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Specific gene expression in unmyelinated
dorsal root ganglion neurons in nonhuman
primates by intra-nerve injection of AAV 6 vector
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Adeno-associated virus 6 (AAV6) has been proposed as a po-
tential vector candidate for specific gene expression in pain-
related dorsal root ganglion (DRG) neurons, but this has not
been confirmed in nonhuman primates. The aim of our study
was to analyze the transduction efficiency and target specificity
of this viral vector in the common marmoset by comparing it
with those in the rat. When green fluorescent protein-express-
ing serotype-6 vector was injected into the sciatic nerve, the ef-
ficiency of gene expression in DRG neurons was comparable in
both species. We found that the serotype-6 vector was largely
specific to the pain-related ganglion neurons in the marmoset,
as well as in the rat, whereas the serotype-9 vector resulted in
contrasting effects in the two species. Neither AAV6 nor
AAV9 resulted in DRG toxicity when administered via the
sciatic nerve, suggesting this as a safer route of sensory nerve
transduction than the currently used intrathecal or intravenous
administrative routes. Furthermore, the AAV6 vector could be
an optimal serotype for gene therapy for human chronic pain
that has a minimal effect on other somatosensory functions
of DRG neurons.
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INTRODUCTION
For the treatment of chronic pain, one potent therapeutic possibility is
to transfer genetic molecules into the peripheral sensory nervous sys-
tem to manipulate nociceptive physiology.1–5 Although a number of
pharmacological molecules have been reported to have potential to
modulate sensory neuron function in chronic pain,6,7 a feasible deliv-
ery system of these molecules to appropriate neurons in peripheral
sensory afferents has yet to be established; this would be a pivotal
step toward translating effective gene therapy into human chronic
pain research.

The adeno-associated virus (AAV) vector is now considered one of
the most useful vectors for gene therapy owing to their minimal
immunogenicity and toxicity.8 Gene delivery into dorsal root gan-
glion (DRG) neurons has been proven possible9,10 by using an
AAV vector, andmore importantly, distinct serotypes of AAV vectors
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have been shown to possess different cellular tropisms.11 This target
specificity is potentially advantageous, especially for gene delivery
into DRG neurons because of their heterogeneous nature; DRG neu-
rons comprise different classes of neurons, which have distinct sen-
sory modalities, such as tactile sense and proprioception, along
with nociception.12–17 Indeed, several studies have reported the suc-
cessful delivery of foreign genes into each class of neurons, with rela-
tively high specificity. Importantly, the AAV6 vector has been shown
to display a higher level of gene transduction into DRG neurons with
small-diameter nociceptive afferents.18–21 However, other serotypes
of AAV vectors exhibit different target specificity to DRG neurons.
For example, AAV8 and AAV9 vectors have been reported to be
effective in delivering genes into large-diameter DRG neurons22,23

that signal deep muscle and tactile sensations, but not nociception.
Furthermore, by taking advantage of the target specificity of AAV
vectors, the use of optogenetics to selectively modulate nocicep-
tive,20,21,24–26 as well as non-nociceptive,23,26 DRG neuron activity
has also been reported. Similarly, sustained relief of chronic pain
has been achieved in a rodent model, by target-selective delivery of
calcium ion (Ca2+) channel-related peptides, together with the
AAV6 vector.27

Distinct target specificity of AAV vectors to DRG neurons warrants
their translational application. For example, if a comparable speci-
ficity can be confirmed in human patients, pain could be modulated
using an AAV6 vector. However, to date, this target specificity has not
been investigated in nonhuman primates. Indeed, most recent com-
parable approaches in monkeys28–31 addressed the target specificity
of AAV vectors to brain tissue, but not to the peripheral nervous sys-
tem. As for peripheral neural structures, successful gene delivery by
AAV7 or AAV9 vectors into a variety of neurons, including DRG
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neurons, has been achieved by intrathecal32,33 or intravascular appli-
cation.34,35 Nevertheless, the target specificity within DRG neurons
has not been reported previously. The higher cellular tropisms of
the AAV6 vector to small-diameter nociceptive afferents and the
AAV9 vector to large-diameter DRG neurons are currently restricted
to rodent models, and thus cannot be generalized to either nonhuman
primates or humans.

The aim of our study was to examine whether the target specificity of
AAV6 and AAV9 vectors to DRG neurons that relay nociceptive or
other somatosensory signals, respectively (as established in rodent
models18–23), can be reproduced in nonhuman primates. We injected
each of the vectors into the sciatic nerve in both the rat and common
marmoset (a New World monkey) and compared their target speci-
ficity within DRG neurons.

RESULTS
Eight young male Jcl:Wistar rats (4 weeks old) and 12 adult common
marmosets of either sex (four males and eight females) were used.
Comparable experimental designs were applied for both rats
and marmosets: they were each split into two groups, and the effi-
ciency of gene transduction was compared for the AAV6 and
AAV9 vectors.

In both the rat and marmoset, we found vigorous fluorescence in
the ipsilateral sciatic nerve, DRGs, and spinal cord 4 weeks after
vector injection (Figure 1). This suggested that gene transfer to these
regions was successfully achieved via anterograde transport from the
sciatic nerve injection (Figures 1A and 1B). We observed stronger
fluorescence in the segments of L4 and L5 in the rat (Figures 1C
and 1D) and of L5 to L7 in the marmoset (Figures 1E and 1F).
This difference in the segmental distribution is considered reason-
able for the species difference in sciatic nerve anatomy.36 In the spi-
nal cord, we found strong expression of green fluorescent protein
(GFP) not only in the DRGs, but also in the dorsal lemniscus (Fig-
ures 1C–1F), where the proximal axon of DRG cells ascend toward
the brainstem. However, limited fluorescence was observed for
DRGs that did not accommodate sciatic nerve afferents (e.g., contra-
lateral DRGs). This result indicated a lower off-target effect for
intra-nerve induction.

We further confirmed DRG-cell specific transduction of the exoge-
nous GFP gene by quantification of the vector genome copy number
(VGCN). First, we analyzed the VGCN of the spinal cord in all rats
(n = 8) and marmosets (n = 12). Two slices of the lumbar spinal
cord were analyzed for each animal: one with vigorous GFP-positive
fluorescence (GFP+; L3 to L5) and another with little fluorescence
(GFP–; L1 to L3). The VGCN of the skeletal muscle innervated by
the sciatic nerve (MG) and its antagonist (TA) was also analyzed
in the marmosets (n = 8). Results are summarized in Figure 1G.
We’ve found a significant difference in copy number between the
spinal samples of GFP+ and GFP� in the marmoset (0.58 ± 0.59
versus 0.03 ± 0.03, p < 0.01, Student’s t test) and the rats (0.62 ±

0.50 versus 0.16 ± 0.16, p < 0.05, Student’s t test). Second, we’ve
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found almost zero copy in either the MG or TA muscles (0.01 ±

0.01 versus 0.002 ± 0.002, p > 0.05, Student’s t test). As shown in
Figure 1, these results demonstrated that expression of GFP was
highly specific to DRGs, as well as to the spinal segments that inner-
vated the nerve where the virus vector was injected, but without the
off-target effect on tissues surrounding the site of injection (i.e., the
muscles). Figures 2A–2D show examples of immunostained sections
containing DRG neurons transduced by AAV6 (A and C) and
AAV9 (B and D) vectors in the rat (A and B) and marmoset
(C and D). We immunostained with the antibodies, GFP (green)
and neuron-sensitive marker (NeuN; red), to confirm successful
gene delivery into DRG neurons. In these examples, we found a spe-
cific difference between the rat and marmoset. In the rat, the DRG
neurons transduced by the AAV9 vector seemed to be larger than
those transduced by the AAV6 vector. However, in the marmoset,
this contrast was less dominant.

Next, by applying immunofluorescence histochemistry as shown in
Figures 2A–2D, we compared the transduction efficacy into DRG
neurons between the rat and marmoset. Specifically, we were inter-
ested in the extent to which the two AAV vectors can transduce the
GFP gene into DRG neurons in the rat and marmoset. To this end,
we counted the number of GFP+ neurons among the NeuN+ DRG
neurons (GFP+NeuN+; 487.7 ± 221.0 for rats and 535.1 ± 187.5 for
marmosets) and calculated the percentage of GFP+NeuN+ neurons
in NeuN+ neurons. As shown in Table 1, we found similar charac-
teristics of transduction efficiency in both the rat and the marmoset.
For example, the efficiency by the AAV9 vector in the rat was
30.03% on average (i.e., approximately one-third of the DRG neu-
rons in each segment showed GFP+NeuN+) and that in the
marmoset was 30.83%; there was no significant difference between
the two species (Wilcoxon rank sum test, p = 0.61). The efficiency
by the AAV6 vector was 21.24% in the rat and 18.93% in the
marmoset, which were not significantly different (Wilcoxon rank
sum test, p = 0.71). In addition, we found no statistically significant
difference in the transduction efficiency between the AAV6 and
AAV9 vectors in either the rat or the marmoset (Wilcoxon rank
sum test, p = 0.31 and p = 0.70, respectively). Therefore, we
conclude that in general, the transduction efficacy of these vectors
into DRG neurons does not differ between the marmoset and
the rat.

We then compared the target specificity of the AAV6 and AAV9 vec-
tors in the rat and marmoset. Representative examples are shown in
Figures 2E–2L. For this analysis, we stained each DRG slice for
NF200, a marker for myelinated primary afferents and DRG cells
that convey somatosensory signals other than nociception,37 and pe-
ripherin, a marker for unmyelinated primary afferents and DRG cells
that convey nociceptive signals.38 Subsequently, we counted the DRG
cells that exhibited double labeling for both GFP and NF200 or
peripherin.

In the rat, we confirmed the specificity for nociceptive- and other so-
matosensory-related DRG neurons, as reported previously.18–23 For
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Figure 1. Intra-nerve injections of AAV-GFP vectors in the rat and marmoset

(A) Schematic representation of the AAV vector constructs. AcGFP is expressed under the control of the CMV promoter. ITR, inverted terminal repeat; WPRE, woodchuck

hepatitis virus post-transcriptional regulatory element. (B) Illustrations of the method to inject AAV6-GFP and AAV9-GFP vectors in the rat andmarmoset. Gene transfer of the

AAV vectors into DRG neurons was achieved by anterograde transport through their axons after vector injections into the proximal part of the left sciatic nerve in the rat and

marmoset. The sciatic nerve predominantly innervates L4 to L6 DRGs in the rat and L5 to L7 DRGs in themarmoset (ellipse dashed line). The pattern of gene transduction into

DRG neurons was analyzed in these segments. (C–F) Example of a GFP fluorescence image of the spinal cord with the DRGs and sciatic nerve in the rat and marmoset with

the AAV6-GFP and AAV9-GFP vectors injected. White arrows indicate the lumbar DRGs expressed GFP at 4 weeks after vector injection. (G–I) Vector genome copy number

(VGCN) assessment to lumbar spinal cord and muscles surrounding the sciatic nerve. (G) Results of VGCN assessments for the spinal cord of the rat, marmoset, and for the

skeletal muscles of the marmoset. GFP+, a slice of spinal cord segment receiving (thus exhibiting a dominant florescence, H) or not receiving (thus exhibiting little florescence,

I) afferents from the sciatic nerve. MG, medial gastrocnemius muscles; TA, tibialis anterior muscles. (H and I) Representative spinal cord sections showing GFP expression

(green) in L5 (H) and L2 (I) segments in the same marmoset. Data are presented as mean ± standard deviations *p < 0.05, **p < 0.01, Student’s t test. Scale bars, 1 cm for

(C)–(F), 50 mm for (H) and (I).

www.moleculartherapy.org
example, in the case of AAV6 vector injection, GFP+ cells were found
to be more frequently co-labeled for peripherin (Figures 2F–2F”) than
for NF200 (Figures 2E–2E”; compare arrows in Figures 2E” and 2F”).
Conversely, in the case of AAV9 vector injection, the co-labeled cells
were found more often for NF200 (Figures 2G–2G”) than for periph-
erin (Figures 2H–2H”; compare arrows in Figures 2G” and 2H”).
Therefore, we successfully reproduced the previous findings in ro-
dents.18–23 This confirmation is further supported by the transduction
efficiency results (expressed as the ratio of NF200- or peripherin-
labeled cells to GFP-labeled cells; Figure 2M, left and 2N, left). We
found that the AAV6 vector exhibited higher transduction efficiency
into DRG neurons with unmyelinated fibers (peripherin labeled, Wil-
coxon rank sum test, p < 0.05) and the AAV9 vector showed higher
Molecular Th
efficiency into DRG neurons with myelinated fibers (NF200 labeled,
Wilcoxon rank sum test, p < 0.05).

A primary question for this study was whether the comparable target
specificity of the AAV vectors to DRG neurons found in the rat is also
represented in the marmoset. To address this issue, we repeated the
equivalent examination in the marmoset and revealed two findings.
First, in the case of AAV6 vector injection, we found that a proportion
of the double-labeled cells was observed within peripherin-labeled
cells (Figures 2J–2J”) more frequently than within NF200-labeled cells
(Figures 2I–2I”). This profile was similar to the findings in the rat
(Figures 2E–2F”). Further population analysis of the transduction ef-
ficiency of the AAV6 vector (Figure 2M, right) confirmed that the
erapy: Methods & Clinical Development Vol. 23 December 2021 13
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Figure 2. Immunohistochemical evaluation and target-specific gene expression in DRG neurons in the rat and marmoset

(A–D) DRG sections stained 4 weeks after the sciatic nerve injections of AAV6-GFP (A and C) and AAV9-GFP (B and D) vectors in the rat (A and B) and marmoset (C and D).

Each section was immunostained with antibodies of GFP (green) and NeuN (red). Note that yellow/orange cells represent co-expression of GFP and NeuN. Scale bars,

500 mm. (E–L) Representative DRG sections from the rat (E–H) and marmoset (I–L) processed for immunofluorescence histochemistry for GFP and markers for neuronal

subpopulations, NF200 (marker for myelinated [somatosensory, other than nociceptive] primary afferents and DRG cells), and peripherin (marker for unmyelinated [noci-

ceptive] primary afferents and DRG cells). Arrows indicate neurons co-expressedwith GFP and cell typemarkers. Note that the glial cells (e.g., satellite cells) were not counted

(see Materials and methods). Scale bars, 50 mm. (M and N) Probability of the co-expression of NF200 (open bar) or peripherin (filled bar) in GFP+ neurons in the rat and

marmoset. Data are presented as means ± SEM. *p < 0.05, **p < 0.01, Wilcoxon rank sum test. Note that serotype 6 exhibited high specificity to peripherin+ neurons in both

the rat and marmoset, whereas serotype 9 displayed specificity to NF200+ neurons in the rat, but not in the marmoset.
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target specificity of the AAV6 vector was biased toward peripherin-
over NF200-labeled DRG neurons in both the rat and marmoset.
Therefore, this result indicates that the target specificity of the
AAV6 vector is represented in nonhuman primates, as well as in ro-
dents. Second, we found that the target specificity of the AAV9 vector
in the marmoset was different from that in the rat. For example, the
GFP transduction by AAV9 vector did not exhibit high preference to
14 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
NF200-labeled cells, as was the case in the rat (compare Figures 2G”
and 2H”). Instead, we found a comparable number of NF200-labeled
(Figures 2K–2K”) and peripherin-labeled (Figures 2L–2L”) cells
(compare Figures 2K” and 2L”) in the marmoset. Again, these results
were supported by a population analysis (Figure 2N): Although
the AAV9 vector exhibited higher specificity to the NF200-labeled
cells in the rat, the efficiency of transduction did not differ in the
ber 2021



Table 1. Experimental summary

Serotype Animal Number of animals NeuN+ cells GFP+NeuN+ cells GFP+NeuN+/NeuN+ (%)

AAV6 rat 4 421.0 ± 123.1 92.5 ± 49.1 21.24

AAV6 marmoset 6 556.3 ± 369.0 143.8 ± 181.2 18.93

AAV9 rat 4 554.5 ± 294.8 163.5 ± 96.1 30.03

AAV9 marmoset 6 514.0 ± 337.1 231.3 ± 310.7 30.83

Data are presented as means ± standard deviations.

www.moleculartherapy.org
NF200- and peripherin-labeled cells in the marmoset (Wilcoxon rank
sum test, p > 0.05).

To confirmwhether these observations might be influenced by poten-
tial immune cell infiltration,33,39,40 we examined the immune re-
sponses of DRG cells by histological examination of hematoxylin
and eosin (H&E)-stained DRG sections in both the rat and marmoset
(Figure 3).We found little sign of cellular infiltration in the AAV-9 in-
jected (A–C), the AAV-6 injected (D–F), and the control animals (G
and H). We found satellite cells or lymphocytes in every section, but
they were not at the level of differentiating into macrophages, and we
found no significant difference between the AAV-injected and con-
trol DRGs. We found no sign of cellular degeneration that is
commonly observed when the AAV vector is administrated via blood
or cerebrospinal fluid.40 Therefore, we concluded that the AAV vec-
tors applied via the intra-nerve route at the current titer (1.2 � 1012

gc/6 mL/animal) did not have their own toxic effects on DRG neurons.

Overall, we found that although the AAV6 vector displayed a compa-
rable degree of target specificity (i.e., biased toward peripherin-
labeled cells) in both the rat and marmoset, no clear target specificity
of the AAV9 vector was detected in the marmoset, unlike in the rat,
which showed specificity biased toward NF200-labeled cells.

This conclusion was further confirmed by the axonal projection
pattern of primary afferents in the spinal cord (Figure 4). For this
analysis, we compared the intraspinal, topological pattern of axonal
projection revealed by AAV6 (Figures 4D–4K) and AAV9 (Figures
4L–4S) vectors in the rat (Figures 4D–4G and 4L–4O) and marmoset
(Figures 4H–4K and 4P–4S), respectively. As expected from the pe-
ripherin-labeled cell preference in both the rat (Figures 2F–2F”)
and marmoset (Figures 2J–2J”), we found that the projection from
AAV6-labeled axons mostly terminated within the superficial layers
of the dorsal horn (lamina I and outer lamina II), where co-labeling
was found prominently with calcitonin gene-related peptide
(CGRP, a marker for unmyelinated [nociceptive] peptidergic affer-
ents;19,41 Figure 4E) and, to a lesser extent, with vesicular glutamate
transporter 1 (VGluT1, a marker for myelinated [somatosensory
other than nociceptive] primary afferents;42 Figure 4F). Indeed,
when we compared Figures 4E and 4I, the cells co-labeled for both
CGRP and GFP were clustered in lamina I and II in both the rat
and marmoset. This supports our conclusion that in both rodents
and nonhuman primates, the AAV6 vector possesses relatively higher
specificity for transduction into the noxious, probably pain-related,
Molecular Th
fibers. However, we found a highly contrasting result for the AAV9
vector. In the rat, the proximal axons of DRG neurons traveled
beyond the superficial layers of the dorsal horn, where some neurons
were co-labeled with VGluT1 (Figure 4N). Some of them reached an
area proximal to the ventral motor neuron pool (Figure 4O), which
suggested that they were group I, large-diameter, somatosensory af-
ferents. Conversely, the pattern of intraspinal labeling for the
AAV9 vector in the marmoset was comparable to that for the
AAV6 vector; the projection was restricted to the superficial dorsal
horn, which was co-labeled with CGRP but not with VGlut1. This
observation supports our suggestion that the target specificity of the
AAV vectors is different in rodents and nonhuman primates, depend-
ing on the serotype of the vectors.

To supplement these findings, we found that AAV643,44 and
AAV932,45 vectors can label motor neurons in the ventral horn via
retrograde transduction in the sciatic nerve (Figures 4G, 4K, 4O,
and 4S). We found no systematic differences in either the transduc-
tion efficacy or the target specificity to the motor neurons as shown
in Figure 4. Improving the transduction efficacy and target specificity
to avoid the off-target effect on spinal motor neurons are also impor-
tant issues to test in nonhuman primates in future studies.

DISCUSSION
The primary motivation of the present study was to examine whether
the target-specific gene transduction into DRG neurons (nociceptive
and other somatosensory afferents) by different AAV vector serotypes
(6 and 9) that has been well established in rodent models might be
reproducible in a nonhuman primate model. We compared the effi-
ciency of gene transduction into DRG neurons and the lumber seg-
ments of the spinal cord in rodents and common marmosets and
obtained two novel findings. First, we found that the target specificity
of theAAV6 vector toDRGneuronswith noxious, non-myelinated af-
ferents in the marmoset was comparably high to that in rat. Second,
the target specificity of the AAV9 vector toDRGneurons withmyelin-
ated afferents observed in the rat was not reproduced in themarmoset.
These findings indicate that the AAV6 vector is a suitable AAV sero-
type for gene therapy in patients who suffer from chronic peripheral
pain. However, our results also suggest that the target specificity com-
mon to rodents and nonhuman primates does not apply to all sero-
types of AAV vectors or subpopulations of DRG neurons, and further
exploration will be required before developing AAV-mediated gene
therapy for restoring somatosensory functions via selective transduc-
tion into DRG neurons that convey proprioception and tactile signals.
erapy: Methods & Clinical Development Vol. 23 December 2021 15
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Figure 3. H&E-stained DRG sections

Hematoxylin and eosin (H&E)-stained DRG sections stained 4 weeks

after the sciatic nerve injections of AAV9-GFP (A–C), AAV6-GFP (D–

F) vectors, and control (G and H) in the marmoset (A, B, D, E, and G)

or rat (C, F, and H). Representative examples from L4 (C and F) or L5

(A, B, D, E, G, and H) segments. Scale bars, 200 mm for (A) and (D)

and 50 mm for (B), (C), and (E)–(H).
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Figure 4. Expression of GFP in the spinal cord of the rat and marmoset

(D, H, L, and P) Representative low-power magnification images of transverse spinal cord sections at the L4 (rat) and L6 (marmoset) lumbar levels showing GFP expression

(green) 4 weeks after the AAV6-GFP and AAV9-GFP vector injections. White lines indicate transverse section profiles of the spinal cord, and white broken lines denote gray

matter. (E–G, I–K, M–O, and Q–S) High-power magnification of the rectangular areas in (A) E, I, M, andQ, (B) F, J, N, and R, and (C) G, K, O, and S. These images demonstrate

co-expression of GFP (green) with CGRP (a marker for unmyelinated [nociceptive] peptidergic afferents; red; E, I, M, Q), VGluT1 (a marker for myelinated [somatosensory

other than nociceptive] primary afferents; red; F, J, N, R) in the dorsal horn, or ChAT (a marker for motor neurons; red; G, K, O, S) in the ventral horn for the AAV6-GFP and

AAV9-GFP vectors.White broken lines denote the dorsal and ventral horns. Scale bars, 250 mm for (D), (H), (L), and (P); 25 mm for (E)–(F), (I)–(J), (M)–(N), and (Q)–(R); and 50 mm

for (G), (K), (O), and (S).
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AAV6 vector as a superior serotype for pain-modulating gene

therapy

In rodents, theAAV6vector possesses a high level of gene transduction
into DRG neurons with small-diameter nociceptive afferents.18–21 By
taking advantage of its target specificity, the AAV6 vector is effective
for its application in the treatment of neuropathic pain. For example,
the use of theAAV6vector for delivering theCDC3peptide, thought to
be a potential peptide for pain management46 by activating a voltage-
gatedCa2+ channel blocker,47 has been shown to effectively prevent the
development of cutaneous mechanical hypersensitivity in a rat neuro-
pathic pain model27 and in established neuropathic pain in rats.48 In a
similar vein, the attenuation of neuropathic pain using anAAV6vector
was also achieved by delivering an interfering peptide of transient re-
ceptor potential vanilloid 1.49 Furthermore, the effectiveness of gene
transduction by an intrasciatically applied AAV6 vector has been
demonstrated to express opsins in nociceptors and successfully
suppress pain responses inmice through optogenetics20 and chemoge-
netics.21 Remarkably, a therapeutic effect was achieved by the trans-
Molecular Th
duction of opsin into only 16.5% of all DRG neurons,20 which is lower
than the transduction rate in our work (see Figure 2M). Therefore, our
observation of comparable transduction efficiency of the AAV6 vector
into DRG neurons with unmyelinated, nociceptive afferents in the rat
andmarmoset will pave the way to translate this prospective treatment
for chronic pain into nonhuman primates and, eventually, into human
patients.

Another advantage of AAV6-mediated gene transduction into DRG
neurons is the low off-target effect. We found that expression of
GFP was largely limited (9.99% in the rat and 8.06% in the marmoset)
in DRG neurons with myelinated afferents (i.e., NF200+ cells),
whereas a higher transduction efficiency was seen in DRG neurons
with unmyelinated afferents. In fact, this was the lowest transduction
efficiency among all marker (NF200 or peripherin) and serotype
(AAV6 or AAV9) combinations (Figures 2M and 2N). An off-target
issue may be a major disadvantage50 for AAV-mediated gene expres-
sion in the nervous system. Therefore, this low off-target effect would
erapy: Methods & Clinical Development Vol. 23 December 2021 17
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be beneficial to the translation into pain management therapy,
considering the heterogeneous nature of DRG neuron populations.
Indeed, the low off-target effect of the AAV6 vector could allow us
to suppress20,21,27,48 the excitability of noxious, pain-related DRG
neurons with minimal effects on other somatosensory functions.

Enhanced target specificity and safety by intra-nerve injection

Our results showed that intra-nerve injection for gene expression in
noxious, pain-related DRG neurons manifests unique properties of
high target specificity and low off-target effects of the AAV6 vector.
In the past, gene transfer into DRG neurons has been reported using
numerous delivery routes other than the intra-neural method, such
as subcutaneous, intramuscular, intravenous, intrathecal, and intra-
gangliotic routes.18,19,22,51,52 Among these, the intragangliotic route
enables the most efficient gene expression in a spinal segment with
no obvious off-target effects.9 However, with regard to its clinical
application to human patients, direct DRG injection is disadvanta-
geous because of the risk of damaging DRG neurons during the highly
invasive procedure to expose the DRG injection site.53,54 Recently, the
intravenous route has drawn attention since the discovery of an AAV
variant with superior transduction efficacy in a wide range of neurons
in the central nervous system (CNS).55,56 However, intravenous
administration, alongside the all-systemic route, has obvious limita-
tions when aiming to further target specificity among the considerably
heterogeneous DRG neuronal populations. To take advantage of the
superiority of systemic administration,55,56 we require the develop-
ment of a promoter that is specific to noxious, pain-related DRG neu-
rons that have been previously developed for rodents.57 Although a
promoter specific to marmoset neurons has recently been devel-
oped,58,59 one that is specific to DRG neurons is not yet available.

In addition, a number of studies have recently reported toxicity of
intravenously administered AAVs in DRG neurons.60–62 For
example, Hordeaux et al.40 reported that intravenous or intra-cisterna
magna administration of AAV9 to non-human primate result in se-
vere DRG pathology 3 weeks after the injection. In contrast, we found
no sign of toxicity to AAV9 application even at 4 weeks after the in-
jection via the intra-nerve route (Figure 3). Therefore, we propose
that intra-nerve injection, with the aid of the AAV6 vector’s higher
tropism and lower off-target nature, is an optimal and safe approach
to gene therapy for pain relief in humans.

Different DRG target specificity of AAV9 vector in rodents and

nonhuman primates

We found different target specificity to DRG neurons in AAV9-medi-
ated gene delivery between the rat and marmoset. Although there was
preferential transduction into the cells with myelinated afferents in
the rat, this was less clear in the marmoset. In fact, there was a ten-
dency for bias toward transduction into the cells with unmyelinated
afferents (Figure 2N).

The mechanism underlying the differential target specificity of the
AAV9 vector in the rat andmarmoset is unclear, though the spectrum
of cellular tropism of different AAV serotypes to subtypes of DRG
18 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
neurons may differ in the two species. For example, AAV1 and
AAV5 vectors showed higher transduction efficiency for both large-
and small-diameter (isolectin B4+ [IB4+] and CGRP+) DRG neu-
rons,11 suggesting their wider spectrum of cellular tropism.
Conversely, a specific serotype may have a narrower spectrum and
more distinct preference for specific DRG neurons. For instance,
the AAV6 vector achieved a high level of gene transduction into
DRG neurons with small-diameter nociceptive afferents.18–21 In
contrast to the AAV6 vector, AAV8 and AAV9 vectors were highly
effective in delivering genes into large-diameter DRG neurons.22,52

It is reasonable to assume that these spectra of cellular tropism that
have so far been established only in the rodent are different in pri-
mates. We found comparable efficacy of the AAV6 vector in the rat
and marmoset, which indicated that nociceptive DRG neurons in
both species may have similar spectra of tropism among different
AAV serotypes. However, we also observed a distinct level of gene
transduction efficacy of the AAV9 vector into DRG cells with myelin-
ated afferents. This suggests that the spectrum of cellular tropism to
somatosensory afferents differs in rodents and nonhuman primates.
If so, it raises the possibility that serotypes other than AAV6 and
AAV9 may have higher tropism to this specific type of DRG neuron
exclusively in nonhuman primates. This would need to be confirmed
in a future study.

One may argue that both the AAV9 and AAV6 vectors could be suit-
able candidates for chronic pain treatment based on our observation
of comparable transduction efficacy to nociceptive DRG neurons.
However, recent reports contradict this possibility. In the piglet, a
high systemic dose of the AAV9 vector caused proprioceptive deficits
and ataxia,60 which clearly indicates that the AAV9 vector has high
transduction into myelinated DRG afferents. In the marmoset, an
intravenous injection of the AAV-PHP.B vector, a variant of the
AAV9 vector, resulted in high transduction into DRG neurons pro-
jecting to the medulla oblongata.35 This also suggests high transduc-
tion capacity of the AAV9 vector into myelinated DRG afferents.
Because transduction into myelinated DRG neurons is an obvious
off-target effect, the use of AAV9, instead of the AAV6 vector, may
not be a reasonable choice for application in pain treatment.

Methodological considerations

The age of the rats used in our study was 4 weeks, which was before
the sexual maturation age (6 weeks), whereas that of the marmosets
ranged between 1.5 and 7.6 years, which was after the sexual matura-
tion age (1.5 years).63 Indeed, the differential target specificity to the
same AAV serotypes at different ages of animals has been re-
ported.45,64 In nonhuman primates, intravascular administration of
the AAV9 vector in neonatal65 or juvenile66 animals yielded different
efficacy of gene transduction into CNS neurons. Therefore, it is
possible that some serotypes of AAV vectors (e.g., AAV9)may be sen-
sitive to the age of the animals, whereas others (e.g., AAV6) may not
be. Related to the age difference, body weight was also different be-
tween the rats and marmosets (see Materials and methods). Although
we confirmed that the virus titer per body weight at the end of each
experiment was not different between the rats and marmosets, it is
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likely to be different at the time of injection because of the large dif-
ference in their body weight. Therefore, we cannot rule out the pos-
sibility that the distinct virus titers at the early phase of viral infection
affected our findings to some extent.

Finally, the cytomegalovirus (CMV) promoter is susceptible to
silencing,67 which results in decreased recombinant protein produc-
tion.68 The CMVpromoter has been shown to drive transgene expres-
sion in DRG neurons for up to 12 weeks in vivo.9,11,18,19,22 Neverthe-
less, it is possible that the lower rate of gene expression in our study
(i.e., myelinated DRG neurons transduced with the AAV6 vector in
both the rat and marmoset and with the AAV9 vector in the
marmoset, and the unmyelinated DRG neurons transduced with
the AAV9 vector in the rat) was affected by variation in silencing
among the species and/or cell types. To address this issue, further in-
vestigations are needed; for example, by analyzing genome copy
numbers for individual subpopulations of DRG neurons in different
species.

MATERIALS AND METHODS
Experimental animals

Twelve adult common marmosets (1–8 years old) of both sexes (four
male and eight female) and eight young male Jcl:Wistar rats (4 weeks
old) were used. Body weight at the day of sacrifice was 337.99 ±

36.11 g for marmosets and 286.13 ± 26.83 g for rats. Animals were
housed under standard conditions with food and water ad libitum
and a 12-h:12-h light:dark cycle. All experiments were conducted in
accordance with protocols approved by the Ethics Committee for an-
imal research of the National Institute of Neuroscience, NCNP, Japan.

Production of viral particles

AAV-CMV-AcGFP vector serotype 6 (2.00 � 1014 genome copies
mL�1) and 9 (2.00 � 1014 genome copies mL�1) were produced by
the helper-free triple transfection procedure and purified using
CsCl gradient or affinity chromatography (GE Healthcare). Viral ti-
ters were determined by quantitative PCR using TaqMan technology
(Life Technologies, Gaithersburg, MD, USA). The purity of the vec-
tors was assessed by 4%–12% sodium dodecyl sulfate-acrylamide
gel electrophoresis and fluorescent staining (Oriole, Bio-Rad, Hercu-
les, CA, USA). The transfer plasmid (pAAV-CMV-AcGFP-WPRE)
was constructed by inserting an AcGFP fragment with the WPRE
sequence into an AAV backbone plasmid (pAAV-CMV, Stratagene).

Virus injection

Rats were anesthetized with an intraperitoneal injection of pentobar-
bital sodium (30mg/kg) and an intra-muscular injection of butorpha-
nol (0.1 mg/kg). Adequate anesthesia depth wasmonitored frequently
by checking the pupil size and flexion reflex to paw pinch. To expose
the sciatic nerve for the injection, we fixed rats in a prone position and
the left leg was shaved up from the thigh to the spine. We cut the skin
over the gluteus muscles and made a blunt dissection to separate both
heads of the biceps femoris. Once the sciatic nerve was detected below
the biceps femoris, we further exposed the nerve proximally until it
entered the greater sciatic notch. The total length of the exposed sec-
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tion of the sciatic nerve was approximately 2 cm from the sciatic
notch. The exposed nerve was isolated from the surrounding tissues
and then covered with wet cotton to keep the nerve moist for the pro-
spective injection.

The virus injections (Figures 1A and 1B) were performed with a glass
capillary (0.6/1.0 mm internal/external diameters; Narishige, Japan)
pulled to a fine point and attached with a polyethylene tubing (JT-
10, EICOM, Kyoto, Japan) to a Hamilton syringe (1702RN, GL Sci-
ence, Japan) that was mounted onto a microinjection pump (NanoJet
Quasi-S, ISIS, Seoul, South Korea). The tubing, syringe, and capillary
were filled with an electrically insulating stable fluorocarbon-based
fluid (Fluorinert, 3M, St. Paul, MN, USA). We added 1% Fast Green
(1 mL) to the viral vector solution to visualize the injected solution.
The tip of the glass capillary was inserted into the sciatic nerve
10 mm distal to the greater sciatic foramen. After a 5-min delay to
allow sealing of the tissue around the glass capillary tip, a 6 mL viral
vector solution was injected at a rate of 0.5 mL/min. A dose of 6 mL
was injected into both rats and marmosets. The dose was determined
according to the results of a brief dose-ranging test using 12 mL (three
rats) or 6 mL (one rat) in the pilot study for our previous paper,23

where we found higher transduction efficacy at a lower dose that
was likely due to dose-dependent toxicity. The virus titer per body
weight did not differ between the rats and marmosets (4.83 ±

1.36 � 1012 gc/kg versus 4.00 ± 1.36 � 1012 gc/kg; p = 0.144, t
test). 10 min after the termination of the injection, the capillary was
removed. The wound was closed with a non-absorbable suture, and
the animals were allowed to recover at 37�C.

Apart from the anesthesia protocol, the virus injection procedure for
the marmosets was comparable to the rats. Anesthesia for the
marmoset was administrated with an intra-muscular injection of ke-
tamine (20 mg/kg) and xylazine (0.4 mg/kg) and was maintained with
inhalation of isoflurane (1.5%–2.5% in oxygen).

Quantification of VGCN

Genomic DNA was extracted and purified from different tissues (i.e.,
spinal cord sections and muscles) using the NucleoSpin tissue kit
(Macherey-Nagel, Düren, Germany). The extracted DNA was
analyzed for yield and purity using a NanoDrop One UV/Vis spectro-
photometer (Thermo Scientific, Wilmington, MA, USA). Viral
genome copy numbers were determined by quantitative PCR using
TaqMan technology.

Immunohistochemistry

4 weeks after the injection, the animals were anesthetized with sodium
pentobarbital (50 mg/kg)69 and perfused transcardially with phos-
phate-buffered saline (PBS; pH 7.4), followed by 300–400 mL of 4%
paraformaldehyde (PFA). Thereafter, the lumbar region of the spinal
cord, together with the DRG and sciatic nerve, were sampled (Figures
1C and 1D for rats and marmosets, respectively), post-fixed in 4%
PFA overnight at 4�C and transferred to 30% sucrose in PBS at
4�C. DRG sections were cut at 20-mm thickness on a cryostat
(Microm HM550, Thermo Fisher Scientific, Waltham, MA) and
erapy: Methods & Clinical Development Vol. 23 December 2021 19
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mounted on amino silane-coated slides. Spinal cord sections were cut
in the coronal plane at 50-mm thickness on a freezing microtome
(REM-710, Yamato Kohki Industrial, Saitama, Japan). After washing
three times with PBS, the sections were incubated with PBS contain-
ing 2% normal goat serum (NGS) for 1 h at room temperature, fol-
lowed by incubation with a primary antibody, diluted in 2% NGS
and 0.1% Triton X-100 in PBS overnight at 4�C. Then, the sections
were washed with PBS three times and incubated with a secondary
antibody, diluted in 2%NGS in PBS for 1 h at room temperature. Sec-
tions were washed with PBS and covered with a glass coverslip. Con-
trol sections were stained using the same protocol but omitting the
primary antibodies. All processes were performed in a dark chamber.
The primary antibodies were as follows: chicken anti-GFP (Abcam,
Cambridge, UK) at 1:1,000, rabbit anti-NeuN (Abcam) at 1:2,000,
mouse anti-neurofilament 160/200 (NF200; Sigma Aldrich, N2912,
St. Louis, MO, USA) at 1:2,000, rabbit anti-peripherin (Millipore,
AB1530, Burlington, MA, USA) at 1:400, guinea-pig anti-VGluT1
(Millipore, AB5905) at 1:1,000, guinea-pig anti-CGRP (Thermo
Fisher Scientific, PA1-36017) at 1:2,000, and goat anti-choline acetyl-
transferase (ChAT; Millipore, AB144P) at 1:100. The secondary anti-
bodies were as follows: goat anti-chicken immunoglobulin G (IgG;
Abcam, Alexa488), donkey anti-rabbit IgG (Abcam, Alexa555),
goat anti-mouse IgG (Molecular Probes, Alexa555, Eugene, OR,
USA), goat anti-guinea-pig IgG (Molecular Probes, Alexa555), and
donkey anti-goat IgG (Molecular Probes, Alexa555), diluted at
1:500 for each antibody.

Histological quantification

Fluorescence images were acquired using fluorescent microscopy
(BZ-X700, Keyence, Japan) at fixed settings using a 10� or 20�
objective. Image analysis and quantification were performed using
image analysis software BZ-X710 (BZ-H3M). For the quantification
of transduction efficiency, every tenth DRG section spaced by
200 mm was selected from the serial sections, and 4–6 sections for
rats or 3–8 sections for marmosets were obtained per animal. In
each selected section, the number of GFP labeled cells was counted.
To ensure we counted the neurons, not the satellite cell, we first
counted GFP-labeled cells with a diameter larger than approximately
10 mm. We then calculated transduction efficiency as the percentage
of GFP+NeuN+ cells in NeuN+ cells. It is important to note that the
transduction efficacy obtained in this way may be underestimated
because high GFP expression may antagonize NeuN expression,28

and some of the neurons may not be immunohistochemically stained
with NeuN.70 For the quantification of the co-localization of different
neuronal markers, we calculated the percentage of respective neuron
type marker positive neurons within GFP+ neurons and the percent-
age of GFP+ neurons co-labeled with the markers. This analysis was
performed in 3–5 sections of the DRG in the rats and 3–4 sections
in the marmosets. All other histological quantification methods
were comparable between rats and marmosets.

Statistical analysis

The transduction efficiency of GFP+ neurons for each AAV serotype
was compared using the Wilcoxon rank sum test. The proportion of
20 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
GFP+ cells in each neural marker (NF200/peripherin) for each AAV
serotype was compared using the Wilcoxon rank sum test. The data
values are presented as means ± standard error of the mean (SEM).
We considered p < 0.05 as significant in all statistical analyses.

Data availability

Data that support the findings of this study are available from the cor-
responding author upon reasonable request.
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