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Superoxide dismutase1 (SOD 1) mutation is a leading cause of
familial amyotrophic lateral sclerosis (ALS). Growing evidence
suggests that antibody therapy against misfolded SOD1 protein
can be therapeutic. However, the therapeutic effects are
limited, partly because of the delivery system. Therefore, we
investigated the efficacy of oligodendrocyte precursor cells
(OPCs) as a drug delivery vehicle of single-chain variable
fragments (scFv). Using a Borna disease virus vector that is
pharmacologically removable and episomally replicable in the
recipient cells, we successfully transformed wild-type OPCs to
secrete scFv of a novel monoclonal antibody (D3-1), specific
for misfolded SOD1. Single intrathecal injection of OPCs
scFvD3-1, but not OPCs alone, significantly delayed disease
onset and prolonged the lifespan of ALS rat models expressing
SOD1 H46R. The effect of OPC scFvD3-1 surpassed that of a
1 month intrathecal infusion of full-length D3-1 antibody
alone. scFv-secreting OPCs suppressed neuronal loss and glio-
sis, reduced levels of misfolded SOD1 in the spinal cord, and
suppressed the transcription of inflammatory genes, including
Olr1, an oxidized low-density lipoprotein receptor 1. The use of
OPCs as a delivery vehicle for therapeutic antibodies is a new
option for ALS in which misfolded protein and oligodendro-
cyte dysfunction are implicated in the pathogenesis.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a lethal neurodegenerative dis-
ease characterized by progressive muscle weakness and respiratory
failure. Approximately 10% of ALS cases are familial, and 90% are
sporadic.1 Mutation in the genes encoding superoxide dismutase 1
(SOD1) account for 20% of familial ALS cases.2,3 Multiple treatment
approaches have been tested in animal models of ALS, including
pharmacological approaches, cell transplantation, and oligonucleo-
tide therapy.4–6 Similarly, various cell transplantation therapies
312 Molecular Therapy: Methods & Clinical Development Vol. 28 March
This is an open access article under the CC BY license (http://creati
have been tested in vivo.6,7 Oligodendrocytes maintain the neuronal
architecture and serve as an energy supplier to neurons through
lactate monocarboxylate transporter (MCT). Recent evidence sug-
gests the dysfunction and turnover acceleration of oligodendrocytes
in ALS transgenic (Tg) mice. Hence, oligodendrocyte precursor cells
(OPCs) are likely to be involved in the pathogenesis of ALS from an
early stage.8,9 Therefore, OPCs are potential candidates for cell trans-
plantation in ALS.

Protein misfolding underlies the molecular basis of ALS. The elim-
ination of these pathogenic proteins, specifically by antibodies, is
an ideal and rational therapeutic strategy. The efficacy of vaccina-
tion or antibody infusion has been reported against misfolded
SOD1 proteins in rodent models.5,10–12 However, the efficacy
was limited, and further modification can improve the effect. In
this regard, antibody delivery is a crucial factor that can augment
the effect because the infusion of antibodies results in diffusion in
cerebrospinal fluid (CSF) or entrapment in systemic tissues. There-
fore, we tested a combination therapy of OPC transplantation and
an antibody targeting extracellular SOD1, using a single chain of
variable fragments (scFv) derived from a monoclonal antibody
against misfolded SOD1.

Vector choice is crucial when using transformed cells in the clin-
ical setting. As OPCs are dividing cells, gene delivery vectors
should be replicable and should assemble with the host DNA.
Additionally, host genes should not be affected by the vectors,
such as chromosome integration in lentivirus. Adeno-associated
2023 ª 2023 The Author(s).
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virus (AAV) vectors are a safe and effective modality already used
clinically, but they do not replicate. Borna disease virus (BoDV) is
a non-segmented negative-strand RNA virus that establishes
persistent infection in the nucleus.13 BoDV stays episomally inside
the nucleus, with no concern for chromosomal integration. Viral
ribonucleoproteins bind and segregate with host chromosomes
during cell division.14 Another advantage of BoDV is its remov-
ability; the antiviral drug favipiravir can eliminate the virus.15,16

We have developed an RNA virus-based episomal vector (REVec)
as a non-integrating stable gene expression system based on the
features of BoDV.16

In this study, we report the high therapeutic potential of novel immu-
notherapy using OPCs expressing therapeutic scFv against toxic
SOD1 proteins in ALS rat models.

RESULTS
Generation of the D3-1 antibody broadly targeting misfolded

SOD1

The D3-1 monoclonal antibody (D3-1 mAb) was produced using a
standard immunization protocol after immunizing mice with the re-
combinant demetalated (apo) SOD1G93A protein,17 followed by hy-
bridoma screening through positivity to apo SOD1WT and negativity
with native SOD1WT (Figure 1A). Positive selection of apo-wild-type
(WT) SOD1 was based on previous notions, including ours, that apo-
WT structurally mimics familiar ALS (FALS) SOD1 mutants.18 The
second screening used cell culture studies transfected with FLAG-
fused WT and mutant SOD1 plasmids. A double immunofluores-
cence study using HeLa cells tested mAb clones for binding to several
kinds of SOD1 mutants but not with WT. On the basis of multiple
confocal microscopic evaluations, we selected one clone, D3-1, that
recognized SOD1A4V, SOD1H46R, SOD1G85R, SOD1G93A, and
SOD1I112M, but not SOD1WT (Figure 1B). Immunohistochemistry
(IHC) of spinal cords from SOD1G93A and SOD1WT mice littermates
also displayed similar results, in which D3-1 recognized only
SOD1G93A but notWT (Figure 1C). D3-1 reacted with several mutant
types of SOD1 proteins in spinal cord sections from patients with
FALS. In contrast, D3-1 did not recognize SOD1 in patients with spo-
radic ALS or other neurodegenerative diseases (Figure 1D; Table S1).
Epitope mapping using various recombinant SOD1 fragments (Fig-
ure S1) revealed that the epitope of D3-1 exists within residues
116–123, covering b7 and a part of active site loop (Figures 1E and
1F).19 In particular, Thr116 and Ala123 are crucial epitopes for
D3-1 (Figure S1C).
Figure 1. Generation of monoclonal antibody (D3-1) against misfolded superox

(A) Schematic diagram of D3-1 generation. The D3-1 monoclonal antibody was produ

Hybridoma cells secreting IgG that reacted with apo WT SOD1 but not with native WT S

HeLa cells expressing FLAG-tagged SOD1. Scale bars: 50 mm. (C) Using D3-1 as the

denotes mutated SOD1), (D) SOD1 mutated patients with ALS (I112T and C6G), patien

bars: 500 mm (C) and 25 mm (D). (E) Amino acid map of SOD1 proteins and structural and

active site loop. (F) Schematic diagram of the three-dimensional structure of SOD1 (PDB:

blue) of the SOD1 dimer, respectively. The molecular graphics were performed with

Informatics at the University of California, San Francisco, with support from National In
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Four week intrathecal infusion of D3-1 full-length mAb improved

the phenotypes and extended the lifespan of SOD1H46R rats

Before stepping forward to our ultimate goal of using scFv, we inves-
tigated the therapeutic potential of D3-1 mAb against extracellular
SOD1 proteins. As a disease model, transgenic rats with SOD1H46R

mutation were chosen. The SOD1 H46R rats we generated have a
slower onset and progression rate than SOD1G93A transgenic rats. It
should be noted that interindividual variation is small among the
same genotype, allowing us to assess the therapeutic effect consis-
tently.20,21 Patients with ALS and SOD1H46R are slowly progressive;
however, the phenotype of transgenic SOD1H46R rats is an appropriate
model for our strategy. The larger population of patients with ALS
and SOD1H46R also promoted us to use this genotype. Using this
model, we tested the therapeutic effect of full-length D3-1 mAb (FL
D3-1) intrathecally administered by an osmotic pump for 4 weeks
at 19 weeks, approximately 2–4 weeks before onset (Figure 2A).
D3-1 mAb significantly extended lifespan by 15 days compared
with phosphate-buffered saline (PBS) infusion (213.5 ± 6.9 days in
PBS-treated rats versus 228.5 ± 16.7 days in D3-1-treated rats, n =
12, p = 0.0127) (Figure 2B). The onset, determined as the beginning
of body weight loss, was significantly delayed by 1.5 weeks. Body
weight measurements revealed a significantly slower loss in D3-1-
treated transgenic rats from 27 to 28 weeks than PBS-treated trans-
genic rats (p < 0.001; mean 74.13% ± 17.31% in D3-1-treated rats
versus 59.21% ± 9.90% in PBS-treated rats at the age of 28 weeks)
(Figure 2C). The inclined plate test revealed that D3-1-treated ani-
mals could stay significantly longer, indicating preserved hindlimb
strength compared with those treated with PBS (p < 0.0001; mean
52.08� ± 5.94� in D3-1-treated rats versus 41.25� ± 8.20� in PBS-
treated rats at the age of 28 weeks) (Figure 2D). The grip strength
test showed that D3-1-treated rats had a significantly slower decline
in forelimb muscle strength than PBS-injected ones (p < 0.05; mean
0.3947 ± 0.280 g in D3-1-treated rats versus 0.1327 ± 0.066 g in
PBS-treated rats at the age of 28 weeks) (Figure 2E). Reflex scores,
the functional scale of upper motor neurons, demonstrated that
D3-1-treated rats showed significantly higher reflex scores from 26
to 28 weeks of age compared with those treated with PBS
(p < 0.001; mean 2.167 ± 1.280 in D3-1-treated rats versus 3.273 ±

0.850 in PBS-treated rats at the age of 28 weeks) (Figure 2F). The mo-
tor function scores of D3-1-treated rats showed slower progression
than those of PBS-treated rats after 29 weeks of age (Table S2). The
presence of D3-1 mAb in the CSF after four weeks was confirmed
by using an enzyme-linked immunosorbent assay (ELISA). The re-
sults showed that the D3-1 mAb remained in the CSF from the Tg
ide dismutase 1 (SOD1)

ced using standard procedures after immunizing mice with rec apo G93A protein.

OD1 were selected by ELISA. (B) Confocal microscopic analysis was performed on

first antibody, IHC of the spinal cords from SOD1WT mice, SOD1G93A mice (arrow

ts with sporadic ALS (sALS) and control (patients with Parkinson’s diseases). Scale

functional domain information. This epitope may contain a b sheet (b7) and a part of

3T5W). D3-1 epitope (116–123) is colored red and blue in chains A (pink) and B (light

UCSF Chimera, developed by the Resource for Biocomputing, Visualization, and

stitutes of Health (NIH) grant P41-GM103311.19
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Figure 2. Delayed disease onset and extended

lifespan in D3-1 treated-SOD1H46R rats

(A) Administration schedule. D3-1 mAb was intrathecally

administered to preclinical SOD1H46R rats using an

osmotic pump for 4 weeks at 19 weeks. (B) Intrathecal

administration of D3-1 increased the lifespan of

SOD1H46R rats. The Kaplan-Meier curve for survival is

shown (n = 12, p < 0.0001 by log-rank test). (C)

Reduction in body weight loss (n = 12, p < 0.01). D3-1-

treated rats are shown in blue, and PBS-treated rats are

shown in red. (D) Inclined plate test, (E) forelimb grip

power, and (F) hindfoot reflex score: the score on each

test was determined for SOD1H46R rats injected with

D3-1 and with PBS (n = 12 for all). D3-1 treatment

significantly improved motor performance (p < 0.001 by

post hoc test) compared with PBS-administered rats.

Each point indicates average ± SD. Differences were

evaluated by two-way ANOVA. (G) The presence of

D3-1 mAb in the D3-1-treated rats’ CSF after 4 weeks

was confirmed by an ELISA. ELISA for a full-length D3-1

in CSF from treated and PBS-injected controls was

conducted to confirm the presence of antibodies.

Differences were evaluated using Student’s t test

(mean ± SD from three independent experiments;

*p < 0.05).
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rats four weeks after initiating the infusion (p < 0.05; mean 2.810 ±

1.192 in D3-1-treated rats versus 0.1264 ± 0.3818 in PBS-treated
rats at 4 weeks after administration). To roughly estimate the D3-1
concentrations in the CSF of treated rats, an ELISAwas performed us-
ing WT rats independently. The concentrations of CSF D3-1 after
4 weeks of osmotic pump administration were 0.485 ± 0.237 mg/mL
(Figure S2), which implies comparable concentrations in Tg rats.

Preservation of the antigen specificity of scFv of D3-1 mAb

Subsequently, cDNA for variable fragments of the light chain (VL)
and heavy chain (VH) was cloned from D3-1 hybridoma cDNA to
Molecular Therapy: Methods &
generate the scFv of D3-1 (scFvD3-1), as previ-
ously reported.22 The native signal peptides of
VH of D3-1 and Myc tag sequences were fused
at the amino and carboxyl termini, respectively
(Figures 3A and 3B). We performed immuno-
precipitation and western blotting (WB) ana-
lyses to investigate the mutant SOD1-specific
interaction of D3-1 scFv, using the mixture of
cell lysates from FLAG-SOD1-transfected cells
and the conditioned medium of Myc-D3-1
scFv-transfected cells. We confirmed that
scFvD3-1 pulled down only with mutant
SOD1 proteins but not with WT, as observed
in the full-length D3-1 (Figure 3C). Following
confirmation of the antigen specificity of
scFvD3-1 and full-length D3-1, we constructed
a Borna disease virus vector to transduce
scFvD3-1 cDNA into OPCs. BoDV is an RNA virus-based episomal
vector that functions as a non-integrating stable gene expression sys-
tem. We created a defective transmission vector lacking the viral
glycoprotein (G) gene (DG-REVec). As DG-REVec lacks the viral en-
velope protein, it can initially infect cells and generate viral proteins
but does not generate infectious progeny viral particles.18 GFP was in-
serted in tandem to visualize the infection efficiency (Figures 3D and
3E).We confirmed that scFv was secreted into themedium of infected
OPCs using western blotting. The secretion was endoplasmic reticu-
lum-Golgi mediated, as brefeldin A inhibited extracellular scFvD3-1
(Figure 3F).
Clinical Development Vol. 28 March 2023 315
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Phenotypic improvement of SOD1H46R rats by intrathecal

injection of scFvD3-1-secreting OPCs

We examined the efficacy of intrathecal transplantation of OPCs with
or without scFvD3-1 secretion on the lifespan of rats with ALS. The
intracisternal route was chosen to increase cell diffusion in CSF.
OPCs expressing secretory scFvD3-1(OPC scFvD3-1) or GFP alone
(OPC GFP) were injected intrathecally into SOD1H46R rats at the
age of 19 weeks (Figure 4A). As a procedural control, the conditioned
media of OPC were injected. First, we observed no significant effect of
the OPC-GFP on various phenotypic evaluations, including lifespan,
body weight, inclined plate test, grip power, and hindlimb reflex,
compared with the medium control. In contrast, OPC scFvD3-1
showed a significant extension of average lifespan by 31.5 or
38 days compared with that of OPC-scFv or medium control, respec-
tively (260.5 ± 24.1 versus 229 ± 15.3 versus 222.5 ± 9.8 days in OPC-
scFv, OPC alone, and medium, respectively; n = 10, p = 0.0015) (Fig-
ure 4B). Moreover, OPC scFvD3-1 suppressed the weight reduction at
the age of 26–29 weeks (97.60% ± 13.8% versus 78.16% ± 15.3%
versus 75.80% ± 10.6% in OPC-scFvD3-1, OPC alone, and medium,
respectively p < 0.0001 at the age of 29 weeks) (Figure 4C). The in-
clined plate test demonstrated that OPC-scFv-treated animals main-
tained a significantly longer stay on the higher angle slope compared
with those treated with OPC GFP or medium (p < 0.0001; mean 55� ±
0� in OPC scFvD3-1, 43� ± 9.5� in OPC alone, and 43� ± 7.5� in the
medium at the age of 29 weeks) (Figure 4D). Grip power revealed a
significantly slower decline of muscle strength in rats with OPC
scFvD3-1 than those with OPCs alone or with medium control
(p < 0.0001; mean 0.6397 ± 0.2341 g in OPC scFvD3-1 versus
0.3054 ± 0.2547 g in OPC alone versus 0.2120 ± 0.0873 g in the me-
dium at the age of 29 weeks) (Figure 4E). Reflex scores, the functional
scale of upper motor neurons, demonstrated that OPC scFvD3-1-
treated rats showed significantly higher reflex of the hindlimb from
26 to 28 weeks of age compared with those treated with OPC-GFP
or control medium (p < 0.001; mean 0.8 ± 1.1 in OPC scFvD3-1
versus 2.6 ± 1.2 in OPC-GFP versus 2.7 ± 0.8 at the age of 29 weeks
in the medium) (Figure 4F). Motor function scores of OPC scFvD3-1-
treated rats displayed slower decline than those of medium or OPC-
GFP-treated rats after 30 weeks of age (Table S2). To estimate whether
OPC-scFv therapy surpasses FL D3-1 injection, we compiled data
from two different surgical approaches and performed a log rank
analysis of the median survival in five groups (12 in each in intrathecal
osmotic pumping of FL D3-1 with control, 10 in each in an intracis-
ternal injection of OPC-scFv D3-1 and controls). The results showed
that OPC scFvD3-1 achieved a significantly longer survival, as long as
40 days compared with 15 days in intrathecal FL D3-1 injection
(p < 0.0001) (Figure 4G). A direct comparison is difficult because
Figure 3. Generation of an RNA virus-based episomal vector (REVec) carrying

(A) DNA and peptide sequences of single-chain variable fragments of D3-1 antibody (sc

profiles of scFvD3-1. (C) Immunoprecipitation experiment showing scFvD3-1 secreted

profiles ofDG-REVec-scFvD3-1 GFP. GFP and scFvD3-1 were inserted between the P a

transduced DG-REVec -scFvD3-1 GFP showed OPCs were the OPCs expressed GF

conditioned medium in which OPCs incubated transducted DG-REVec -scFvD3-1 G

inhibited OPCs secreted scFvD3-1. In (C), (E), and (F), all experiments were conducted

Molecular
the duration of antibody administration and the invasiveness of the
surgery are different between 4 week antibody administration and a
single transplantation of antibody-secreting cells. We also tested the
effect of intraparenchymal injection of these cells into lumbar spinal
cords, expecting that transplanted OPCs would provide regenerating
effects in the oligodendrocyte surroundings with an aberrantly rapid
turnover.8 However, neither the intraparenchymal injection of OPC
GFP nor OPC scFvD3-1 was effective on survival and motor
functions (n = 10, p > 0.1) (Figures S3B–S3F). Fluorescent immuno-
staining revealed that transplanted OPCs with BoDV-GFP and BDV-
scFv-GFP were detected 2 days after administration, which decreased
gradually after 1 and 3 weeks for both (Figure S3A).

scFvD3-1-expressing OPCs in rat CSF suppressed gliosis and

preserved spinal motor neurons and neuromuscular junctions

by reducing misfolded SOD1

We further performed IHC for quantitative analysis of the rat spinal
cord, using antibodies against choline acetylcholine transferase
(ChAT), ionized calcium-binding adapter protein 1 (Iba-1), and glial
fibrillary acidic protein (GFAP) for spinal motor neurons, microglia,
and astrocytes, respectively. As shown in Figure 5A, OPC-scFvD3-1
prevented the loss of motor neurons and suppressed the proliferation
of microglia and astrocytes in the lumbar spinal cords of SOD1H46R

rats at 25 weeks of age (Figures 5A–5D).We also investigated the effect
of OPC-scFvD3-1 on the denervation by evaluating intact neuromus-
cular junctions (NMJs) at 25 weeks. Sections from the tibialis anterior
muscles of SOD1H46R rats were co-stained with bungarotoxin (BTX)
(binding to the nicotinic acetylcholine receptor of NMJ) and anti-syn-
apshin1 antibody (peripheral synaptic vesicle protein), in which intact
NMJs were quantified by counting overlaid spots. The results showed
that the OPC scFvD3-1 injection significantly prevented the loss of
intact NMJs (Figures 5E and 5F).We investigated the presence of trans-
planted OPCs immunohistochemically at 3 days and 4 weeks after
administration around the cisterna magna. On day 3, OPCs were
observed around the pia mater in cisterna magna (Figures 5G and
5H), whereas they were far less detectable 4 weeks later (Figures 5I
and 5J). Conversely, the use of sandwich ELISA to investigate scFv ac-
tivity in the CSF showed a gradual rise in the scFv reactivity until
4 weeks after the injection (Figures 6A and S4). Subsequently, we exam-
ined whether OPC-derived scFvD3-1 would provide a quantitative
impact on misfolded SOD1 proteins. The tissue homogenates from
the lumbar spinal cord of rats 8 weeks after administration were sepa-
rated into detergent-soluble and detergent-insoluble fractions.Western
blotting using an anti-misfolded SOD1 antibody (C4F6) demonstrated
that SOD1 was decreased in detergent-soluble and detergent-insoluble
fractions (Figures 6B–6D). To investigate whether intracisternal
scFv D3-1

FvD3-1) of the heavy chain (VH) (blue line) and light chain (VL) (red line). (B) Domain

by HEK293A cells recognize mutated SOD1 in HEK293A cell lysates. (D) Domain

ndM genes, and the G gene was lacking. (E) Confocal microscopic analysis of OPCs

P and scFvD3-1 sufficiently. Scale bar: 25 mm. (F) Western blotting analysis of the

FP showed the OPCs secreted scFvD3-1 in the conditioned medium. Brefeldin A

at least three times to ensure reproducibility.
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Figure 4. Single intrathecal injection of OPC

scFvD3-1 delayed disease onset and increased the

lifespan of SOD1H46R rats

(A) Transplantation schedule. Intrathecal transplantation

was performed on pre-symptomatic SOD1H46R rats at

19 weeks of age. (B) Intrathecal administration of OPC

scFvD3-1 increased the lifespan of SOD1H46R rats. The

Kaplan-Meier curve for survival is shown (n = 10 for all,

p < 0.0001 by log-rank test) (C) Reduction in body

weight loss (n = 10, p < 0.01) OPC scFvD3-1-treated

rats are shown in blue, OPC GFP-treated rats are

shown in green, and medium-treated rats are shown in

red. (D) Inclined plate test, (E) forelimb grip power, and

(F) hindfoot reflex score: the score on each test was

determined for SOD1H46R rats injected with OPC

scFvD3-1, OPC GFP, and with medium (n = 10 for all).

OPC scFvD3-1 treatment significantly improved motor

performances (p < 0.001 by post hoc test) compared

with OPC GFP or medium-administered rats. (G)

Table showing the mean survival in 5 groups (rats

treated with medium, OPC GFP, OPC scFvD3-1 [n =

10], PBS, and D3-1 [osmotic pump, n = 12]). Their

survival curves (Figures 2A and 4A) were compared

using log-rank test and showed that only the group

receiving OPC scFvD3-1 had a statistically superior

survival (p < 0.0001). Each point indicates average ±SD.

Differences were evaluated by two-way ANOVA.
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injection of OPC affects the functions of endogenous oligodendrocytes,
we examined the expression levels ofMCT-1 in the lumbar spinal cords
from treated rats by western blotting since MCT-1 is reportedly
decreased in the ALS tissues. MCT-1 was unchanged by the injection
of OPC solo or OPC-scFv D3-1 (Figures 6E and 6F).

Microarray analysis revealed that OPC scFvD3-1 improved

neuroinflammation via chemokines

To further investigate the molecular mechanisms that endow the
therapeutic benefit of the OPC scFvD3-1 transplantation, we
performed a microarray analysis of the lumbar spinal cord tissue of
318 Molecular Therapy: Methods & Clinical Development Vol. 28 March 2023
SOD1H46R rats 8 weeks after the administration
of medium, OPC GFP, or OPC scFVD3-1 (n =
3). As shown in the heatmap by function and
bubble plot of gene ontology term enrichment,
many genes related to inflammation were
decreased in rats treated with OPC scFvD3-1
(Figures 7A–7C and S5; Table S3). As oxidized
low-density lipoprotein (LDL) receptor 1
(Olr1), chemokine (C-C motif) ligand 2
(Ccl2), chemokine (C-X-C motif) ligand 13
(Cxcl13), podoplanin (Pdpn), Fc fragment of
IgG receptor IIb (FcGR2B), and TNF alpha-
induced protein 6 [(human)] (Tnfaip6) showed
a remarkable decrease, a real-time qPCR anal-
ysis was performed using the same sample.
The results showed that Olr1 and Tnfaip6
significantly decreased, while other chemokines showed non-signifi-
cant trends of decrease in the OPC scFvD3-1 compared with GFP
OPC or medium control (Figures 7D–7I).

DISCUSSION
In this study, we proposed a new therapeutic paradigm for ALS; the
use of OPCs as a delivery vehicle of a therapeutic antibody. Using
an amplification-deficient BoDV vector, OPCs were safely trans-
formed to secrete therapeutic scFv targeting misfolded SOD1.
BoDV can remain and multiply episomally inside the nucleus of
the host cells without affecting genomic integrity, which is an ideal
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Figure 5. Injection of OPC scFvD3-1 decreased glial activation and neuronal loss of neuromuscular junction (NMJ) denervation in SOD1H46R rats
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calcium-binding adapter protein 1 (Iba-1) and glial fibrillary acidic protein (GFAP) antibody. (B) Motor neuron loss was reduced by OPC scFvD3-1 treatment. Quantification of

(legend continued on next page)
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viral vector for dividing cells such as OPCs.16 OPC seems ideal as a
carrier of antibody secretion because of its motility and divisibility.
Another merit of BoDV is its removability; the antiviral drug favipir-
avir can eliminate BoVD.15 Together with a safe and multiplying viral
vector such as BoDV, it could apply to other therapeutic strategies. In
addition to antibodies,23 other substances, such as antisense oligonu-
cleotides22 and growth factors24 can be secreted, and multiple sub-
stances can be secreted as long as they are large enough to fit into a
vector. Importantly, direct injection of transmission-free BoDV vec-
tor into the rat brain caused no hazardous phenotypes.25 We did not
observe the cytopathic effect of engineered BoDV; however, BoDV
negatively affects the production of brain-derived neurotrophic factor
(BDNF), an important survival factor for neurons.26 Moreover, a
more precise evaluation is necessary regarding its effect on cell migra-
tion or immunogenicity of the recipient cells, which may augment the
therapeutic efficacy. The comparison between BoDV and other repli-
cable vectors, such as lentivirus, also deserves consideration.

To date, no report has shown the therapeutic effect of OPC transplan-
tation in ALS model animals, whereas many studies have reported the
effects in spinal cord injury models.27 In our study, the transplanta-
tion of OPCs alone in intrathecal space or spinal cord parenchyma
failed to ameliorate ALS phenotypes of transgenic SOD1H46R rats
(Figures 4 and S1). The lack of apparent effect of OPC-solo transplan-
tation may have several explanations, such as poor adhesion or incor-
poration of OPC cells and the hazardous effects of BoDV. A previous
report showed that the oligodendrocyte-specific deletion of mutant
SOD1 showed only a limited rescue of the ALS phenotype in
mice.28 Additionally, the neurotoxicity of CSF from patients with
ALS has been reported.29 A previous report documented that CSF
toxicity in patients with sporadic ALS was diminished by eliminating
misfolded SOD1.30 MCT-1 dysfunction has been demonstrated in
ALS; however,8 a report showed that the forced expression of
MCT-1 in ALS model mice using AAV had no therapeutic effect.31

The regeneration of OPCs is not sufficient to prevent motor neuron
degeneration. Instead, the advantage of OPCs is safety with no
concern for tumorigenesis or neuroinflammation.

We attempted two approaches for OPCs transplantation; intrathecal
and parenchymal routes. In our study, the administered OPC re-
mained around the cisterna magna for 3 days after the injection.
However, OPCs were almost undetectable at 4 weeks after the trans-
plantation, despite the constituted scFv activity (Figure S4). The direct
injection of OPCs into the spinal cord parenchyma failed to acquire
engraftment. Therefore, the injected OPCmay reside in the subarach-
immunoreactivity score for Iba-1 (C) and GFAP (D) showed a statistically significant redu

group; p < 0.05, C and D data point was obtained by normalization to the average signal

neuromuscular junction (NMJ) denervation in SOD1 rats. (F) Quantification of NMJ dener

compared with OPC, GFP, andmedium. (G) Immunofluorescent images of the brainstem

before. Six clusters of injectedOPCwere detected (arrows in white and red). Arrow in red

shown in (H). (I) Immunofluorescent images of the same region 4 weeks after injecting O

higher magnified image shown in Figure 5J. All immunostaining was performed on thre

stained using the antibody of interest. Scale bars: 50 mm (A), 25 mm (E), 100 mm (G), 2
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noid space, weakly adhering to the pia or arachnoid membranes. This
could be why the transplants were hardly detectable using perfusion
or rinsing procedures, which implies that the implanted OPCs may
have weakly adhered to the subarachnoidal membrane. Another pos-
sibility is that the BoDV vector might have affected the adhesion and
migration of OPCs, providing an avenue for further investigation.
The reason why lower limb functions were preserved despite the
lack of remaining OPCs in the lumbar spines is unclear; however,
we assume that the diffusion of the scFv throughout the CSF would
have provided a therapeutic effect, as reported previously.5 Consid-
ering the augmented benefit of OPC-scFvD3-1 compared with
intrathecal injection of a full-length antibody, modification of the
transformation to enhance the adhesion of OPCs may further
improve the efficacy.

The reason why OPCs were not engrafted in the parenchyma is un-
clear; however, the extracellular milieu, such as mutant SOD1 might
affect the survival of oligodendrocytes. Mutant SOD1 is secreted from
various cell types and is implicated in microglial activation or cell-to-
cell spreading.32 Numerous studies have documented the therapeutic
benefits of passive or active immunization against misfolded
SOD1.5,10,12,33 Our monoclonal antibody D3-1 specifically recognizes
misfolded SOD1. Multiple misfold-specific antibodies have been tried
for immunotherapy in ALS models so far12,13,34–38; however, not all
antibodies have been effective. We adopted several stages of screening
processes, including IHC using human and mouse tissues and immu-
noprecipitation assay. Our results indicate that conformation-
conscious selection is effective in obtaining therapeutic antibodies.
The misfolded SOD1 in the spinal cord also decreased significantly,
which may also contain parenchymal SOD1. A similar result was
also reported by Gros-Louis et al.,12 who showed that secreted
SOD1 was incorporated into cells and promoted endosomal proteol-
ysis. This is possible, and we also assume the “sink effect” of extracel-
lular scFv by decreasing extracellular SOD1.

Significantly, oligodendrocytes are actively involved in the immune
response.39 Our transcriptome assay revealed a gross reduction in
the expression of inflammation-related genes in the spinal cords of
SOD1H46R rats treated with OPC scFvD3-1, in which Olr1 and Ccl2
showed a marked decrease. OLR1 and CCL2 proteins reportedly
promote neuroinflammation40,41 by microglial migration and activa-
tion.42,43 Moreover, CCL2 migrates natural killer (NK) cells and ac-
celerates motor neuron (MN) death.44 Conversely, CCL2 is neuropro-
tective.41,42 The exact role of CCL2 in the therapeutic benefit of OPC
scFvD3-1 is unclear, and its context-dependent action should be
ction of signals in treated rats compared with medium, and OPC GFP (n = 3 for each

intensity of three groups of rats). (E) Representative immunofluorescent images show

vation percentage showed OPC scFVD3-1 administration reduced NMJ denervation

and cerebellum around cisterna magna where OPC scFvD3-1 were injected 3 days

indicates the OPC cluster expressing NG2, the higher magnified image of which was

PC scFvD3-1. Arrow in red indicates the remaining OPCs, which express NG2, the

e animals. Approximately 96 sections were prepared per animal, six of which were

5 mm (H), 100 mm (I), and 25 mm (J).
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Figure 6. Injection of OPC scFvD3-1 continuously

secreted scFvD3-1 and reduced the burden of

misfolded SOD1 in SOD1H46R rats

(A) The concentration of scFvD3-1 in the cerebrospinal

fluid after 4 weeks was measured using sandwich

ELISA, using an anti-Myc antibody as a detection

antibody. The titer of scFv D3-1 was significantly higher

in scFvD3-1-treated rats than in OPC GFP or medium-

treated ones. (B) Western blotting analysis showed a

reduced misfolded SOD1 in the spinal cord of

SOD1H46R rats treated with OPC scFvD3-1 (C)

Intracysternal injection of OPC scFvD3-1 led to a

reduction of �19% in the levels of misfolded SOD1

species as detected by C4F6 antibody (p = 0.0293).

Regarding soluble fractions, the misfolded SOD1 of

OPC scFvD3-1-treated rats was significantly lower than

that of OPC GFP or medium-treated rats. (D) Regarding

insoluble fractions, the misfolded SOD1 of OPC

scFvD3-1-treated rats was significantly lower than that

of medium-treated ones; however, they were not

significantly lower than that of GFP OPC-treated ones.

(E and F) Western blotting analysis showed the same

amount of MCT-1 in the spinal cord of SOD1H46R rats

treated with medium, OPC GFP, and OPC scFvD3-1.

MCT-1 expression levels were reduced in all treated

SOD1H46R rats compared with WT rats. Equal amounts

of proteins were used, as shown on western blots,

after sodium dodecyl sulfate-polyacrylamide gel

electrophoresis with an actin antibody. Each data point

was obtained by normalization to actin. Data represent

mean ± SD. The p value was derived from one-way

ANOVA (mean ± SD from three independent

experiments; *p < 0.05).
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further investigated to recognize this two-face molecule as a therapeu-
tic target. OLR1 is the oxidized low-density lipoprotein receptor,
activated by oxidized LDL, and is implicated in NF-kB-mediated
inflammation.40 NF-kB reportedly mediates neurodegeneration in
TDP-43-linked ALS and is a potential therapeutic target.45,46 Recent
evidence has indicated the relationship between lipid metabolism and
pathological conditions in ALS,47–50 and proposes low LDL as a poor
prognostic factor in ALS.47,48 However, there has been a missing link
to provide molecular machinery between the bedside and bench.Olr1
Molecular Therapy: Methods &
mutation is a risk factor for Alzheimer’s disease,
and its downregulation attenuates brain injury
in neonatal hypoxic-ischemic encephalopathy
in rats.43,51 Our results indicate that OLR1 con-
tributes to lipid-mediated pathomechanism
in ALS.

The main limitation of this experiment was that
the survival of transplants was shorter than ex-
pected. There is a correlation between the anti-
body titer and survival time of SOD1 mice.5

Therefore, repeated injections or improvements
in cell culture conditions can augment efficacy
in the future. Intravenous administration may be another option
for cell transplantation.7 Besides, there are many unanswered ques-
tions regarding the effectiveness of OPC scFVD3-1. Elimination of
misfolded SOD1 was observed, and the microarray analyses partly
provided several answers regarding the suppression of neuroinflam-
mation. Considering the lack of benefit of OPC solo injection, it is
possible that the synergistic effect was attributable to long-term sur-
vival to allow perpetual scFv production. Another question is why the
parenchymal injection of OPCs-scFv D3-1 was ineffective. As shown
Clinical Development Vol. 28 March 2023 321
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in Figure S3, transplants survived for 2 days but almost disappeared
3 weeks after the injection. One possible explanation is that the extra-
cellular milieu affected the survival of the transplants. Another reason
might be the immunogenicity of the transformed OPCs. In addition,
the miscellaneous effects of the BoDV vector cannot be excluded. It is
expected that clarifying these factors may improve the efficacy OPC-
scFv therapy.

Furthermore, to apply our results to clinical use, there are several hur-
dles and challenges. One is the safety of the BoDV vector. There is a
technical challenge in obtaining human OPCs from human induced
pluripotent stem cells. The safety validation of the OPC transplanta-
tion should also be carefully performed. In addition, this study dem-
onstrates the efficacy of treatment in the pre-symptomatic stage of the
disease. However, the more critical issue regarding the efficacy of
post-symptomatic treatment was not answered, which requires future
investigation.

In conclusion, intrathecal transplantation of OPCs secreting thera-
peutic scFv against misfolded SOD1 is a novel therapeutic paradigm
for regenerative immunotherapy. Further investigation of the molec-
ular basis of the efficacy and manipulation to enhance engraftment is
required for clinical use.

MATERIALS AND METHODS
Generation and validation of mAb D3-1

The antigen peptide SOD1G93A was injected into C57Bl/6 mice. Hy-
bridomas were generated by fusing mouse splenocytes and P3-X63-
Ag8-U mouse myeloma cells using a conventional protocol with
50% polyethylene glycol. The first screening was positive/negative se-
lection against recombinant WT and WT apo SOD1 proteins by
ELISA. For epitope mapping, a pGEX-6P-1 vector for expressing
glutathione S-transferase (GST)-tagged deleted SOD1 peptide was
constructed using the KOD-Plus-Mutagenesis Kit (Toyobo, Osaka,
Japan). The GST-tagged deleted SOD1 peptides were expressed in
E. coli according to the manufacturer’s protocol and were purified
by eluting with a reduced glutathione solution using an immobilized
glutathione Sepharose 4B column (Cytiva). The purified GST-tagged
SOD1 peptides were diluted to 1 mg/mL with PBS. One hundred mi-
croliters of each peptide were added to each well of 96-well micro-
plates (Maxisorp, Nunc), incubated overnight at 4�C, washed three
times with Tris-buffered saline (TBS) containing 0.01% Tween 20
(TBS-T), and then blocked for 2 h at room temperature with 1%
BSA in PBS. The plates were washed three times with TBS-T, and
100 mL of mAb D3-1 diluted 1:1,000 or anti-GST (Cytiva) diluted
1:3,000 in TBS-T was added, followed by incubation for 1 h at
room temperature. The plates were washed three times with TBS-T,
and 100 mL of horseradish peroxidase-conjugated anti-mouse IgG
(Promega) or anti-goat IgG (Dako, Kyoto, Japan) diluted 1:5,000 in
Figure 7. Microarray analysis revealed that OPC scFvD3-1 improved immune r

(A–C) Bubble plot of Gene Ontology (GO) enriched by the differentially expressed genes. A

response). (D–I) Real-time qPCR analysis ofOrl1(D), Ccl2(E),Cxcl13(F), Pdpn(G), FcGR2

ANOVA (mean ± SD from three independent experiments; *p < 0.05). NS; not significa

Molecular
TBS-T was added and incubated for 1 h at room temperature. After
washing five times with TBS-T, the plates were developed using
100 mL of o-phenylenediamine dihydrochloride solution containing
0.015% hydrogen peroxide, and the reaction was stopped with
25 mL of 2 M HCl. The absorbance of each well was determined at
490 nm using a Spectramax spectrophotometer (Molecular Devices).
To identify essential amino acid residues for recognition of D3-1, su-
pernatants from E. coli extracts expressing GST-tagged deleted SOD1
peptides were applied for immunoblotting using the same antibodies.

Plasmid construction for SOD1

In cell culture studies, mammalian expression plasmids for SOD1
tagged with FLAG (pcDNA3-SOD1-FLAG) were constructed using
a conventional PCR technique, as described previously.52 Several
SOD1 substitution mutants with FALS-linked mutations (G93A,
G85R, A4V, H46R, and I112M) were generated by site-specific muta-
genesis, as previously described. The list of primer pairs is presented
in Table S5.

Generation of scFv from D3-1 mAb hybridoma

cDNA was generated from D3-1 hybridoma using mRNA purifica-
tion kits (Invitrogen, Carlsbad, CA) and cDNA generation (Toyobo)
with oligo-dT priming according to the manufacturer’s protocol, as
previously described.22 The first-strand cDNAs encoding variable
fragment regions of the heavy chain and light chain were amplified
separately using the primer pairs for VH and VL (for primer details,
see Table S5). The PCR products encoding VH and VL were reacted
with TOPO TA cloning vector (Invitrogen) and agarose gel-purified.
The VH and VL domains were assembled and linked with a flexible
15-amino acid linker (GGGGS � 3). The double-strand nucleotides
were synthesized coding GGGS � 3 linker (50-GGT GGA GGC
GGT TCA GGC GGA GGT GGC TCT GGC GGT GGC GGA
TCT-30 and 50-AGA TCC GCC ACC GCC AGA GCC ACC TCC
GCC TGA ACC GCC TCC ACC-30). Subsequently, reverse primer
spanning VH and the linker (50-GGC GGT GGC GGA TCT GAG
GTT CAG CTG CAG CAG T-30), and the forward primer spanning
the linker and VH, were annealed, which was used as a template for
PCR generating VH-linker-VL cDNA, which was subcloned into
pCMV-Myc vector (Clonetech) at EcoRI/KpnI sites, and subse-
quently subcloned into pcDNA3 at EcoRI/XhoI, using the primer
pair: 50-GCC CAG GCC CGA ATT CGC CAT GGA GGT TCA
GCT GCA GCA GT-30 and 50-AGC TTC TGC TCG CCG GTA
CCT ATT TCC AAC TTT GTC CCC-30.

Cell culture and transfection

All cultured cells were maintained at 37�C under 5% CO2 and 100%
humidity. HEK293A cells (Invitrogen, Carlsbad, CA) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM; Nacalai,
Kyoto, Japan) containing 10% fetal bovine serum (FBS) and
esponse via Orl1

bout medium versus OPCGFP, 4 of 5 GO term gene counts were 0 (except immune

B(H), and Tnfaip6(I) gene expression. The differences were evaluated using one-way

nt.
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penicillin/streptomycin (Nacalai). Vero cells stably expressing BoDVG
(Vero-BG) and Vero REVec-GFP cells were cultured in low-glucose
DMEM (Nacalai Tesque, Kyoto, Japan) supplemented with 2% FBS.
293T cells were cultured in high-glucose DMEM (Thermo Fisher Sci-
entific, Waltham, MA) supplemented with 10% FBS. The FuGene HD
transfection reagent (Promega) was used for plasmid transfection. At
48 h after transfection, the cells were treated for various analyses, as
indicated.

Immunofluorescence and microscopic analysis

Cultured cells were fixed in 4% paraformaldehyde (PFA) in PBS (pH
7.2) and permeabilized with 0.1% Triton X-100/PBS containing 5%
normal goat serum as a blocking agent. Cells were incubated with a
primary antibody (4�C, overnight) and subsequently with a fluoro-
phore-tagged secondary antibody (Alexa; Invitrogen) for 1 h at
room temperature. The cells were counterstained with 4-6 diami-
dino-2-phenylindole (DAPI). Fluorescence images were obtained us-
ing a confocal laser microscope (FV1000-D IX81; Olympus, Tokyo,
Japan or SP8, LEICA, Wetzlar, Germany). The antibodies used in
this work are described in Table S4.

Western blotting and immunoprecipitation assays

Cultured cells and rat tissues were lysed in immunoprecipitation
assay (RIPA) buffer (20 mM HEPES-KOH [pH 7.4], 125 mM
NaCl, 2 mM EDTA, 1% Nonidet-P40, 1% sodium deoxycholate) con-
taining a protease inhibitor cocktail (Roche, Basel, Switzerland). The
experimental protocols for preparing tissue lysates are indicated later.
In several experiments, cultured cells were directly solubilized in so-
dium dodecyl sulfate (SDS) buffer containing 2-mercaptoethanol for
western blotting. In immunoprecipitation, to make cell lysates con-
taining human SOD1, HEK293A cells were transfected with the plas-
mids for human SOD1 of WT or several mutants (SOD1A4V,
SOD1H46R, SOD1G85R, SOD1G93A). To obtain the conditioned medium
of the cells secreting scFv, the same cells were transfected with empty
vectors and those for scFvD3-1. Ten percent fractions of SOD1-trans-
fected cell lysates (10 mL) were analyzed as the total cell lysate or
input, and the remaining 90% (90 mL) were mixed with 1 mL of the
conditioned medium. The lysate-medium mixture was immunopre-
cipitated with antibody-coated beads against FLAG (Sigma, St. Louis,
MI) or Myc (Nacalai) at 4�C. The affinity beads were subsequently
washed five times with RIPA buffer, and the immunoprecipitates
were eluted in 2% SDS sampling buffer for 5 min at 95�C. The eluates
were analyzed using western blotting using anti-Myc or anti-FLAG
antibodies to detect the interaction between FLAG-tagged SOD1
andMyc-tagged scFv. The samples were separated on polyacrylamide
gels (Wako, Tokyo, Japan), and proteins were transferred onto poly-
vinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA).
Proteins were detected using an enhanced chemiluminescence system
(Thermo Fisher Scientific). Densitometric analysis of protein bands
was performed using ImageJ software (National Institutes of Health,
Bethesda, MD).53 For western blotting analysis of D3-1 scFv in the
conditioned medium transformed OPCs, primary OPCs were in-
fected with BoDV expressing DG-REVec-scFvD3-1 GFP and were
seeded onto 6-well culture plates (IWAKI) in the OPC nutrient me-
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dium as described below. Eight days after infection, brefeldin A
(0.2 mg/mL) or dimethyl sulfoxide was added. At 48 h after treatment,
1 mLmedium was collected and centrifuged at 1,300 rpm for 3 min at
25�C. After adding 2% SDS sampling buffer, the medium was
denatured for 5 min at 95�C. The samples were separated on poly-
acrylamide gels (Wako), and transferred onto PVDF membranes
(Millipore) for western blotting analysis. The enhanced chemilumi-
nescence system was used to detect target proteins (Thermo Fisher
Scientific).

Immunohistochemistry of spinal cords from patients with FALS

Postmortem lumbar spinal cords from two patients with neuropatho-
logically-proven SOD1 mutated ALS (mean age 52.3 years), five pa-
tients with sporadic ALS (mean age 67.4 years), and five age-matched
control patients (mean age 67.2 years) were analyzed. Control cases
included three patients with other neurodegenerative diseases (one
with Parkinson’s disease; one with dentatorubropallidoluysian atro-
phy, one with spinocerebellar ataxia), and two without neurodegener-
ative diseases (one with cerebral infarction; one with epilepsy)
(Table S1). During the autopsy, spinal cords were removed, and
blocks of the lumbar levels of the spinal cords were immediately
placed in 10% buffered formalin and embedded in paraffin. No path-
ological changes were noted in the spinal cords from control patients.
For immunohistochemistry, after heat retrieval by autoclaving
(10 min at 121�C in 10 mM sodium citrate buffer), 6-mm-thick sec-
tions were incubated overnight at 4�C with D3-1 diluted 1:1,000
with PBS containing 3% BSA (PBS-BSA). Bound primary antibodies
were detected with a Vectastain Elite ABC kit (Vector Laboratories,
Burlingame, CA) with 3,30-diaminobenzidine tetrahydrochloride
used as the chromogen. The staining specificity was confirmed by re-
placing the primary antibody with the appropriate amount of PBS-
BSA. No reaction product deposits were seen in these control-stained
sections. Written informed consent was obtained from all individuals
or their guardians before the analysis. The protocols for human sam-
ple experiments (R1038) were approved by and performed under the
guidelines of the Kyoto University Graduate School of Medicine
Ethics Committee. Informed consent was obtained from all individ-
uals or their guardians before the analysis.

Animal breeding and tissue sampling

All Sprague-Dawley rats were obtained from SLC Japan (Shizuoka,
Japan). Transgenic rats carrying the human mutant SOD1 gene for
H46R (SOD1H46R) were housed and genotyped as previously.21 The
DNA of newborn rats was extracted from their tails, and PCR amplifi-
cation (forward primer: 50-TTGGGAGGAGGTAGTGATTA; reverse
primer: 50-AGCTAGCAGGATAACAGATGA; 94�C for 30 s, 55�C
for 30 s, 72�C for 30 s, 30 cycles) was performed to identify the exog-
enous human SOD1 transgene DNA. Founder rats were mated with
Sprague-Dawley rats. For western blotting or cDNAmicroarray exper-
iments, rats were anesthetized intraperitoneally using the combination
of medetomidine, midazolam, and butorphanol tartrate. Subsequently,
they were intracardially perfused with PBS. For immunohistochem-
istry, 4% PFA (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) was additionally used for tissue fixation.
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Preparation of osmotic pumps and transplant surgery

Osmotic pumps (model number 2ML4; Durect Corporation, Cuper-
tino, CA) were incubated in sterile conditions at 37�C for 48 h to
attain a constant flow rate before use. Pumps were filled with D3-1
in PBS (1 mg/mL) or PBS using a filling needle. An infusion tube
was made by connecting a 1-cm-long polyethylene tubing (PE 60;
Becton Dickinson, Franklin Lakes, NJ) to a small caliber tube 9 cm
in length (PE 10; Becton Dickinson) using an adhesive (ARON
ALPHA; Konishi Co., Osaka, Japan). The end of the infusion tube
was connected to the shorter end of the flow moderator, the longer
end of which was inserted into the pump. Surgeries for placement
of the pump and intrathecal administration were performed as previ-
ously described.26 SOD1H46R rats were anesthetized with 2% isoflur-
ane. The skin over the third to the fifth lumbar spinal process was
incised, and the paravertebral muscles were separated from the verte-
bral lamina using scissors. The fifth lumbar vertebra was opened by a
laminectomy, and the dura mater was exposed to insert the infusion
tube. Special care was taken not to injure the dura mater during the
laminectomy. A small hole was bored through the dura mater with
a 24G needle, and a polyethylene tube (PE 10; Becton Dickinson)
was inserted into the subarachnoid space of approximately 3 cm. A
subcutaneous pocket was made into which the osmotic pump and
pump side tubes were implanted. The infusion tube was attached to
the fascia over the paravertebral muscles at the incision margin
with a silk string. A drop of adhesive (ARON ALPHA) was applied,
and the incision was closed by suturing the muscles and skin.

Primary oligodendrocyte precursor cell cultures

Mixed glial cell cultures were obtained from the cerebral cortices of 1-
to 2-day-old Sprague-Dawley rats and prepared as previously
described.54 Cerebral cortices from 1- to 2-day-old Sprague-Dawley
rats were dissected, minced, and digested. Dissociated cells were
plated in poly D-lysine-coated 75 cm2

flasks and maintained in
DMEM containing 20% heat-inactivated FBS and 1% penicillin/
streptomycin. After the cells were confluent (�10 days), the flasks
were shaken for 1 h on an orbital shaker (220 rpm) at 37�C to remove
microglia. They were then changed to a new medium and shaken
overnight (�20 h). The medium was collected and plated on non-
coated tissue culture dishes for 1 h at 37�C to eliminate contaminating
astrocytes and microglia. Non-adherent cells were collected and re-
plated in a Neurobasal medium containing 2 mM glutamine, 1%
penicillin/streptomycin, 10 ng/mL platelet-derived growth factor
(PDGF), 10 ng/mL fibroblast growth factor (FGF), and 2% B27 sup-
plement (OPCmedium). We have previously reported that the purity
of those cells was approximately 99%.55

Generation of recombinant REVec and infection into OPCs

DG-REVec-scFvD3-1 GFP and DG-REVec-GFP were generated as
previously described.18 Transmission-competent REVec was gener-
ated by co-transfection of 293T cells with pCAG-BoDV P/M-
scFvD3-1 GFP or pCAG-BoDV P/M-GFP vector genome plasmid
and helper plasmids (N, P, L, G) using Lipofectamine 2000 (Thermo
Fisher Scientific), and overlaid with puromycin-resistant Vero-B
cells. At 5 days post-co-culture, cells were treated with puromycin
Molecular
and passaged until most cells became positive for vector production.
BoDV-infected Vero-BGcells were suspended in DMEM supple-
mented with 2% FBS and subjected to sonication. After centrifuging
the sonicated cells at 1,200 � g for 25 min at 4�C, the supernatant
was collected. Subsequently, 1 mL of 35% sucrose (Nacalai Tesque)
in double-distilled water was pipetted into ultra-clear tubes (Beck-
man Coulter, Brea, CA) and overlaid with the supernatant (1 mL
of supernatant, mixed with 2 mL of PBS). Samples were ultracentri-
fuged at 141,000 � g for 1 h at 4�C (Beckman Coulter), and the su-
pernatant was aspirated from the tubes and walls of the tubes dried
on paper. Finally, the pellet containing isolated REVec was resus-
pended in PBS and stored at �80�C. For the gene transduction,
OPCs were inoculated with purified REVec three times at 1, 3,
and 5 days after plating. After absorption for 1 h, the cells were
washed with PBS and maintained in OPC medium. Approximately
70% of the OPCs were available for infection to OPCs after 7 days of
plating. The protocols for both genetic transformation experiments
were approved by the Kyoto University Graduate School of Medi-
cine Ethics Committee (#163002 for the genetic transformation
experiments).

Intrathecal and parenchymal injection of OPCs in SOD1H46Rrats

Intrathecal injection of OPCs was performed at postnatal week 19 us-
ing SOD1H46R rats. A total of 1.0� 106 OPCs-scFv-GFP or OPC-GFP
in a 10 mL medium or 10 mL culture medium was injected as a control
into cisterna magna using a Hamilton syringe (29G). The syringe was
removed after 1 min to minimize CSF and vector leakage. We also
investigated the effect of parenchymal injection of OPCs-scFv-GFP,
OPC-GFPD3-1, or medium control into bilateral lumbar spinal cords
of 19 weeks aged SOD1H46R rats. Each rat received two grafts (bilater-
ally at L3-L4) of 4 � 104 cells (in 0.5 mL medium) into the ventral
horn. For all surgeries, the rats were anesthetized with 2% isoflurane.
After surgery, the animals were housed in cages with free access to
food and water until the endpoint. The protocols for the genetic trans-
formation (#29-2 and #29-59) and animal experiments (#2017-5-12
[H3] and #2021-5-15) were approved by and performed under the
guidelines of the Shiga University of Medical Science.

Animal assessments of motor functions

The endpoint was defined as the day on which the righting reflex dis-
appeared. Transgenic rats used in the experiments were numbered in
birth order. Rats treated with full-length antibodies, D3-1, and PBS
were selected numerically and alternately. Rats treated with OPCs
were selected numerically in the following order: OPC scFv, OPC
GFP, and medium. All functional measurements were performed
by a person blinded to the treatment. The methods used were as
follows.

Hindfoot reflex test

The animals were lifted by the tail and suspended downward. Exten-
sion of the limbs was scored as follows: 0, all limbs fully extended
(normal); 1, one limb bent; 2, two limbs bent; 3, three limbs bent;
4, all limbs bent. This test was performed weekly from 17 weeks
of age.
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Inclined plate test

The animal was placed on the non-slippery wooden slope set at 55�,
50�, 45�, 40�, 35�, or 30� gradient, and the angle at which the animal
could remain without slipping for 5 s or more was determined. The
test was initiated at 55�. From the second test onwards, measurement
started from a higher angle than the maximum angle the animal had
tolerated. This test was performed weekly from 17 weeks of age.

Grip test

Forelimb grip strength was determined using a grip strength
meter (MK-380Si; Muromachi Kikai, Tokyo, Japan), as previously
described,56 with minor modifications. The rats used their front
paws to grab a horizontal bar mounted on the gauge, and the tail
was slowly pulled back. Peak tension was recorded when the rats
released their grip on the bar. Measurements were repeated five times,
and a maximum of five measurements were recorded. This test was
performed weekly for 17 weeks.

Immunohistochemistry of animals

Spinal cords were further immersed in 4% PFA PBS solution for 48 h,
cryoprotected in 10%–30% sucrose PBS solution, and embedded in
Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan). Spinal
cord or brain stem sections (10–20 mm) were prepared using a Leica
cryostat and mounted on MAS-GP glass slides (Matsunami Glass,
Osaka, Japan). Sections were immersed in PBS for 5 min, permeabi-
lized in 0.1% Triton X-100 in PBS (0.1% PBS-T) for 30 min, and
blocked with Blocking One Histo (Nacalai Tesque) for 10 min. Tissue
sections were incubated with primary antibodies diluted in 1% BSA/
0.1% PBS-T overnight, washed with 0.1% PBS-T, and incubated with
the following secondary antibodies-goat anti-mouse IgG conjugated
with Alexa Fluor 555 goat anti-rabbit IgG conjugated with Alexa
Fluor 488; donkey anti-goat IgG conjugated with Alexa Fluor 555
(all from Thermo Fisher Scientific). After 1–2 h of incubation with
secondary antibodies, tissues were washed with 0.1% PBS-T and
mounted in VECTASHIELD HardSet Antifade Mounting Medium
with DAPI (Vector Laboratories). Double-immunostained sections
were analyzed by confocal microscopy. ChAT-positive motor neu-
rons (with a maximum diameter >20 mm) of the ventral horn of all
three lumbar spinal cord slices were manually counted at every
300 mm from the L5 level to obtain the average. Astroglial and micro-
glial activation was quantified bymeasuring the fluorescence intensity
of the confocal images for the GFAP and Iba-1 in the graymatter of all
three lumbar spinal cord slices at every 300 mm from the L5 level to
obtain the average. The quantification was performed using ImageJ
software.

NMJ analysis

Tibialis anterior (TA) muscles were freshly resected and washed in
PBS three times. Muscles were fixed with 4% PFA in PBS for 30 min
and embedded in Tissue-Tek OCT compound (Sakura Finetek).
Muscle sections (40 mm) were prepared using a Leica cryostat and
mounted on MAS-GP glass slides (Matsunami Glass). After
blocking with the commercially available kit (Blocking One Histo;
Nacalai Tesque) for 10 min, the sample slides were incubated
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with monoclonal antibody anti-synapsin1 (1:200; Sigma-Aldrich)
overnight at 4�C. Thereafter, the samples were incubated with a
mixture of goat anti-mouse 488 (1:500; Thermo Fisher Scientific)
and a 594-conjugated a-bungarotoxin. Fluorescence images along
the z axis were acquired using a Leica SPE confocal microscope.
Innervated endplates were determined when BTX and synapsyn1
signals co-localized, while the endplates with BTX staining alone
were judged denervated. The NMJs were counted until they reached
100 each. Approximately 4‒6 slices were investigated in each
animal.

ELISA

ELISA was used to measure relative antibody titer in the CSF of rats
treated with full-length D3-1 antibody using an osmotic minipump
(Alzet pump) or transplanted with OPCs secreting D3-1 scFv tagged
with Myc. To capture FL antibody or D3-1scFv-Myc, the recombi-
nant protein SOD1G93A (1 mg/mL) in coating buffer (Roche) was
coated onto ELISA plates (Nunc, Rochester, NY) at a 1:100 dilution.
50 mL of CSF from treated rats was applied onto each well and incu-
bated for 1 h at room temperature. After washing with PBS three
times, peroxidase-conjugated gout anti-mouse IgG (Jackson Immu-
noresearch, West Grove, PA, USA) or rabbit anti-Myc antibody
(Cell Signaling) was applied to react with full-length D3-1 mAb or
D3-1 scFv-Myc (1:500 dilution for both antibodies), and incubated
for 1h at room temperature. To detect D3-1 scFv-Myc, peroxidase-
conjugated gout anti-mouse IgG antibody (Jackson Immunore-
search) was applied after washing three times with PBS for 16 h at
4�C. Finally, a reaction buffer containing 2,20-azino-bis-3-ethylben-
zothiazoline-6-sulfonate (Roche) was applied, and the absorbance
was measured using a spectrometer at 405 nm with a reference wave-
length of 490 nm.

Microarray and analysis and real-time qPCR

Total RNA samples were purified from rat spinal cords using a
commercially available kit (Invitrogen) and converted to cDNA using
reverse transcriptase (Invitrogen). According to the manufacturer’s
protocol, the collected cDNA was analyzed for microarray using a
ClariomTN D assay (Thermo Fisher Scientific). The results were
analyzed using the Transcriptome Analysis Console (TAC) software
(Thermo Fisher Scientific).

The mRNA expression levels of orl1, ccl2, cxcl13, pdpn, FcGR2B,
Tnfaip6, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were analyzed using a real-time PCR Detection System (Bio-Rad,
Hercules, CA) and SYBR quantitative PCR kit (Toyobo) with the
following primer pairs: GAPDH was used as an internal standard,
and the relative mRNA expression levels were calculated by the
DDCT method according to the manufacturer’s protocol using the
included software (Bio-Rad). The primers used in this study are
described in Table S6.

Statistical analysis

For pairwise comparisons, multiple group means were compared us-
ing one-way analysis of variance (ANOVA) with post hoc Tukey’s
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multiple comparison tests. Factor estimation in the two chronological
data groups was evaluated by two-way ANOVA using Prism software
(GraphPad Software, La Jolla, CA). Statistical significance was set
at p < 0.05.
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