Molecular Therapy

Methods & Clinical Development
Original Article

Defining the optimal dose and therapeutic window
in SMA with respiratory distress type | model mice,

FVB/NJ-lghmpb2 "m%-2/

Monir Shababi,'->** Caley E. Smith,>? Sara M. Ricardez Hernandez,” Jose Marquez,” Zayd Al Rawi,” Eric Villalén,>>
K. David Farris,»> Mona O. Garro-Kacher,'? and Christian L. Lorson'2*

!Department of Veterinary Pathobiology, College of Veterinary Medicine, University of Missouri, Columbia, MO 65211, USA; 2Bond Life Sciences Center, University of

Missouri, Columbia, MO 65211, USA

Spinal muscular atrophy with respiratory distress type 1
(SMARDI1) is an autosomal recessive disorder that develops
in infancy and arises from mutation of the immunoglobulin
helicase p-binding protein 2 (IGHMBP2) gene. Whereas
IGHMBP2 is ubiquitously expressed, loss or reduction of func-
tion leads to alpha motor neuron loss and skeletal muscle atro-
phy. We previously developed a gene therapy strategy for
SMARDI1 using a single-stranded AAV9-IGHMBP2 vector
and compared two different delivery methods in a validated
SMARD1 mouse model. An important question in the field re-
lates to the temporal requirements for this or any potential
treatment. To examine the therapeutic window, we utilized
our recently developed SMARD1 model, FVB/NJ-
Ighmpb2"™*?, to deliver AAV9-IGHMBP2 at four different
time points starting at post-natal day 2 (P2) through P8. At
each time point, significant improvements were observed in
survival, weight gain, and motor function. Similarly, treatment
improved important hallmarks of disease, including motor
unit pathology. Whereas improvements were more pro-
nounced in the early-treatment groups, even the later-treat-
ment groups displayed significant phenotypic improvements.
This work suggests that an effective gene therapy strategy could
provide benefits to pre-symptomatic and early-symptomatic
individuals, thereby expanding the potential therapeutic win-
dow for SMARDI1.

INTRODUCTION

Spinal muscular atrophy with respiratory distress type 1 (SMARDI)
is an infantile autosomal recessive neurodegenerative disease that is
characterized by loss of alpha motor neurons and muscle atrophy."*
In contrast to 5q-linked spinal muscular atrophy (SMA), the first clin-
ical symptom in SMARDI is respiratory distress that develops be-
tween 6 weeks and 13 months of age.”* Respiratory distress is a
result of diaphragm muscle atrophy,' ™ whereas in the related dis-
ease, SMA, intercostal muscle atrophy is typically the cause of respi-
ratory failure. The respiratory complications in SMARD1 typically
lead to complete paralysis of the diaphragm and artificial ventilation.
Additional symptoms for SMARDI include intrauterine growth

delay, autonomic dysfunction, distal-to-proximal spread of muscle
atrophy, and decreased diameter of myofibrils in skeletal muscles
including the diaphragm.>**’

SMARDI is caused by loss-of-function mutations in the house-
keeping gene immunoglobulin u-DNA binding protein 2 (IGHMBP2),
located on chromosome 11q13.3.>®° The ubiquitously expressed
IGHMBP2 gene is comprised of 15 exons encoding 993 amino acids
corresponding to a ~110 kDa product. IGHMBP2 consists of an ATP-
binding motif, a helicase-like motif, and two nucleic-acid-binding
motifs. Patient mutations are predominately located in these func-
tional motifs; however, the helicase domain is the region most
frequently mutated.>**1! Based on in vitro and in vivo studies, the
IGHMBP2 protein functions in immunoglobulin-class switching,”
pre-mRNA maturation,'” transcription regulation by either DNA
binding activity'>'* or interaction with TATA-binding protein,"
and translation by direct interaction with tRNA and other compo-
nents of translational machinery.'®'” However, the precise disease-
causing role of IGHMBP2 mutation that leads to selective motor
neuron loss remains unclear.

A spontaneous mutation in Ighmbp?2 resulted in the initial identifi-
cation and characterization of the neuromuscular degeneration
(nmd?) mouse model."®'® The original nmd? mouse is on the
C57BLKS background and contains a mutation in Ighmbp2 intron
4, giving rise to a cryptic splice site, resulting in an aberrant splicing
event in ~75%-80% of the transcripts. The altered splicing causes an
addition of 23 nucleotides to the transcript that creates a premature
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translational termination codon.'” At 3 weeks of age, nmd? mice
become symptomatic and rapidly develop hindlimb muscle weak-
ness to the extent that mice were paralyzed by 5 weeks of age
** By postnatal day 10, nmd” mice
demonstrated over a 40% loss in motor neurons that progressed un-
til death.*

with survival to 14 weeks.

Our lab and another group have developed a single-stranded AAV9
(ssSAAV9) vector containing human IGHMBP2 cDNA that demon-
strated excellent efficacy in rescuing the nmd mice*** We
compared the efficacy of two delivery methods (intravenous [i.v.]
and intracerebroventricular [i.c.v.]) in the nmd? model using a sin-
gle low dose, which demonstrated that i.v. injections are not as
effective as i.c.v. injections in rescuing motor deficits.”> We recently
developed a closely related strain of nmd mice on the FVB back-
ground called FVB/NJ-Ighmpb2""*? or “FVB-nmd” from this point
on, resulting in a model that was consistent, severe, and well-suited
for therapeutic studies, with a median survival of ~18-20 days.** To
date, AAV-mediated gene replacement has been shown to be the
most effective means to rescue the SMARDI mouse model. To
advance the pre-clinical animal studies, we examined the therapeu-
tic window to determine the relative efficacy of AAV9-IGHMBP2 at
various stages of disease development by delivering vector at post-
natal day 2 (P2), P4, P6, and P8. Our results suggest that the ther-
apeutic window of IGHMBP2 gene replacement is not limited to
early asymptomatic stages such as P1 or P2; rather, significant
phenotypic benefit was observed in all treatment groups, including
the cohort that received treatment at P8. This was surprising, since
the vector is single-stranded, and maximal expression typically oc-
curs more than 10 days after delivery. These results provide the first
evidence of the effectiveness of SMARD1 gene therapy at later time
points following disease onset.

RESULTS

Delivery of AAV9-IGHMBP2 at all time points significantly
increased FVB-nmd lifespan

A single low dose of AAV9-IGHMBP?2 at P2 via i.c.v. or i.v. injection
at P2 significantly rescues the nmd phenotype.”">* Here, we analyzed
the phenotype of the severe FVB-nmd model following i.c.v. delivery
of two different doses of AAV9-IGHMBP2 (Figure 1A) at 4 different
time points starting at P2-P3 (asymptomatic) through P8-P9 (early
symptomatic). A single low dose (1.25e11 vector genomes [vg]) was
injected at P2, P4, P6, and P8, whereas the high dose (total of
2.5el1 vg) was applied on two consecutive days for each time point
(P2,3; P4,5; P6,7; P8,9). Interestingly, all treated groups displayed
significantly extended lifespans compared to untreated animals (Fig-
ures 1B and 1C; Figures SIA-S1D). Within the low-dose cohort,
earlier P2 and P4 were similarly effective, while P6 and P8 signifi-
cantly improved survival compared to the early injections. The
same pattern was also observed in the cohorts that received the
high-dose treatment, although the high dose reduced the number of
early deaths in the P6 and P8 cohorts (Figure 1C). While one death
occurred prior to P80 in the P2 and P4 low-dose treatment cohorts,
all of the high-dose-treated animals in the P2 and P4 groups lived
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beyond 100 days (Figures 1B and 1C). Delivery of the vector at P6
and P8 time points still resulted in a significant extension in survival
for treated FVB-nmd mice, albeit not as robust as the earlier treatment
groups (p = 0.0002 for P6 and p = 0.001 for P8) (Figure 1B). The
endpoint for these experiments was 132 days, and all remaining co-
horts were euthanized.

Delivery of AAV9-IGHMBP2 at all time points significantly
increased FVB-nmd weight

The weight of untreated FVB-nmd mice fluctuates between 3-4 g,
whereas the nmd” mice can weigh up to 10 g*"** To investigate
the effect of the low- and high-dose AAV9-IGHMBP2 on the weight
of FVB-nmd mice treated at different time points, daily weight was
recorded starting at P2 until P132, when the survival and weight an-
alyses were terminated. Consistent with the extension of the lifespan,
both low and high doses of the viral vector led to a considerable in-
crease in the weight of every treated group compared to untreated
(p <0.001) (Figures 1D and 1E). All treated groups gained weight un-
til 40-50 days of age and then reached a plateau. Weight gain for each
group was directly correlated to the time point of therapy rather than
the dose of the vector. Treatment at earlier time points led to higher
weight gain than the later time points, indicating a significant differ-
ence between each treated group regardless of the dose (P2 versus P4,
p < 0.001; P4 versus P6, p < 0.001; P6 versus P8, p < 0.05; P2,3 versus
P4,5, p < 0.01; P4,5 versus P6,7, p < 0.001; P6,7 versus P8,9, p < 0.01)
(Figures 1D and 1E). Additionally, there was no significance in the
weight gain of any individual group treated with either low or high
dose (Figures S2A-S2D) except for P4-treated mice, in which the
increased dose led to higher weight gain during the age of 85-
115 days (p < 0.05).

Early AAV9-IGHMBP2 treatment improved motor function in
FVB-nmd more than later time points

Rotarod and grip strength were performed starting at P40 for 7
consecutive days following a training and acclimation period. Un-
treated FVB-nmd animals were not included in these studies focused
upon motor function, since younger animals are not capable of per-
forming these tasks and their lifespan is too short. Therefore, each
treatment group was compared to the heterozygous unaffected litter-
mates (HET: FVB-Ighmbp2™¥*) and to each other in low- and high-
dose-treated groups. Rotarod performance, as determined by the time
an animal remained on the rotating cylinder, of early-treated animals
(P2 and P4 treated) were indistinguishable from unaffected HET
counterparts in both low- and high-dose groups (Figures 2A and
2B; Figures S3A and S3B). The rotarod performance of P6- and P8-
treated mice, though improved, was significantly less compared to
the HET and early-treated littermates in the low- and high-dose
groups (p < 0.001) (Figures 2A and 2B). High-dose delivery slightly
improved the rotarod performance of the P6- and P8-treated
compared to low dose, but it did not differ statistically (Figures S3C
and S3D).

In contrast to the rotarod performance, forelimb strength in all
treated groups was significantly weaker than unaffected animals
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Figure 1. ICV injection of AAV9-IGHMBP2 in low and high dose significantly increases the survival and weight of FVB-nmd at early and late time points

(A) Map of AAV9-IGHMBP2 containing 2.9 kb of human IGHMBP2 cDNA under control of the ubiquitously expressing chicken-beta-actin (CBA) promoter. (B and C) Ho-
mozygous FVB-nmd mice were i.c.v. injected at P2, P4, P6, and P8, using alow dose (1.25 x 10" vg) (B) and at P2,3, P4,5, P6,7, and P8,9 using a high dose (2.5 x 10" vg)
(C) of AAVO-IGHMBP2 and compared to untreated mice. Survival was determined by Kaplan-Meier curves, and p value was calculated by the log-rank (Mantel-Cox) test.
Median survival of either low- or high-dose treated at P2 and P4 were undefined, since most of the animals in each group were alive at day 132, living significantly longer than
untreated mice, which had a median survival of 20 days (p < 0.0001) (B and C). Low-dose P6- and P8-treated FVB-nmd mice had a median survival of 39 and 35 days,
respectively (p = 0.48), which was significantly longer than untreated (P6 versus untreated, p = 0.0002; P8 versus untreated, p = 0.001) (B). The median survival of high-dose-
treated mice at P6 and P8 was 119 days and undefined, respectively (P6,7 and P8,9 versus untreated, p < 0.0001) (C). (D and E) Weight gain of low- (D) and high-dose-
treated (E) mice at P2, P4, P6, and P8 is assessed and compared to untreated. The average weight of both low- (D) and high-dose-treated (E) animals at every time point was
significantly higher than untreated FVB-nmd mice, which weigh 3.6 + 0.18 g (one-way ANOVA p < 0.0001). The average weight of both low- and high-dose-treated animals
was significantly different between each group based on the time point of therapy. P2-treated mice weighing 17.39 + 0.53 in low dose and 18.22 + 0.58 g in high dose were
significantly heavier than P4 mice, which weighed 14.41 + 0.44 in low-dose and 16.06 + 0.51 g in high-dose groups (one-way ANOVA, p < 0.001 for low dose; p < 0.01 for
high dose). P4 weight was significantly higher than P68, weighing an average of 12.18 + 0.39 in low-dose-treated mice and 13.14 + 0.43 g in high-dose-treated mice (one-way
ANOVA, p < 0.01 for low dose; p < 0.001 for high dose). P6 was drastically heavier than P8, with average weight of 10.45 + 0.32 in low-dose-treated and 11.21 £ 0.34 g in
high-dose-treated mice (one-way ANOVA, p < 0.05 for low dose; p < 0.01 for high dose). Error bars represent + SEM.

(p < 0.001) (Figures 2C and 2D). This reduced level of rescue in
forelimb strength is consistent with the original nmd mice, demon-
strating that the i.c.v. delivery of the vector is capable of repairing
hindlimb activity more efficiently than forelimb,”"** although the
grip strength in each treated group improved significantly using
the high dose of the viral vector when compared to low-dose group
(Figures 2C and 2D). Single comparison of each time point treat-
ment in low- and high-dose groups revealed that improvements
in forelimb strength, resulting from high-dose administration, are
more obvious in early-treated (P2 versus p2,3 and P4 versus P4,5,
p < 0.001) (Figures S4A and S4B) but still significant in the P6-
treated (P6,7 versus P6, p < 0.01) (Figure S4C) and P8-treated
mice (P8,9 versus P8, p < 0.05) (Figure S4D). Nevertheless, the
high dose could not sufficiently increase the grip strength to reach
the level of the HET littermates in any treated group (p < 0.001)
(Figures 2D; Figures S4A-S4D). Western blot analysis of early-

and late-treated mice (P2, P8) showed no statistical difference
among the various cohorts (Figure S5).

Muscle pathology improved in all treatment groups

FVB-nmd mice have a severe hindlimb phenotype characterized by
contracture in the hindlimbs and an inability to splay their legs by
P17.** In our previous study, we showed that FVB-nmd mice have
significantly decreased gastrocnemius muscle fiber size compared to
FVB mice.”* Additionally, we have previously reported that P2-
treated nmd®’? have a high level of rescue in their gastrocnemius
*12> To investigate whether the early (P2) and late (P8)
time point treatment led to muscle fiber rescue in FVB-nmd, we
compared laminin-immunostained cross-sectioned gastrocnemius
muscles of high-dose-treated animals with those of the wild-type
(WT) FVB at 42 days of age. The muscles of phenotypically unaf-
fected age-matched HET mice were used as a control for untreated

muscle.
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Figure 2. l.c.v. delivery of AAV9-IGHMBPZ2 in low and high dose significantly increases the motor function of FVB-nmd mice at early and late time points

(A and B) Hindlimb strength measured by rotarod performance, recording the riding time parameter in seconds, of low- (A) and high-dose-treated (B) mice at P2, P4, P6, and
P8 compared to the age-matched HET cohort. (A) Rotarod performance of low-dose P2-treated mice was improved significantly compared to every treated group and HET
(one-way ANOVA, P2 versus P4 and HET, p < 0.01; P2 versus P6 and P8, p < 0.001). Rotarod performance of low-dose P4-treated mice was identical to HET and
significantly more improved than P6- and P8-treated mice (one-way ANOVA, P4 versus P6 and P8, p < 0.001), while P6- and P8-treated mice were not statistically different in
the low-dose group. (B) High-dose P2- and P4-treated mice were statistically similar to the HET cohort and drastically improved over P6- and P8-treated mice (p < 0.001),
whereas P6-treated mice performed notably better than P8 (p < 0.05). P6- and P8-treated animals were drastically weaker than HET in either low- or high-dose group (p <
0.001) (B and C). (C and D) Grip strength measured in grams for low-dose-treated (C) and high-dose-treated (D) mice at P2, P4, P6, and P8 and compared to age-matched
HET cohort. (C and D) The grip strength of all the treated animals, in both low- and high-dose groups, was significantly weaker than HET (one-way ANOVA, p < 0.001). Early-
treated groups were significantly stronger than late-treated littermates (one-way ANOVA, P2 and P4 versus P6 and P8, p < 0.001; P2 versus P4, p < 0.001 in low dose). High-
dose P2- and P4-treated mice did not differ statistically (p > 0.05); P6- and P8-treated mice had similar grip strength in low- and high-dose groups (p > 0.05). Measurements

were taken for 7 consecutive days starting from P40 through P46. Error bars represent + SEM.

FVB-nmd harvested at 14 days of age, a late symptomatic stage.
Consistent with our previous results, muscle fiber area and perim-
eter of the gastrocnemius muscle are significantly decreased in
untreated FVB-nmd mice compared to HET (p < 0.0001) (Figures
3A-3C). A blinded quantitative assessment of muscles revealed
that muscle fiber area and perimeter of the gastrocnemius in P2-
treated mice were significantly larger than P8-treated mice (p <
0.0001) but still notably smaller than WT (p < 0.0001) (Figures
3A-3C). Diaphragm muscle fiber has been shown to be significantly
smaller in SMARDI patients. We wanted to determine if the FVB-
nmd mice have reduced diaphragm muscle fiber area and evaluate
the extent AAV-IGHMBP2 treatment rescues. A blinded quantita-
tive assessment of muscles showed that diaphragm muscle area
and perimeter are significantly reduced in P14 FVB-nmd mice
compared to age-matched HET mice (p < 0.0001) (Figures 3D
and 3E). AAV-IGHMBP2 treatment at both P2 and P8 improved
the diaphragm muscle fiber; however, were both significantly
smaller than WT (p < 0.0001) (Figures 3D and 3E). Additionally,
P2-treated mice had a significantly larger diaphragm size than P8-
treated mice (p < 0.0001) (Figures 3D and 3E). These results
demonstrate that AAV-IGHMBP2 treatment at P2 and P8 signifi-
cantly improves the skeletal muscle phenotype in SMARD1 model

mice; however, consistent with the other parameters, earlier delivery
provides an even greater degree of protection.

Neuromuscular junction (NMJ) pathology of the gastrocnemius
improved in early- and late-treated FVB-nmd mice

NM]Js from the gastrocnemius muscle exhibit severe denervation de-
fects in FVB-nmd mice, but these can be partially rescued by delivery
of AAV9-IGHBMP2 on P1.*** To examine how early and late deliv-
ery of AAV9-IGHMBP?2 impacts the FVB-nmd NM]J phenotype, we
conducted a blinded quantitative assessment of NM] pathology
from the gastrocnemius of P2- and P8-treated FVB-nmd mice and
age-matched, untreated WT mice at P42. The untreated FVB-nmd
and their age-matched HET counterparts harvested at P14 were
compared to each other at a relatively early time point. As expected,
NMJs from untreated FVB-nmd mice displayed severe pathology,
with less than 40% fully innervated endplates and more than 50%
fully denervated endplates compared to age-matched HET mice
(p < 0.0001) (Figures 4A and 4B). The P2-treated mice had similar
level of innervation and denervation to age-matched WT counter-
parts, with almost 85% fully innervated endplates (p > 0.05) (Figures
4A and 4B). Interestingly, the P8-treated NM]Js, albeit not as
improved as P2-treated, were 65% fully innervated (P8-treated versus
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Figure 3. l.c.v. delivery of AAV9-IGHMBP2 in high dose repaired the gastrocnemius muscle fibers of early-treated mice more efficiently than late-treated

mice

(A) Laminin immuno-stained cross sections of gastrocnemius muscles of high-dose-treated mice at P2 and P8 (n = 4) were examined under 40x magnification and
compared to age-matched WT littermates (P42) (n = 3), while untreated FVB-nmd sections (n = 5) were evaluated in comparison to the age-matched HET mice (P14) (n = 3).
(B and C) The area and perimeter of gastrocnemius muscle fibers in untreated FVB-nmd mice are drastically smaller than their HET counterparts (one-way ANOVA, p <
0.0001). The area and perimeter of P2-treated gastrocnemius muscle fibers are significantly larger than P8-treated mice (p < 0.0001) but markedly smaller than the age-
matched WT cohort (p < 0.0001). (D and E) The area and perimeter of diaphragm muscle fibers in untreated FVB-nmd mice are significantly smaller than their HET
counterparts (one-way ANOVA, p < 0.0001). The area and perimeter of P2-treated diaphragm muscle fibers are significantly larger than P8-treated (p < 0.0001) but are not
rescued to age-matched WT size (p < 0.0001). Scale bar, 30 um. Error bars represent mean + SEM. ****p < 0.0001.

WT and P2-treated, p < 0.0001) and approximately 22% fully dener-
vated endplates (P8-treated versus WT, p < 0.01; P8-treated versus
P2-treated, p < 0.05) (Figures 4A and 4B). These results are consistent
with the other phenotypic parameters and further demonstrate that
early delivery is the most efficacious, but even the symptomatic cohort
(P8) significantly benefits from this effective treatment.

AAV9-IGHMBP2 increases the motor neuron numbers in the

spinal cord (SP) of the early- and late-treated FVB-nmd mice

Based on our previous analysis, the number of motor neurons in the
lumbar region of the original nmd” mice was reduced nearly 65% at
8 weeks of age.”' We investigated whether the delivery of AAV9-
IGHMBP2 prevents motor neuron loss and pathology of motor
neurons in the FVB-nmd model. Lumbar spinal cord sections repre-
senting L3-L5 regions from P14 cohorts, FVB-nmd and HET, and
P42 cohorts, WT, P2 treated, and P8 treated, were analyzed through
a blinded quantification of immunofluorescent images. As predicted,
FVB-nmd contained a significantly reduced number of motor neurons,
with an average of ~5 motor neurons per section, compared to ~6.6 or 8
motor neurons per section in the age-matched HET or WT mice (p <

0.001) (Figures 5A and 5B). However, the area and perimeter of the
FVB-nmd motor neurons were only slightly smaller than those in
HET (p > 0.05), suggesting that even though motor neurons at P14
are reduced in numbers, the remaining motor neurons do not yet
exhibit dramatic cellular pathology (Figures 5A-5D). Interestingly,
the average motor neuron numbers in P2-treated, P8-treated, and
WT mice were similar to each other, with an average of 8 motor neu-
rons per section (p > 0.05) (Figures 5A and 5B). Although the
P2-treated motor neuron area and perimeter were smaller than WT
(p < 0.05), they were significantly larger than the P8-treated in area
(p <0.01) and similar to the P8-treated in perimeter (p > 0.05) (Figures
5A-5D). P8-treated motor neurons were significantly smaller than WT
in area and perimeter (p < 0.001) (Figures 5A-5D). These results
confirm the effectiveness of early treatment in rescuing the numbers
and, to some extent, the size of motor neurons, whereas late treatment
was only able to rescue the number of motor neurons but not the size.

DISCUSSION
While there is no approved treatment for SMARDI1, AAV9-
IGHMBP2 gene therapy has made significant progress in pre-clinical
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Figure 4. l.c.v. delivery of high-dose AAV9-IGHMBP2 improved the NMJ pathology of FVB-nmd mice at early and late time points

(A) Representative images of NMJs from gastrocnemius muscles of high-dose P2- and P8-treated mice (n = 4) at P42 compared to those of age-matched WT mice (n = 3),
while the NMJ of untreated FVB-nmd mice (n = 4) at P14 was analyzed in comparison to the age-matched unaffected HET (n = 3). Muscles were labeled with a.-bungarotoxin
(2-BTX) for acetylcholine receptors (AChRs), anti-neurofilament, and anti-synaptic vesicle protein 2 (SV2) for nerve terminals. Fluorescent images were taken at 40x
magnification. (B) Percentage of fully innervated, partially denervated, and fully denervated muscles. Percentage of fully innervated in FVB-nmd mice was less than 40%,
compared to 90% in HET counterparts (two-way ANOVA, p < 0.0001). P2-treated NMJs were ~85% fully innervated and ~10% fully denervated versus 95% and 5% in WT
cohort (two-way ANOVA, p > 0.5). P8-treated mice exhibited ~65% full innervation (two-way ANOVA, P8-treated versus P2-treated and WT, p < 0.0001) and ~22% full
denervation (two-way ANOVA, P8- versus P2-treated, p < 0.05; P8 versus WT, p < 0.01). Scale bar, 50 um. Error bars represent mean + SEM. *p < 0.05, **p < 0.01, and

***p < 0.0001.

mouse models. However, understanding the temporal requirements
of this, or any, potential therapeutic is critical as it advances through
pre-clinical evaluation. To begin to understand the temporal require-
ments of IGHMBP?2 from a therapeutic perspective, we devised a se-
ries of experiments that delivered a previously characterized gene
therapy vector, AAV9-IGHMBP2. 1.c.v. injections of the vector
were administered to FVB-nmd cohorts on P2, P4, P6, and PS8. This
time frame spanned pre-symptomatic through early symptomatic
days. Additionally, two different doses were administered: a low
dose and a high dose, corresponding to 1.25e11 and 2.5e11 vector ge-
nomes, with mice receiving either a single injection or double injec-
tion to accommodate the small volume of the neonatal ventricles,
respectively. Previous studies in nmd” mice have shown a significant
extension of lifespan, improvements in hindlimb splay, and signifi-
cant reduction of cellular pathology following a single treatment
with AAV9-IGHMBP2 immediately after birth.”'>> While we have
previously observed that P2 pre-symptomatic delivery of this vector
protects from disease development in the B6.BKS-nmd® mouse
model, it was surprising to observe a robust response in the later treat-
ment time points of P6 and P8, with symptomatic cohorts signifi-
cantly responding to treatment. The FVB-nmd mice present with a se-
vere phenotype and a relatively short lifespan, with an average

lifespan of ~18-20 days. This dramatic extension in survival was un-
expected due to the severity of the disease and because single-
stranded AAV vectors such as the AAV-IGHMBP?2 vector typically
do not achieve maximal levels of expression until 10 days post-deliv-
ery. It is important to note that in this animal model, there is a base-
line (~20%) of Ighmbp2 protein that is full-length and WT. This base-
line level may be very important as it relates to therapies that further
increase IGHMBP2 levels, since achieving a therapeutic threshold
should theoretically be easier than if the genetic context was purely
mutant in nature, such as any number of the SMARDI-causing
IGHMBP2 point mutations. The development of additional models
that reflect these patient-based contexts would be another important
step toward understanding the requirements of a potential AAV9-
IGHMBP2 therapeutic.

We examined Ighmbp2/IGHMBP2 protein levels in the spinal cord
from P2 and P8 at 10 days after treatment, respectively. In this mouse
model, we did not see a significant change in protein between the un-
affected, the untreated SMARD1 model mice, and the two treated co-
horts. Clearly, there is a difference in the phenotype of these animals;
however, the western blots do not appear to be capturing these differ-
ences. A potential explanation for this is that the relative amount of
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Figure 5. l.c.v. delivery of AAV9-IGHMBP2 in high dose improved the motor neuron number and area size in the lumbar region of FVB-nmd mice at early and

late time points

(A) Nissl body (NeuroTrace) and anti-choline acetyl transferase (ChAT) were used to immunostain motor neurons from cross-sections of lumbar spinal cord (L3-L5). High-
dose P2- and P8-treated mice (n = 4) were compared to age-matched WT littermates (P42) (n = 3), while untreated FVB-nmd mice (n = 4) were evaluated in comparison to the
age-matched HET mice (P14) (n = 3). Fluorescent representative images were taken at 40x magnification. (B) The number of motor neurons in FVB-nmd mice was drastically
less than HET (one-way ANOVA, p < 0.001), while the motor neuron numbers in P2 and P8 were similar to the WT cohort (p > 0.5). (C and D) The area and perimeter of the
motor neurons in FVB-nmd mice was not statistically different from HET (p > 0.5). P2- and P8-treated motor neurons were smaller than WT in area and perimeter with varying
degrees (one-way ANOVA, P2 versus WT, p < 0.05; P8 versus WT, p < 0.001). P2-treated and P8-treated mice differed only in the area of the motor neuron soma (p < 0.05) (C

and D). Scale bar, 50 um. Error bars represent mean + SEM.

protein is tightly regulated by the cell, but in specific cell types
(perhaps motor neuron populations), a critical increase in full-length
IGHMBP?2 is achieved that significantly improves the phenotype.

In the 5q SMA context, several studies have examined the temporal
requirements of SMN-dependent therapeutics in severe SMA mice
(SMNA7 mice), including a gene therapy strategy.”> >’ Consistent re-
sults were observed in different labs, each demonstrating that SMNA7
mice do not respond well to SMN induction past ~P6. While im-
provements were observed in the cohorts that received treatment at
P7-P8, the magnitude of rescue was significantly reduced. The
SMA phenotype was largely recalcitrant to SMN increases when
delivered post-symptomatically, suggesting that SMNA7 mice with
lifespans of 14-15 days may have progressed to a point in their disease
state that has permanent damage despite rapid expression of SMNI.
However, in the instance of the P7-P8-treated FVB-nmd cohorts,
AAV9-IGHMBP2 results in ~40% survival past 50 days of age. This
suggests that in the FVB-nmd” mice, P7-P8 delivery of full-length
IGHMBP2 is sufficient to have a protective effect.

Through our time point study, we were able to demonstrate that the
early injection time points, P2 and P4, resulted in a more robust
phenotypic rescue compared to P6- and P8-treated mice. Our
cellular pathology analyses show that P8 AAV9-IGHMBP2-treated
mice do not differ in the number of lumbar motor neurons when
compared to WT and P2-treated mice, which indicates that the spe-
cific motor neurons targeted by AAV9-IGHMBP2 are present at the
time of delivery. Additionally, we show that NM] innervation is
significantly protected in P8 AAV9-IGHMBP2-treated mice, with
~20% increase in innervated endplates compared to FVB-nmd.
The gastrocnemius and diaphragm muscle fiber size additionally
showed improvement in P2-treated and P8-treated mice; however,
the muscle fiber size did not reach WT levels, indicating that
AAV9-IGHMBP2 does not result in a full rescue but does have a
protective effect.

Like many other related neurodegenerative diseases, the disease-spe-
cific role for IGHMBP?2 is poorly understood. The best-described
function for IGHMBP2 is its role in the translational machinery
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and ribosome biogenesis. IGHMBP2 has been shown to interact
with tRNA™" and TFIIIC220, which are essential factors for
tRNA transcription.'® Additionally, IGHMBP2 also interacts with
Reptin/Pontin and activator of basal transcription 1 (ABT1), which
has an important role for ribosome biogenesis.'” Although it still re-
mains unknown, we speculate that AAV9-IGHMBP2 allows for suf-
ficient restoration of translation-related pathways that are dysregu-
lated in Ighmbp2-deficient tissues, such as sub-populations of motor
neurons. It remains unclear why motor neurons are the most sus-
ceptible cell in SMARDI, though dysregulation of pre-mRNA,
rRNA, and tRNA appears to be a common feature among motor
neuron diseases.

We have demonstrated that a higher dose of AAV9-IGHMBP2 in
FVB-nmd mice resulted in higher peak weight gain, lowered the
number of early deaths following treatment, and improved their
overall forelimb grip strength. The next step would be to understand
the relationship between dosage and the extent of rescue in cellular
pathology defects. Collectively, this pre-clinical study addresses the
temporal requirements for AAV9-IGHMBP2 in FVB-nmd mice by
illustrating that treatment pre-symptomatically results in the most
therapeutic benefit but that a significant phenotypic improvement
was also observed in the cohorts that received the vector even after
symptoms developed. While it is important to stress that these are
experiments performed in mice, it is a step forward for this potential
therapeutic. This is particularly important as, unlike SMA, the ma-
jority of SMARDI patients are diagnosed after symptomatic onset
due to lack of a newborn genetic test and the infrequency of
SMARDI cases.

MATERIALS AND METHODS

Animal procedures, viral vector, and injections

All experimental procedures were approved by the University of Mis-
souri’s Institutional Animal Care and Use Committee and were per-
formed following the regulations established by the National Institute
of Health’s Guide for the Care and Use of Laboratory Animals. The
FVB-nmd mouse model was created in the Animal Modeling Core
of the University of Missouri, Columbia as previously described in
detail, and the colony was established.”* FVB-#nmd animals were gen-
otyped at P1. The viral vector (single-stranded AAV9-IGHMBP?2) has
been previously described in detail.”"** Vector was delivered via an
i.c.v. injection with 1.25 x 10" (low dose) viral genomes at four
time points (P2, P4, P6, and P8) and 2.5 X 10" (high dose) on two
consecutive days for each time point (P2,3; P4,5; P6,7; P8,9).28’29 At
14 days of age, two groups of FVB-nmd mice (unaffected heterozy-
gous HET [n = 3] and untreated [n = 4]) and at 6 weeks of age, three
groups (WT [n = 3], P2,3-treated, and P8,9-treated [n of 4 per group])
were anesthetized with 2.5% isoflurane and then perfused transcar-
dially with cold 0.1 M phosphate-buffered saline (PBS) (pH 7.4), fol-
lowed by 4% paraformaldehyde (PFA) in phosphate buffer (0.1 M, pH
7.4). The legs were incised following the perfusion and post-fixed for
additional 2 h in 4% PFA. The remaining bodies of the perfused mice
were post-fixed in 4% PFA for 48 h and the spinal cords were
harvested.

Molecular Therapy: Methods & Clinical Development

Motor function tests

Motor activity and coordination were quantified using rotarod tread-
mill for mice (IITC Rotarod Series 8, IITC Life Science, Woodland
Hills, CA, USA) as previously described.?*® In brief, the animals
were placed on textured rotating drums. When the tested animal fell
onto the individual sensing platform, the test results were recorded
in seconds. For forelimb grip strength measurement, a grasping
response test was utilized. Each pup’s front paws were placed on a
wire mesh (1-cm® grids) and gently dragged horizontally along the
mesh (BioSeb Model BP32025, Vitrolles, France). Any resistance felt
was scored as a positive response. The strength of the animal holding
onto the mesh before release was recorded in grams.”"** Grip strength
values (grams) were normalized against animal body weight. Both mea-
surements were performed every day for 7 consecutive days starting on
P40.

Muscle immunostaining

Two groups of FVB-nmd (HET [n = 3] and homozygous untreated [n =
5]) at 14 days of age and three groups of FVB-nmd (WT [n = 3], P2,3-
treated [n = 4], and P8,9-treated [n = 4]) at 42 days of age were trans-
cardially perfused and gastrocnemius muscles harvested after 24 h. 16-
um cross-sections were prepared from gastrocnemius and diaphragm
muscles followed by immunohistochemistry with anti-laminin. Images
were collected using a Leica DM5500 B fluorescent microscope (Leica
Microsystems). A blinded quantification assessments of muscle fibers
were performed using Image] as previously described.”’

NMJ immunostaining

This procedure was described in detail previously.”’ Two groups (HET
[n = 3] and homozygous untreated [FVB-nmd] [n = 4]) at 14 days of
age and three groups (WT [n = 3], P2,3-treated [n = 4], and P8,9-
treated [n = 4]) at 42 days of age were used for NMJ analysis. Following
transcardial perfusion with ice-cold 4% PFA and post-fixing for 24 h at
4°C, the gastrocnemius muscle of each mouse was dissected. Anti-neu-
rofilament heavy chain (NF-H) (1:2,000; catalog AB5539 Chemicon,
EMD Millipore) and antisynaptic vesicle 2 (SV2) (1:200; catalog
YE269, Life Technologies) primary antibodies followed by donkey
anti-chicken Alexa Fluor 488 (1:400; Jackson ImmunoResearch) and
goat anti-rabbit Alexa Fluor 488 (1:200; Jackson ImmunoResearch)
secondary antibodies were used to label the axon and synaptic terminal.
Acetylcholine receptors were labeled with Alexa Fluor 594-conjugated
alpha-bungarotoxin (1:200; Life Technologies). Representative images
for the NM]Js of gastrocnemius muscles were obtained using laser scan-
ning confocal microscope at 40x magnification with Leica TCS SP8
(Leica Microsystems). NMJ analyses were performed in a blinded
manner on three randomly selected fields of view per muscle at 20x
magnification with Leica DM5500 B (Leica Microsystems). Images
were analyzed based on endplate overlap with the synaptic terminals
and were placed into three categories: fully innervated, partially dener-
vated, and fully denervated, using Fiji Software (NIH).

Motor neuron count
Two groups of FVB-nmd (HET [n = 3] and homozygous untreated [n=
4]) at 14 days of age and three groups of FVB-nmd (WT [n = 3],
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P2,3-treated [n = 4], and P8,9-treated [n = 3]) at 42 days of age were
transcardially perfused with ice-cold 4% PFA followed by subsequent
post-fixing at 4% PFA for 24 h at 4°C. Lumbar (L3-L5) regions from
spinal cord tissue were dissected and cryoprotected in 30% sucrose so-
lution overnight before being embedded in optimal cutting tempera-
ture (OCT) media. Embedded tissues were cryosectioned at 16 um
thickness with every 10™ section from the spinal cord tissue being
collected for immunohistochemistry. Sections were stained with
choline acetyltransferase (ChAT) primary antibody (1:100; catalog
AB144P; Millipore Sigma), donkey anti-goat Alexa Fluor-594 second-
ary antibody (1:250; Jackson ImmunoResearch), and NeuroTrace
Green Fluorescent Nissl (1:100; catalog N21480; Thermo Fisher Scien-
tific) for motor neuron identification. Images were collected using a Le-
ica DM5500 B fluorescent microscope (Leica Microsystems) under
20x magnification. Motor neuron counts, cell body perimeter, and
area measurements were performed manually with Fiji Software
(NIH) in a blinded manner from 14 sections per mouse.

Statistical analysis

The statistical significance in comparing all the experimental groups
(unaffected [HET, WT], untreated, and treated FVB-nmd at different
time points) in all the experiments was calculated using one-way
ANOVA (two-way ANOVA in NM]J analysis) with Newman-Keuls
multiple comparison post hoc test. Analyses were performed with
GraphPad Prism software. Error bars represent means + standard er-
ror of the mean (SEM). Significance in survival was determined with
log-ranked (Mantel-Cox) test. Percentages were calculated as values
from unaffected and were standardized as 100%.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.0mtm.2021.07.008.
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