution) at room temperature
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for 2 h. Histological analysis using immunofluorescence microscopy
was performed using a Zeiss Axio Imager.M1 with ZEN 2 software.

For immunostaining of the sciatic nerve, sciatic nerve was dissected,
immerse-fixed overnight in 4% PFA in 0.1M phosphate buffer (PB) at
4�C. The specimens were then cryoprotected in 30% sucrose in PB so-
lution at 4�C until the specimens had sunk. They were then embedded
in optimal cutting temperature and sectioned on a cryostat at a thick-
ness of 10 mm. Sections were collected on SuperFrost Plus slides
(VWR). Sections were permeabilized and blocked with 10% normal
serum, in PBST solution containing 0.3% Triton X-100 for 1 h at
room temperature. Sections were then incubated with primary anti-
bodies including rabbit anti-CD271 (p75ntr) (BioLegend, Cat#
839701, clone Poly18397, 1:1,000), rabbit anti-NF 200 (Sigma,
Cat#N4142, 1:500), mouse anti-PRX (Novus, Cat#NBP-1-89598,
1:500), and rabbit anti-S100b (Dako, Cat#Z0311, 1:1,000) in diluent
at 4�C overnight. Sections were washed in PBST buffer, then labeled
with corresponding secondary antibodies for 1 h at room tempera-
ture. After washing with PBS, sections were mounted with
PermaFluor mounting medium (Thermo Fisher Scientific), and
imaged with a slide scanner (VS110, Olympus, Japan).

For cultured SCs, cells were first washed in cold PBS and then fixed in
4% PFA for 10–15 min at 25�C. After washing three times in PBS,
cells were permeabilized in 0.2% PBST and blocked in 10% goat
serum in PBST at 25�C for 30 min. Staining was performed with an
FLEX rabbit polyclonal S100 antibody (Dako, Cat#GA50461-2) over-
night at 4�C. Cells were washed three times in PBS and incubated with
a secondary antibody Alexa Fluor Plus 594 (Thermo Fisher Scientific,
Cat#A-11012, 1:500) at 25�C for 1 h. Cells were then washed in
PBS and counterstained with DAPI (Invitrogen, Cat#D1306) at
0.08 ng/mL.

Statistics and reproducibility

Experimenters were not blinded for any of the studies performed in
this manuscript. All data are presented as mean ± SEM. Statistical sig-
nificance was assessed using GraphPad Prism 9 software. The test
used is specified in figure legends. A p value of 0.05 or less was consid-
ered significant in all experiments.
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