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Abstract Self-complementary adeno-associated viral vector
9 (scAAV9) has been confirmed to be an efficient AAV sero-
type for gene transfer to the central nervous system (CNS).
Neurotrophic factors have been considered to be therapeutic
targets for amyotrophic lateral sclerosis (ALS). In the present
study, we intramuscularly injected scAAV9 encoding human
insulin-like growth factor 1 (hIGF1) into an hSOD19%*4 ALS
mouse model. We observed that scAAV9-hIGF1 significantly
reduced the loss of motor neurons of the anterior horn in the
lumbar spinal cord and delayed muscle atrophy in ALS mice.
Importantly, IGF1 significantly delayed disease onset and
prolonged the life span of ALS mice. In addition, sScAAV9-
hIGF1 protected motor neurons from apoptosis through up-
regulation of D-amino acid oxidase (DAO), which controls
the level of D-serine. Moreover, to further verify these results,
we used CRISPR-Cas9 system to target the central nervous
system knockdown of IGF1. This experiment supported the
continued investigation of neurotrophic factor gene therapies
targeting the central nervous system as a potential treatment
for ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressing, fatal
neurodegenerative disease characterized by motor neuron
death in the spinal cord, brain stem, and motor cortex.
Patients die of this disease due to severe muscle atrophy,
paralysis, and ultimately respiratory failure [1, 2].
Approximately 9/10 of ALS cases are sporadic, whereas the
remaining 1/10 of the ALS cases are familial. Mutations in the
human SOD1 gene account for approximately 1/5 of familial
ALS cases [3]. Glutamate excitotoxicity is implicated in its
selective loss of motor neuron pathogenesis [4], and the accu-
mulation of D-serine due to the reduced activity of D-amino
acid oxidase (DAO) likely exacerbates motor neurons via
NMDA receptors [5, 6]. D-serine is elevated in both the spinal
cord of SOD1°** models of ALS and sporadic cases of ALS
[6-8]. However, effective approaches to prevent motor neuron
death remain largely unidentified. However, effective ap-
proaches to prevent motor neuron death remain largely un-
identified. Riluzole, the only FDA-approved treatment for
ALS, exerts only modest neuroprotective effects, as it has
been reported to extend survival by only a few months [9].
Experiments in vivo and in vitro confirmed that IGF1 has
protective effect on the central and peripheral nervous systems
and is important for the survival of motor neurons in the spinal
cord. IGF1 has previously been shown to have a substantial
effect on the SOD19%34 ALS disease model, but its effect in
human clinical trials based on a recombinant form of IGF1 has
shown controversial results [10—12]. Notably, the failure of
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these authors to provide a continuous and adequate supply of
IGF1 to the central nervous system might explain these disap-
pointing results [13]. Thus, identifying a practical and effec-
tive method that can be applied from animal experiments to
human trials is urgently needed. The intramuscular injection
of viral vectors has some success for therapeutic gene transfer
to motor neurons in animal models [14-16]. Kaspar et al.
successfully slowed transgenic ALS mice disease through in-
duction of IGF1 production from motor neurons following the
retrograde delivery of AAV2 injected into the muscle [17].
Other studies have also observed that IGF1, delivered through
AAV2 or AAV4 vectors injected into the central nervous sys-
tem (CNYS), showed a beneficial effect in ALS mice, increas-
ing survival, and delaying the failure of motor functions [18,
19]. However, these therapies showed low transduction rates
in spinal cord motor neurons [17, 20]. The recent discovery
that self-complementary adeno-associated viral vector 9
(scAAVY9) vectors cross the BBB and efficiently transfect mo-
tor neurons has been a significant breakthrough in the field of
neurodegenerative diseases [21]. Here, we verified whether
scAAV9 could achieve gene transfer to the motor neurons of
adult ALS mice via intramuscular injection.

In the present study, we administered scAAV9, encoding
human insulin-like growth factor 1 (hIGF1), to an hSOD19%34
mouse model of ALS. We used intramuscular injection for
multiple muscles, including respiratory muscles. This method
was easily accessible and not invasive, while motor system
could be protected, and was attractive for human gene therapy
[22]. We observed that intramuscular delivery of scAAV9-
hIGF1 remarkably slowed the onset of disease progression
and increased survival compared to AAV9-GFP-treated mice.
However, the protection mechanism remains unclear. It has
been reported that IGF1 protects motor neurons through an
anti-apoptotic mechanism [17] and attenuates the release of
NO and TNF-« from glial cells [19]. In the present study, we
observed that IGF1 partially upregulated DAO resulting in the
degradation of D-serine and the reduction of glutamate excit-
atory toxicity. These findings provided the basis for intramus-
cular scAAV9 delivery as a practical and effective method for
gene delivery to motor neurons in adult mice and supported
the continued investigation of IGF1 gene therapy targeting the
CNS as a potential treatment for ALS patients.

Materials and Methods
Animal Models

Transgenic mice (B6SJL-TgN [SOD1-G93A] 1Gur) were ob-
tained from Jackson Laboratories. The hSOD1 transgene copy
number was confirmed using real-time PCR [23] (see
Supplementary Materials). Animals were breeding under con-
trolled conditions (12-h light/dark cycle, 60 £ 10% relative

humidity, 22 + 1 °C). Animals were breeding under controlled
conditions (12-h light/dark cycle, 60 = 10% relative humidity,
22 +1°C) [24].

Production of the AAV9 Virus

All self-complementary rAAV constructs were designed,
produced, and used as previously described [25, 26]. The
vectors were produced by infection of HEK293T cells with
the helper virus-free three plasmids and under the control of
the CMV promoter. SCAAV9 vectors were produced by the
trans-encapsidation of the rAAV vector genome flanked by
inverted terminal repeats from AAV2 with the capsids of
AAV9. The vector was purified via two cesium chloride
density-gradient ultracentrifugation steps and subsequently
dialyzed against HEPES buffer. The vector titers were de-
termined by real-time PCR, and the final concentration is
expressed as the viral genome per milliliter (1 x 10'* vg/
ml). The viral particles were divided it into small portions
and stored at —80 °C until further use.

In Vivo AAV Injections

At 60 and 90 days of age, littermate- and copy number-
matched mice were randomly divided into scAAV9-hIGF1
and AAV9-GFP treatment groups. The mice received bilateral
intramuscular (masseter, musculus biceps brachii, musculus
triceps brachii, intercostal muscle, abdominal muscle, gastroc-
nemius, biceps femoris muscle, and quadriceps) injections
with AAV9 vectors (10 pl per muscle, n = 15) using a
Hamilton syringe. SCAAV9-sgRNA-IGF1-Cas9 or scAAV9-
sgRNA-LacZ-Cas9 was intrathecally injected into littermate-
and copy number-matched mice at 30 days of age (1 ul/g,
1 ul=1x10°vg) [25].

Assessment of Motor Function and Survival

The motor function of the mice was assessed weekly using a
rotarod device (2—80 rpm Rota-Rod 47,600; Ugo Basile,
Comerio, Italy). The rotarod device was operated at a constant
speed of 15 rpm, and the mice were placed into the device and
provided three attempts to remain for a maximum of 180 s per
trial. The longest latency was recorded. If the mice could not
stay on the rod for 180 s, then disease onset was recorded. The
end stage was scored as the date at which the animal when
placed on its back in a supine position was unable to right
itself within 30 s [27]. Footprint analyses were performed at
110 days of age [28]. A behavioral score system from 1 to 5
was used [29], with 5 healthy without any symptoms of pa-
ralysis, 4 slight signs of destabilized gait and paralysis of the
hind limbs, 3 obvious paralysis and destabilized gait, 2 fully
developed paralysis of the hind limbs, animals only crawl on
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the forelimbs; and 1 fully developed paralysis of the hind
limbs.

Enzyme-Linked Immunosorbent Assay of hIGF1

After 3 weeks of delivery, the lumbar spinal cord was rapidly
harvested on ice and immediately homogenated. Enzyme-
linked immunosorbent assays (ELISA) for human IGF1 were
performed using an ELISA Kit (Abcam, ab100545). The as-
says were performed following the reference manual.

Immunohistochemical Staining

At 110 days of age, the mice were anesthetized, and the ex-
cised muscles were rapidly removed, frozen, and stored at
—80 °C. The mice were sacrificed by transcardial perfusion
with 0.3% saline, followed by ice-cold 4% paraformaldehyde.
The lumbar region (L1-L5) of spinal cord was isolated and
postfixed overnight in 4% paraformaldehyde. Twenty-five-
micrometer sections were cut using a Vibratome Microtome
(Leica VT 1000S, Germany).

For general morphology, the cryostat muscle sections were
stained with hematoxylin and eosin (H&E) according to a
standard protocol, and nicotinamide adenine dinucleotide hy-
drogen (NADH) staining was used to assess muscle fibrosis.

For 3,3-Diaminobenzidine (DAB) immunohistochemical
(IHC) staining, lumbar spinal cord sections were blocked with
10% horse serum and incubated overnight at 4 °C with the fol-
lowing primary antibodies: rabbit anti-Ibal (1:400, Wako),
mouse anti-SMI32 (1:500, Millipore), and mouse anti-GFAP
(1:500, Millipore). The following day, tissues were washed with
PBS three times, incubated with secondary antibody, and bio-
tinylated thirdly antibody for 30 min at RT. Sections were then
washed for three times in TBS, incubated for 2 min with DAB
solution at RT, and terminated with distilled water. The anterior
homns of the lumbar enlargement spinal cord were examined. The
numbers of SMI32-positive (motor neurons, >20 um), GFAP-
positive (astrocyte), and Ibal-positive (microglial) cells in the
ventral horn area were estimated by using Image J software.

All images were captured using an Olympus BX51 micro-
scope equipped with a DP72 digital camera system (Olympus,
Tokyo, Japan).

Immunofluorescent Staining

Immunofluorescent staining of the sections was performed
using goat anti-hIGF1 at 1:20 (Abcam, Cambridge, MA),
mouse anti-GFAP at 1:500 (Millipore), rabbit anti-Ibal at
1:200 (Wako), mouse anti-SMI32 (1:500, Millipore) and
mouse anti-NeuN (1:100, Millipore), rabbit anti-DAO at
1:100 (Abcam, Cambridge, MA), anti-D-serine at 1:400
(Abcam, Cambridge, MA), terminal deoxynucleotidyl trans-
ferase (TdT) and TdT-mediated dUTP nick-end labeling
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(TUNEL) (C1089, Beyotime, China), and rabbit anti-
caspase3 at 1:100 (Bioworld) as the primary antibodies. The
tissues were subsequently incubated with the appropriate fluo-
rescein isothiocyanate secondary antibodies (1:200, Jackson
ImmunoResearch, Westgrove, PA) and Hoechst (1:100,
Invitrogen). All images were captured on a laser-scanning
confocal microscope.

Western Blot Analysis

The 110-day lumbar spinal cord tissue samples were homog-
enized by sonication in lysis buffer (P1250, APPLYGEN,
China) at 4 °C. The homogenate was centrifuged at 10,000g
for 10 min at 4 °C in a microcentrifuge. The protein extracts
were separated on 12% SDS-PAGE gels and subsequently
transferred onto PVDF membranes (Immobilon-P, Millipore
Bedford, MA, USA). The PVDF membranes were incubated
overnight at 4 °C with the following specific primary antibod-
ies: anti-3-actin (1:1000, Protein Tech Group Inc., Chicago,
USA), anti-AKT and anti-P-AKT (each at a 1:1000 dilution,
Immunoway), anti-DAO (at a 1:1000 dilution, Abcam), rabbit
anti-caspase3 and anti-caspase9 (each at 1:1000, Bioworld),
and anti-mIGF1 (1:1000, Protein Tech Group Inc., Chicago,
USA). After overnight incubation, the blots were washed and
incubated with secondary antibodies (1:10,000, Rockland
Immunochemicals, USA). The specific bands were detected
using an Odyssey Infrared Imaging System (LI-COR,
Lincoln, NE, USA). The relative intensities of the bands were
normalized against (3-actin.

Quantitative Real-Time PCR

The lumbar spinal cord DNA was isolated using a DNA
Extraction Kit (Generay Biotechnology, Shanghai, China),
and the lumbar region of spinal cord was homogenized using
TRIzol reagent (Qiagen, Hilden, Germany) to isolate total
RNA. The messenger RNA was reverse transcribed using
the SuperScript Kit (Invitrogen) and oligo dT primers. The
expression was analyzed by quantitative real-time PCR using
the FastStart SYBR Green Master. Amplification was per-
formed under the following conditions: heat inactivation
(10 min at 95 °C, 1 cycle), followed by 40 cycles at 95 °C
for 30 s, 60 °C for 60 s, and 72 °C for 30 s. The following
sequences were used: hSOD1 5'-CATCAGCCCTAATC
CATCTGA-3' (forward) and 5'-CGCGACTAACAATC
AAAGTGA-3' (reverse); primers for genes mIL2 5-CTAG
GCCACAGAATTGAAAGATCT-3' (forward) and 5'-GTAG
GTGGAAATTCTAGCATCATCC-3' (reverse), DAO 5'-
TTAAACAGCGTCCGTGACCA-3' (forward) and 5’-TTGC
ACAACCCCAGTGGATT-3’ (reverse), and GAPDH 5'-
CATCTCCTCCCGTTCTGCC-3' (forward) and 5'-GTGG
TG-CAGGATGCATTGC-3" (reverse) were used as
references.
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Statistical Analysis

Statistical analysis was performed using GraphPad Prism soft-
ware. The survival analysis was conducted via Kaplan-Meier
analysis, which generates a x* value to examine significance.
All other statistical tests not involved in the survival analysis
were performed using Student’s ¢ test or one-way analysis of
variance, and Bonferroni’s or Tukey’s post hoc tests were
performed for each set of data. The results are expressed as
the means = SEM with a P threshold of 0.05.

Results
The Single Intramuscular Administration of AAV9
Mediated Efficient and Persistent Gene Delivery in Adult

hSOD15%3AALS Mice

We first verified whether recombinant AAV9 or scAAV9 me-
diated the transduction of the spinal cord after intramuscular

muscle
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Fig. 1 Single i.m. AAV9 injection mediates widespread and persistent
transduction in adult hSOD19** mice. All injections were performed at
P60. a AAV9-GFP injected into the bilateral gastrocnemius of
hSOD1%%* ALS mice for retrograde transduction of spinal motor
neurons. At 21 days after injection, GFP is expressed in muscle, axons,
and motor neurons. b At the end stage of hSOD19%3A ALS mice, the
western blot analysis revealed the presence of GFP in protein extracts
from the lumbar spinal cord. ¢ Human IGF1 (hIGF1) staining in AAV9-

motor neurons

hiGF1

(i.m.) delivery in adult hSOD19**ALS mice. In this aim,
AAV9 expressing green fluorescent protein (GFP) under the
control of the CMV promoter (1 x 10'® vg/muscle) was bilat-
erally injected into the gastrocnemius of 60-day-old ALS
mice. After 21 days, the cryosections showed that AAV9 ex-
hibits retrograde axonal transport from the nerve terminals in
the injected gastrocnemius to the axons and neurons in the
anterior horn of lumbar spinal cord (Fig. 1a). Unexpectedly,
at the end stage, the western blot analysis revealed the pres-
ence of GFP in protein extracts from the lumbar spinal cord
(Fig. 1b). Subsequently, we examined the intramuscular injec-
tion of scAAV9-hIGF1 into the bilateral gastrocnemius
(1 x 10" vg/muscle) of 60-day-old ALS mice and evaluated
hIGF1 expression at 21 days after injection. Positive hIGF1
staining was observed at the lumbar spinal cord using a con-
focal microscope (Fig. 1c, d). The levels of hIGF1 expression
in the lumbar spinal cord and gastrocnemius of mice injected
with AAV9-GFP or scAAV9-hIGF1 were determined using
an enzyme-linked immunosorbent assay (Fig. 1e). The results
demonstrated that AAV9 could transfer genes to motor
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GFP- and scAAV9-hIGF1-treated mice throughout lumbar spinal cord.
Transverse sections of the lumbar spinal cord treated for hIGF1/SMI32
double immunofluorescence. d Statistical analysis for the number/
percentage of double-positive cells of AAV9-GFP- and scAAV9-
hIGF1-treated mice. e ELISA of hIGF1 from tissues of treated mice
obtained at 21 days after injection. The protein of hIGF1 is expressed in
the lumbar spinal cord and muscle. Mean + SEM, n = 3. Scale
bar =100 um
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neurons through axonal retrograde transport to the connected
motor neuron (MN) cell bodies.

ScAAV9-hIGF1 Delayed Motor Deficits and Delayed
Disease Onset and Prolonged the Life Span in ALS Mice

ALS mice typically develop a progressive neurodegenerative
disorder that selectively damages upper and lower motoneu-
rons, resulting in various degrees of weakness and limb mus-
culature atrophy at approximately 90 days of age. In this ex-
periment, we observed that scAAV9-hIGF1 mice could hold
its hind limbs outward, while AAV9-GFP mice did not hold its
hind limbs outward, and muscle atrophy was observed at
110 days of age (Fig. 2a). SCAAV9-hIGF1 treated mice activ-
ities more flexible than AAV9-GFP mice (see Supplementary
Materials). Footprint analysis showed significant impairment
in the walking patterns of AAV9-GFP-injected mice at
110 days of age (Fig. 2b). Statistical analysis showed that
the stride length of the scAAV9-hIGF1 treatment group was
larger than that of the AAV9-GFP group (Fig. 2¢). Moreover,
we examined the body weight and motor function of the mice
during disease progression, observing that scAAV9-hIGF1
mice exhibited better motor function and reduced weight loss
compared with age-matched AAV9-GFP mice (Fig. 2d).

To explore whether scAAV9-hIGF1 treatment could influ-
ence disease onset and progression, we measured the motor
function using a rotarod test with ALS mice. We observed that
disease onset and end stage were significantly delayed in ALS
mice treated with sScAAV9-hIGF1 compared to mice treated
with AAV9-GFP (Fig. 3). Male mice treated for 60 days
showed delayed disease onset after 24 days, whereas female
mice treated for 60-day treatment showed delayed disease
onset after 18 days. The life span of male mice treated for
60 days was extended for 29 days, while that of female mice
treated for 60 days was extended 24 days, the life span of male
mice treated for 90 days was extended 15 days, and the life
span of female mice treated 90 days was extended 14 days.

ScAAV9-hIGF1 Protected Skeletal Muscle from Atrophy
and Promoted Motor Neuron Survival in ALS Mice

The muscle staining of cryosections of the gastrocnemius re-
vealed obvious differences in AAV9-GFP mice compared
with scAAV9-hIGF1 mice (Fig. 4a). Morphological analysis
of gastrocnemius with H&E staining showed more atrophic
fibers in AAV9-GFP mice than scAAV9-hIGF1 mice.
According to NADH staining, the myofibers in the two groups
of mice were classified as type I or type II fibers. Statistical
analysis showed that the average muscle fiber area of
scAAV9-hIGF1 mice was larger than that of AAV9-GFP mice
(Fig. 4b).

To determine the effect of scAAV9-hIGF1 on motor neuron
survival, we performed immunostaining with SMI32, a motor
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neuron-specific biomarker in the nervous system, to assess the
morphology and survival of motor neurons per slice in the
anterior horn of lumbar spinal cord of ALS mice. SMI32 im-
munostaining showed that IGF1 could protect the motor neu-
rons in the ALS mice (Fig. 4c). Statistical analysis showed an
obvious reduction in the loss of SMI32-positive neurons in
scAAV9-hIGF1 mice compared with AAV9-GFP mice
(Fig. 4d). These results suggested that scAAV9-hIGF1 treat-
ment could protect motor neurons in the ALS mice. Microglial
and astrocytic activation were assessed in the anterior horn of
the lumbar spinal cord of mice. IHC showed significantly
fewer GFAP-positive glial cells in the anterior horn of the
lumbar spinal cords of scAAV9-hIGF1-treated ALS mice
compared with GFP-treated mice (Fig. 4c, e). IHC also
showed that scAAV9-hIGF1 treatment significantly reduced
Ibal levels in the anterior horn of the lumbar spinal cords of
ALS mice (Fig. 4c, f). All the experiments were performed
using mice at 110 days of age.

ScAAV9-hIGF1 Upregulated DAO and Degraded
D-Serine

Enhanced glutamate toxicity through overproduction of
D-serine in glia has been proposed as the mechanism
underlying ALS motoneuronal death [30]. It has been
identified that DAO plays an essential role in degrading
D-serine. We used Affymetrix GeneChip® Mouse Exon
1.0 ST Array to investigate the expression profiles of
lumbar spinal cord samples from scAAV9-hIGF1- and
AAV9-GFP-treated hSOD19%34 ALS mice, and surpris-
ingly, DAO messenger RNA (mRNA) expression was
upregulated in scAAV9-hIGF1-treated mice
(Supplementary Materials). We used immunofluores-
cence to investigate the expression and localization of
DAO in the anterior horn of the lumbar spinal cord from
ScAAVI9-hIGF1- and AAV9-GFP-treated mice.
Transverse sections of the lumbar spinal cord were co-
labeled with antibodies directed against DAO and either
NeuN, a neuron-specific nuclear protein (Fig. 5a); Ibal,
a marker of microglia (Fig. 5b); or GFAP, a marker of
astrocytes (Fig. 5c). Fluorescence microscopy showed
that DAO was primarily localized in neuronal cells,
and a small amount was detected in glial cells. We ob-
served that DAO expression was upregulated in
scAAV9-hIGF1-treated mice. Subsequently, we exam-
ined DAO protein expression by western blotting,
showing increased DAO protein expression in
scAAV9-hIGF1 mice compared with AAV9-GFP mice
(Fig. 6a, b). In addition, we performed real-time PCR
to examine the level of DAO mRNA. The results
showed that DAO mRNA was also upregulated in
scAAV9-hIGF1 mice (Fig. 6¢). As DAO potentially
modulates neurotransmission through D-serine [6] [&],
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Fig. 2 Delivery of scAAV9-hIGF1 at 60 or 90 days of age delay motor
deficits in ALS mice. a The different hind limb-clasping and muscle
atrophy phenotypes at 110 days in ALS mice. b Representative footprints
of 110 days from AAV9-GFP- and scAAV9-hIGF1-treated mice. ¢

we also examined the quantity of D-serine in the lumbar
spinal cord of the two groups of ALS mice, and the
results showed that D-serine was reduced in scAAV9-
hIGF1-treated mice (Fig. 6d, e).

80 90 100 110 120 130 140 150 160
age (days)

80 87 94 101108115122 129136143150 157
age (days)

Footprint analysis showed significant differences in the step length of
the mice in the two groups. d Plots showing the performance of AAV9-
GFP- or scAAV9-hIGF1-treated ALS mice on body weight and rotarod
test. *P < 0.05, n =15

ScAAV9-hIGF1 Inhibited Apoptosis in ALS Mice

ScAAV9-hIGF1-treated mice exhibited smaller numbers of
cells positive for TUNEL than AAV9-GFP-treated mice at
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Fig. 3 Delivery of scAAV9-
hIGF1 at 60 or 90 days by i.m.
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110 days of age (Fig. 7a, e). In addition, immunofluorescence
(IF) showed a decrease in cleaved caspase3 expression in
SCAAV9-hIGF1-treated mice compared to AAV9-GFP mice
(Fig. 7a, f). We also observed that scAAV9-hIGF1-treated
mice had higher levels of phosphorylated Akt (P-AKT)
(Fig. 7b, g) and significantly reduced amounts of cleaved cas-
pase3 (Fig. 7c, h) and cleaved caspase9 (Fig. 7d, i) compared
to AAV-GFP mice.

ScAAV9-sgRNA-IGF1-Cas9 Exacerbated Disease via
Reduced DAO and Activated the Apoptotic Pathway

The present study was designed to elucidate the effects of low
IGF-1 levels induced by scAAV9-sgRNA-IGF1-Cas9 knock-
down IGF-1, particularly in the CNS of hSOD19%** ALS
mice. To achieve a better knockdown effect, we used intrathe-
cally injected scAAV9-sgRNA-IGF1-Cas9 or scAAV9-
sgRNA-LacZ-Cas9 to mice at 30 days of age (1 ul/g,
1 ul =1 x 10° vg). Using this model, we examined the hy-
pothesis that IGF-1 deficiency in the CNS decreases DAO
levels and activated the apoptotic pathway, thereby aggravat-
ing the phenotype of hSOD19%** ALS mice. Hind limb weak-
ness of IGF-1-deficient mice was observed earlier (Fig. 8a) at
85 days of age. IGF-1-deficient mice showed accelerated
weight loss (Fig. 8b) and poorer movement function scores
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(Fig. 8c) compared to the scAAV9-sgRNA-LacZ-Cas9 con-
trol. Western blotting (WB) showed reduced IGF1 levels in
sCAAV9-sgRNA-IGF1-Cas9 mice (Fig. 10a, d). IF (Fig. 9a, b)
and WB (Fig. 10a, c) showed that the expression of DAO was
downregulated in the IGF-1 knockdown group. In addition, IF
showed that the D-serine level was upregulated in IGF-1
knockdown mice (Fig. 9c, d). We examined the expression
of cleaved caspase3 (Fig. 10b, e) and cleaved caspase9
(Fig. 10b, 1), and the results showed increased expression in
the IGF-1 knockdown group compared to the scAAV9-
sgRNA-LacZ-Cas9 control.

Discussions

Noninvasive and effective gene transfer to motor neurons has
long been a challenge for ALS gene therapy. AAV9 vectors
have been reported to perform retrograde axonal transport via
intramuscular injection for the safe and efficient transduction
of central nervous system tissue [31]. Self-complementary
vectors are more efficient transducing agents than convention-
al AAVs [32]. We analyzed the capacity of scAAV9 for gene
delivery to motor neurons after intramuscular injection and
investigated the feasibility of this approach for hIGF1 gene
therapy in adult hSOD19?** ALS mice. These findings
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Fig. 4 ScAAV9-hIGF1 protects
skeletal muscle and motor
neurons and reduces astroglial
and microglial responses in ALS
mice. a Effects of scAAV9-hIGF1
on skeletal muscle pathology in
hSOD19%** mice. H&E and
NADH staining of gastrocnemius
muscle sections in AAV9-GFP-
and scAAV9-hIGF1-treated mice
at 110 days of age. Scale

bar =100 pm. b Statistical
analysis of the average muscle
fiber area. ¢ IHC for SMI-32,
GFAP, and Ibal of AAV9-GFP-
and scAAV9-hIGF1-treated mice
at 110 days of age. Scale

bar = 200um. Quantification of
SMI-32 (d), GFAP (e), and Ibal
(f) in AAV9-GFP- and scAAV9-
hIGF1-injected mice at 110 days
of age. There are all significant
differences
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indicated that a single i.m. injection of sSCAAV9 can induce
retrograde axonal transport to MNs in adult mice.

The main delivery routes of the ALS animal model include
intravenous injection, subcutaneous injection, intramuscular in-
jection, intracerebroventricular injection, intrathecal injection,
and so on. In our laboratory, we examined intravenous
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Fig. 5 Immunofluorescence co-localization analysis of DAOp>
distribution in the lumbar spinal cord. The co-localization of NEUN (a),
Ibal (b), and GFAP (c) in the anterior horn of the lumbar spinal cord of
AAV9-GFP- and scAAV9-hIGF1-treated mice at 110 days of age. DAO

is primarily distributed in neurons and upregulated in scAAV9-hIGF1-
treated mice. Scale bar = 100 pm
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Fig. 6 ScAAV9-hIGF1 upregulated DAO expression and reduced the D-
serine level. a Western blot images and b quantitative densitometry of
DAO standardized with (-actin in spinal cords of AAV9-GFP- and
scAAV9-hIGF1-treated mice at 110 days of age. ¢ Analysis of RT-PCR
in lumbar spinal cord in the AAV9-GFP- or scAAV9-hIGF 1-treated mice

injection, intrathecal injection, intracerebroventricular injec-
tion, and intramuscular injection. In our experimental findings,
intravenous injection use a large dosage, poor targeting, and
poor curative effect; intrathecal injection use a small dosage,
have a good curative effect, but have a large trauma; and intra-
cerebroventricular injection also use a small dosage, prolonged
the survival, but did not delay the onset and have a large trau-
ma. Intramuscular injection is a common administration, and
the dosage compared with intravenous injection is small, strong
targeting, good effect, and noninvasive.

IGF1 has previously been shown to have a substantial ef-
fect on the SOD19%*A ALS disease model, but its effect in
human clinical trials for ALS has been consistently negative,
suggesting that inappropriate delivery approaches of these
agents is part of the problem [12, 33]. Clinical trials have
shown that repeated subcutaneous injections of rhIGF1

-.

100um

showed that DAO mRNA was significantly upregulated in the scAAV9-
hIGF1 group. d Immunofluorescence quantity analysis showed that D-
serine decreased in SCAAV9-hIGF1-treated mice. e D-serine co-
localization with GFAP in the two groups of mice throughout the lumbar
spinal cord

protein, through blood circulation to the central nervous sys-
tem, which has a short half-life, and low bioavailability (dif-
ficult to pass the blood-brain barrier), cannot be sustained and
play a stable role. Gene therapy may solve this problem. The
intramuscular injection of sScAAV9 for retrograde transmission
to motor neurons was confirmed by subsequent experiments
in adult SOD19%** ALS mice. The present study showed that
scAAV9-hIGF1 injected into a number of muscles significant-
ly increased the life expectancy of hSOD19%** ALS mice and
improved behavioral performance.

However, the protection mechanism of IGF1 remains un-
clear. Previous experiments have confirmed that D-serine is
elevated in amyotrophic lateral sclerosis [5]. Enhanced gluta-
mate toxicity via overproduction of D-serine in glial cells is a
mechanism of ALS motor neuron death, and D-serine was
increased in the ALS spinal cord [34]. D-serine is primarily
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Hoechst/
TUNEL

Fig. 7 ScAAV9-hIGF1 inhibited
apoptosis in ALS mice. a TUNEL
staining and cleaved caspase3
with Hoechst nuclear
counterstaining of the lumbar
spinal cord in 110-day mice
treated with AAV9-GFP or
scAAV9-hIGF1. b Western
blotting of active phosphorylated
Akt (P-AKT) and AKT in the
lumbar spinal cord of ALS mice
treated with AAV9-GFP and
scAAV9-hIGF1. ¢ Western
blotting of cleaved caspase3 in the
lumbar spinal cord of ALS mice
treated with AAV9-GFP or
scAAV9-hIGF1. d Western
blotting of cleaved caspase9 in the
lumbar spinal cord of the two
groups of ALS mice. e, f, g, h, i
Quantification evaluation of
TUNEL (e), cleaved caspase3 (f,
h), P-AKT (g), and cleaved
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degraded by DAO [35]. In the present study, we applied a
series of experiments and observed that the level of DAO in
scAAV9-hIGF1-treated mice was significantly higher than
that in the AAV9-GFP group. These results provide the first
evidence that IGF1 may partially, through the upregulation of
DAO expression, reduce glutamate excitability toxicity.

b

A sgRNA-Lacz

- sc.

a2 A NN

Body weight (g)

~®~ sCAAV9-sgRNA-IGF1-Cas9

The cellular mechanisms of ALS disease progression
have not yet been elucidated. Glial cells play an impor-
tant role in the occurrence and progression of disease.
The basic pathological characteristics of ALS include
apoptosis of neurons and proliferation of the glial cells.
The study observed that IGF1 in the ALS disease model

. . ~#= scAAV9-sgRNA-Lacz-Cas9
AAV9-sgRNA-Lacz-Cas9 ~8~  ScAAV9-sgRNA-IGF1-Cas9
*

*

o

Fig. 8 IGF-1 deficiency in the CNS aggravated phenotype of
hSOD19%4 ALS mice. a The different hind limb-clasping and muscle-
wasting phenotypes in 85-day-old ALS mice. AAV9-sgRNA-IGF1-
Cas9-treated mice at 85 days showed marked hind limb muscle wasting
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compared to AAV9-sgRNA-LacZ-Cas9 mice. b Differences in the weight
loss between the two groups of the mice. ¢ Different behavioral scores
between the two groups of the mice. *P < 0.05, n =7
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Fig. 9 Immunofluorescence images and statistical analysis of DAO and
D-serine of lumbar myeloid anterior horn at 90 days of age. The results
showed that DAO expression was decreased (a, b) and D-serine

played a role in the activation of motor neurons in the
anti-apoptotic pathway, and have muscle nutrition ef-
fect, and so on, which shows that it plays a role in the
treatment of ALS. We observed that IGF1 overexpres-
sion can delay muscle atrophy and disease onset, pro-
long survival, inhibit caspase9 activation, and reduce
apoptosis in mice, consistent with the results of previ-
ous studies. We also observed that IGF1 overexpression
upregulated DAO levels, increased D-serine degrada-
tion, reduced microglial activation and astrocyte re-
sponses, and protected motor neurons. Further, we used
a CRISPR/Cas9 system to knock down IGF1 in ALS
mice and observed decreased DAO and increased D-

100um

expression was increased (¢, d) in IGF-1-deficient mice, and the IGF-1
deficiency in the CNS accelerated the loss of motor neurons (a) and
aggravated astroglial responses (¢) in ALS mice. Scale bar = 100 um

serine, and caspase9 activation, whereas IGF1 overex-
pression showed the opposite results, suggesting that
the DAO expression levels were positively regulated
by IGF1.

In summary, we showed that a single intramuscular injection
of scAAV9-hIGF1 vectors facilitated retrograde transport to mo-
tor neurons in hSOD19”** ALS adult mice. We further showed
that the intramuscular injection of scAAV9-hIGF1 significantly
alleviated the pathology of ALS mice, demonstrating the thera-
peutic efficacy of scAAV9-hIGF1 to protect motor neurons from
apoptosis through upregulation of DAO. This practical and ef-
fective method for delivering the IGF1 gene to the CNS may
have potential for use in the therapy of ALS patients.
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Fig. 10 Western blot analysis of DAO and apoptosis proteins of the
lumbar myeloid anterior horn at 90 days of age. a Western blot images
show the protein levels of DAO and mIGF1 in the lumbar spinal cords of
90-day ALS mice. b Western blot images show the protein levels of
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