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Spinal muscular atrophy with respiratory distress type 1
(SMARD1) is an infantile autosomal recessive disease caused
by the loss of the ubiquitously expressed IGHMBP2 gene.
SMARD1 causes degeneration of alpha-motor neurons, result-
ing in distal muscle weakness, diaphragm paralysis, and respi-
ratory malfunction. We have reported that delivery of a low
dose of AAV9-IGHMBP2 to the CNS results in a significant
rescue of the SMARD1 mouse model (nmd). To examine how
a delivery route can impact efficacy, a direct comparison of
intravenous (IV) and intracerebroventricular (ICV) delivery
of AAV9-IGHMBP2 was performed. Using a low-dose, both
IV and ICV delivery routes led to a significant extension in sur-
vival and increased body weight. Conversely, only ICV-treated
animals demonstrated improvements in the hindlimb muscle,
neuromuscular junction, and motor function. The hindlimb
phenotype of IV-treated mice resembled the untreated nmd
mice. We investigated whether the increased survival of IV-
treated nmd mice was the result of a positive impact on the
cardiac function. Our results revealed that cardiac function
and pathology were similarly improved in IV- and ICV-treated
mice. We concluded that while IV delivery of a low dose does
not improve the hindlimb phenotype and motor function, par-
tial restoration of cardiac performance is sufficient to signifi-
cantly extend survival.
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INTRODUCTION
Spinal muscular atrophy with respiratory distress type 1 (SMARD1)
is an autosomal recessive motor neuron disease that is initially char-
acterized by early distal lower limb muscle atrophy following prox-
imal muscle weakness.1,2 Unlike 5q spinal muscular atrophy, in which
intercostal muscle atrophy results in respiratory complications,
SMARD1 patients exhibit diaphragmatic paralysis between 6 weeks
and 13 months of age, leading to fatal respiratory malfunction.1,3,4

The gene responsible for SMARD1 development is immunoglobulin
m-binding protein 2 (IGHMBP2). The IGHMPB2 protein has been
classified as a member of the Upf1-like group within the helicase su-
perfamily1 (SF1), consisting of the helicase domain, the R3H domain,
the zinc finger domain, and the nuclear localization signal sequence.5
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The majority of the patient mutations cluster within the helicase
domain and are missense mutations.3,6,7 IGHMBP2 is ubiquitously
expressed and comprises 15 exons encoding 993 amino acids corre-
sponding to an �110 kDa product. The exact role of IGHMBP2
linking to disease development is unknown; however, several cellular
activities have been ascribed to the normal protein, including ribo-
somal RNA maturation and translation,8,9 immunoglobulin-class
switching,7 pre-mRNA maturation,10 and transcription regulation
by either DNA binding activity11,12 or interaction with TATA-bind-
ing protein.13

The human and mouse IGHMBP2 genes are highly homologous. The
genetic basis for the most frequently utilized mouse model of
SMARD1 is derived from a spontaneous mutation in the previously
described nmd mice.14 nmd mice contain a mutation in Ighmbp2
intron 4, and, while a corresponding patient mutation does not exist,
this mutation disrupts the normal splicing pattern of the Ighmbp2
transcript,14,15 causing aberrant splicing of �75%–80% of the
Ighmbp2-derived mRNAs.14,16 The lifespan of nmd mice is variable,
ranging from 10 weeks to 7 months.14,17,18 A hallmark of the nmd
phenotype includes hindlimb muscle weakness and retrenchment
that appears within the second week of age and progresses to the fore-
limb and trunk muscles.16,18 While cardiomyopathy is rarely reported
in SMARD1 patients, it is a consistent phenotype observed in nmd
mice. Functional and structural cardiac defects can be rescued by car-
diac-specific restoration of Ighmbp2 expression in nmd mice.19 In
contrast, neuronal-specific expression of Ighmbp2 only results in mo-
tor function rescue and fails to alleviate the cardiomyopathy, leading
to death from congestive heart failure.20 Consistent with this, simul-
taneous restoration of Ighmbp2 in the neurons and skeletal muscle of
mber 2018 ª 2018 The Authors.
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Figure 1. ICV and IV Injection of AAV9-IGHMBP2 in

Low Doses Significantly Increases the Survival and

Total Body Weight of nmd Mice

(A) Map of AAV9-IGHMBP2 containing 2.9 kb of human

IGHMBP2 cDNA under control of the ubiquitously ex-

pressing chicken-beta-actin (CBA) promoter along with an

optimized intron within the 50 leader sequence and a

synthetic polyA site cloned into a single-stranded AAV

vector. (B) Homozygous nmd mice were injected either

ICV (at P2 and P3) or IV at P2 with a low dose (1.25� 1011)

of genomic copies of AAV9-IGHMBP2 and compared to

untreated mice. Survival was determined by Kaplan-Meier

curves, and the p value was determined by the log-rank

(Mantel-Cox) test. Median survival of ICV-injected nmd

mice (n = 24) was 205 days and IV-injected (n = 19)

216 days compared to 94 days in untreated nmdmice (n =

21) (p = 0.0006). Median survival of IV- and ICV-injected

nmd mice was not significant (p = 0.995). (C) Weight

assessment of ICV- and IV-treated nmdmice compared to

untreated mice. The average weight of ICV-treated nmd

mice is 16.63 ± 0.33 g compared to 12.24 ± 0.21 g in

untreated mice (one-way ANOVA p < 0.001) and 14.09 ±

0.28 g in IV-treated mice (one-way ANOVA p < 0.05). The

average weight of IV-treated animals is significantly higher

than untreated nmd animals (one-way ANOVA p < 0.01).

www.moleculartherapy.org
nmd mice leads to complete rescue.19 These observations highlight
the differences between the research model and the clinical cases,
but also the necessity of efficient cardiac rescue for the success of
any therapeutic strategy in nmd mice.

There is currently no cure or effective therapy for SMARD1. Recently,
we and another group developed the gene replacement therapy for
this monogenic disease.18,21 These reports contain vector-based ap-
proaches to rescue the nmd phenotype by delivering adeno-associated
virus serotype 9 (AAV9) expressing the full-length human IGHMBP2
cDNA into the CNS using two different doses18 and systemically us-
ing a high dose.21 To further advance AAV9-IGHMBP2 therapy, it is
important to determine the most appropriate dose coupled with the
most efficient delivery. To investigate an optimized delivery para-
digm, a relatively low dose of AAV9-IGHMBP2 virus was used in
this study to allow differences to be observed between various routes
of administration. In this article, we provide evidence that intrave-
nous (IV) delivery of a low dose of AAV9-IGHMBP2 significantly im-
proves the survival and cardiac phenotype of nmd mice but is less
effective at restoring the hindlimb phenotype and motor function.
We conclude that cardiac rescue in nmd mice is sufficient to extend
the survival of the IV-treated animals and the efficacy of AAV9-
IGHMPB2 is impacted by the route of delivery.

RESULTS
Phenotypic Assessment of IV- and ICV-Treated nmd Mice

The previously described viral vector utilized in the subsequent
experiments expresses the full-length human IGHMBP2 cDNA
(Figure 1A).18 To directly compare the efficiency of two different de-
livery methods, we performed phenotypic analysis using a low dose
Molecular The
(1.25e11 vector genomes [vg]) of single-stranded AAV9-IGHMBP2
delivered on postnatal day 2 (P2) either through intracerebroventric-
ular (ICV) or IV injection via the facial vein. This dose was effective in
rescuing the nmd phenotype by ICV injection.18 Interestingly, both
IV and ICV delivery routes led to a similar extension in survival
(p = 0.995; 216 days median survival for IV-treated compared to
205 days for ICV-treated mice) (Figure 1B). The extension in survival
for IV- and ICV-treated animals was significantly higher than un-
treated animals (p = 0.0006; 94 days median survival for untreated an-
imals) (Figure 1B). Consistent with increased lifespan, both IV- and
ICV-treated animals gained considerably more weight than untreated
animals (p < 0.0001); however, the ICV-treated cohort gained signif-
icantly more weight than the IV-treated cohort (p < 0.0001) (Fig-
ure 1C). As anticipated, treated males from both groups gained
more weight than treated females, consistent with our previously pub-
lished results.18

One of the hallmarks of the nmd phenotype is a severe contracture in
the hindlimb, but the ability to splay the hindlimb is significantly
improved in ICV-treated nmdmice.18 To compare the relative degree
of rescue in the hindlimb contracture phenotype, each cohort was
analyzed in a “tube test” and a tail suspension test (Figures 2A and
2C). Even though IV-treated nmd mice displayed rescue in the
contracture phenotype compared to untreated animals (Figures 2A
and 2B), ICV-treated mice showed a greater improvement compared
to the IV-treated cohort (p < 0.0001) (Figures 2A–2C). ICV-treated
and unaffected control mice were very similar regarding their hin-
dlimb phenotype (Figures 2A–2C). In addition, rotarod and grip
strength tests were performed to assess motor function in each of
the cohorts starting at P50 for 7 alternating days and/or trials. Motor
rapy: Methods & Clinical Development Vol. 10 September 2018 349
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Figure 2. The Hindlimb Contracture and Motor Function of IV-Treated nmd Mice Are Not Rescued Compared to ICV-Treated Mice

(A) Heterozygous (control) and homozygous nmd mice (untreated, IV-treated, and ICV-treated) were tested for hindlimb suspension by placing them upside down from a

conical tube. Hanging from the tube, the length of separation between their hindlimbs was analyzed and measured on 3 consecutive days. (B) The degree of the hindlimb

splay did not differ statistically in the control and ICV-treated nmdmice, whereas the hindlimb contracture was still significantly impaired in IV-treated mice (one-way ANOVA

IV-treated versus ICV-treated, p < 0.001). (C) Suspended from the tail, all of the IV-treated nmd mice show severe hindlimb contracture compared with age-matched ICV-

treatedmice, which shows rescued hindlimb phenotype (photo taken at P56). (D and E) Rotarod performance was used tomeasure riding time parameter in seconds; IV- and

ICV-treated nmd males (D) and females (E) were compared with the times of their age-matched untreated nmd littermates; rotarod statistical significance was identical for

both males and females (one-way ANOVA, ICV versus IV and untreated p < 0.001; IV versus untreated, ns). (F and G) Grip strength measurements in grams; IV- and ICV-

treated nmdmales (F) and females (G) were compared with their age-matched untreated nmd counterparts (one way ANOVA, ICV- versus IV-treated [females], p < 0.01; ICV-

versus IV-treated [males], p < 0.001; IV versus untreated [females], ns; IV versus untreated [males], p < 0.05). The data were normalized to the times (rotarod) and gram (grip

strength) of the heterozygous control and graphed as the ratio of the control value. Measurements were taken on alternative days from P50 through P62. Error bars

represent ± SEM. ***p < 0.001.
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function results were normalized to unaffected control cohorts and
graphed based on gender, which confirmed both genders were per-
forming similarly. Consistent with the hindlimb contracture studies,
the rotarod performance of the ICV-treated animals was indistin-
guishable from the unaffected control group and was significantly
350 Molecular Therapy: Methods & Clinical Development Vol. 10 Septe
improved compared to IV-treated mice (ICV versus IV, p < 0.0001)
(Figures 2D and 2E). Rotarod performance of IV-treated animals
was similar to untreated littermates (p = 0.34) (Figures 2D and 2E).
In the grip strength analysis, ICV-treated animals were significantly
weaker than unaffected mice but were still drastically improved
mber 2018
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compared to the IV-treated cohort (ICV compared to IV, p < 0.0001)
(Figures 2F and 2G). In contrast to the rotarod results, the grip
strength test of IV-treated mice revealed that males hadmore strength
than the female cohort (IV males versus untreated males, p < 0.05; IV
females compared to untreated females, ns) (Figures 2F and 2G).
Collectively, these results demonstrate that the survival of IV- and
ICV-treated animals is equally extended, although ICV-treatment
significantly improves additional aspects of the nmd phenotype,
including weight, motor function, and hindlimb contracture.

Hindlimb Muscle and Neuromuscular Junction Pathology Is Not

Rescued in IV-Treated nmd Mice

To determine whether skeletal muscle pathology was differentially
affected in the IV- and ICV-treated groups, a muscle fiber cross-
sectional area and the degree of interstitial fibrosis were examined
in gastrocnemius muscles. To maintain consistency throughout the
experiments, tissues were collected from 8-week-old males of unaf-
fected control, untreated, and ICV- and IV-treated nmd mice and
examined by using Verhoeff-van Gieson (VVG) staining (Figure 3A).
Consistent with previous reports, untreated nmd muscles displayed
fiber atrophy, highly variant fiber size, centralized nuclei, and intersti-
tial and periarterial fibrosis (Figure 3A).18,21,22 As anticipated, the
typical nmd-associated pathology was significantly reduced in the
ICV-treated samples, as no significant difference was observed be-
tween unaffected and ICV-treated mice (Figures 3A–3C). In contrast,
muscle from the IV-injected samples displayed significant levels of
pathology (ICV versus IV, p < 0.0001) and were similar to untreated
nmd samples in regards to fiber size and intensity of fibrosis (Figures
3A–3C). These results further proved that ICV delivery of AAV9-
IGHMBP2 resulted in greater rescue of the nmd phenotype and
that IV delivery had no positive impact on the gastrocnemius muscle
pathology, providing a basis for the differential efficacy with respect to
hindlimb contracture and rotarod performance.

Due to lack of improvements in the gastrocnemius muscles of IV-
treated nmd mice, it was anticipated that their neuromuscular junc-
tions (NMJs) innervating the gastrocnemius would also exhibit
more of the nmd phenotype compared to ICV-treated samples. In a
blinded, quantitative assessment of NMJ pathology from the gastroc-
nemius, IV-treated NMJs exhibited the hallmark pattern of neurode-
generation, including nearly 90% denervated and fragmented end-
plates (Figures 3D–3F). In contrast, NMJs from ICV-treated
samples were significantly rescued, as only 30% of the NMJs were
denervated, compared to NMJs from unaffected mice, which showed
no detectable denervation or motor endplate fragmentation (Figures
3D–3F). The NMJ phenotype of IV-treated mice is consistent with the
hindlimb muscle pathology and motor function tests, providing
further evidence that IV delivery of a low dose of AAV9-IGHMBP2
does not efficiently rescue the disease phenotype in distal muscles.

Diaphragm Muscle Pathology Is Similarly Rescued in IV- and

ICV-Treated nmd Mice

Diaphragm muscles of nmdmice exhibit pathology at 8 and 14 weeks
of age.18,22 To determine whether IV and ICV delivery of low-dose
Molecular The
vector similarly impact disease progression, we compared the
VVG-stained cross sections of diaphragm muscles from each cohort.
As expected, the nmd diaphragm showed areas of hypertrophy as well
as regions comprised of small and degenerated fibers in addition to
fibrotic areas (Figures 4A and 4C). In contrast to untreated nmd
tissue, the irregular fiber size and fibrosis were drastically decreased
in IV- and ICV-treated diaphragms, representing a phenotype similar
to the unaffected control (Figures 4A–4D). In contrast to distal
muscles, low dose administration of AAV9-IGHMBP2 significantly
repaired diaphragm pathology independent of the route of
administration.

Cardiomyocytes from IV- and ICV-Treated Animals Are Similarly

Rescued

Since nmdmice develop cardiomyopathy, cardiac-specific transgenic
restoration of Ighmbp2 can extend survival.19 To determine whether
IV and ICV delivery of AAV9-IGHBMP2 differentially rescued the
cardiac phenotype in nmd mice, we analyzed images from wheat
germ agglutinin (WGA)- and VVG-stained heart sections in each
of the cohorts. As expected, cardiomyocytes from nmdmice exhibited
the pathological hallmarks of cardiomyopathy, including smaller
fibers accompanied by areas of hypertrophy, myocyte nuclear en-
largements, unorganized and degenerated muscle fibers, and intersti-
tial and periarterial fibrosis, evidenced by accumulation of collagen
(pink areas in VVG staining) (Figures 5A and 5C). Quantification
of the cardiomyocyte cross-sectional area in WGA staining demon-
strated that unaffected controls are not statistically different than
untreated or treated nmd mice. However, the untreated fibers are
generally smaller, while ICV- and IV-treated hearts exhibit a minor
hypertrophy (Figures 5A and 5B), leading to a notable difference
only between ICV-treated and untreated hearts (p < 0.05). In regard
to fibrosis, both delivery methods resulted in significantly reduced
levels of fibrosis in the heart tissue compared to untreated nmd (Fig-
ures 5C and 5D).

The Underlying Cause of Interstitial and Periarterial Fibrosis Is

Equally Diminished in IV- and ICV-Treated nmd Hearts

Interstitial and periarterial fibrosis occurs as a result of excess
extracellular matrix (ECM) proteins in cardiomyocytes and the
arterial wall. A balanced synthesis of the ECM proteins is influ-
enced by the proper level of growth factors and cytokines pro-
duced by cardiac fibroblasts.23–26 To examine potential defects
in ECM protein expression, collagen I and collagen III expression
was analyzed by immunohistochemistry in cardiomyocytes and
the arterial wall (Figures 6A–6C). Collagen type I was signifi-
cantly higher in the cardiomyocytes of untreated nmd mice
compared to unaffected control and ICV- and IV-treated mice
(Figures 6A and 6F). In contrast, collagen III expression and
the ratio of collagen III/I was significantly reduced in the arteries
of untreated and IV- and ICV-treated mice compared to unaf-
fected controls (Figures 6B, 6C, 6G, 6H, and S1A). These results
suggest that high expression of collagen I contributes to intersti-
tial fibrosis in nmd cardiomyocytes, which is rescued by both de-
livery methods. However, the untreated group and both of the
rapy: Methods & Clinical Development Vol. 10 September 2018 351
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Figure 3. Gastrocnemius Muscle and NMJ Defects Are not Rescued in IV-Treated nmd Mice Compared to ICV-Treated Mice

(A) VVG-stained cross sections of gastrocnemius muscles of IV- and ICV-treated nmd males were examined at 8 weeks post-injection under 40� magnifications and

compared with those of age-matched untreated nmd and healthy control mice (n = 4 for each group). (B) The area size of muscle fiber in IV-treated nmd mice is similar to

untreated mice and significantly reduced compared to ICV-treated mice (one-way ANOVA, IV versus ICV, p < 0.001). (C) The intensity of interstitial and periarterial fibrosis is

significantly higher in the muscles of IV-treated nmdmice compared to ICV-treated (one way ANOVA p < 0.01) and unaffected control mice (one-way ANOVA, p < 0.001). (D)

NMJs from gastrocnemius muscle of IV- and ICV-treated males at 8 weeks of age compared to those of age-matched untreated and healthy control (n = 4 for each group).

Muscles were labeled with a-BTX for acetylcholine receptors (AChRs), anti-neurofilament, and anti-vesicular acetylcholine transporter (VAChT) for nerve terminals. (E)

Percentage of innervated, partially innervated, and denervated muscles; % of fully innervated in ICV-treated is �69% versus �7% in IV-treated mice (one-way ANOVA, p <

0.001). (F) Percentage of fragmented endplates in ICV-treated is�8% versus�96% in IV-treated mice (one-way ANOVA, p < 0.001). Scale bars, 50 mm. Error bars represent

mean ± SEM. *p < 0.05 and ***p < 0.001.
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treated groups are susceptible to vascular rupture as a result of
reduced collagen III and an imbalanced collagen III/I ratio in
arteries.

To investigate whether other ECM proteins contribute to periarterial
fibrosis, arterial walls were examined for the potential deposition of
352 Molecular Therapy: Methods & Clinical Development Vol. 10 Septe
fibronectin. Interestingly, a significant increase in fibronectin deposi-
tion was detected in the adventitia of untreated nmd samples. In
contrast, fibronectin levels in IV- and ICV-treated arteries were
similar to unaffected control (Figures 6D and 6I), suggesting fibro-
nectin deposition is a potential factor in the development of periarte-
rial fibrosis in nmd.
mber 2018



Figure 4. Diaphragm Muscle Pathology of IV- and

ICV-Treated nmd Mice Is Equally Repaired

Compared to Untreated Mice

(A and C) VVG-stained cross sections of diaphragm

muscles of IV- and ICV-treated males were examined at

8 weeks post-injection under 10� (A) and 40� (C) mag-

nifications and compared with those of age-matched

untreated nmd and healthy control (n = 4 for each group).

(B) The area size of muscle fiber in both IV- and ICV-

treated nmd mice is significantly increased compared to

untreated mice (one-way ANOVA, p < 0.05). (D) The in-

tensity of interstitial and periarterial fibrosis is significantly

decreased in diaphragm muscles of IV- and ICV-treated

nmd mice compared to untreated mice (one-way

ANOVA, p < 0.001). Error bars represent mean ± SEM.

Scale bars, 50 mm. *p < 0.05 and ***p < 0.001.
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To determine the underlying cause of fibrosis in the nmd heart, we
focused on two pleiotropic growth factors, transforming growth
factor b1 (TGFb1) and connective tissue growth factor (CTGF),
which play a role in the development of fibrosis by increasing
the synthesis of the ECM proteins. Additionally, CTGF is a key
mediator of ECM production in pathological fibrotic conditions,
cardiac hypertrophy, and heart failure.24,27–29 We observed a
significantly higher expression of CTGF in untreated cardiomyo-
cytes and arteries compared to healthy control and IV- and ICV-
treated animals (Figures 6E, 6J, and S1B). In contrast, TGFb1 levels
in the cardiomyocytes and arteries are not significantly different
between any of the cohorts (Figures S1C and S1D), suggesting
that TGFb1 is not a causative factor in imbalanced ECM synthesis
in the nmd heart.

Collectively, the hearts of IV- and ICV-treated nmd mice developed
considerably less fibrotic area compared to untreated mice, indi-
cated by a lower expression of ECM proteins such as collagen I
and fibronectin. One of the underlying causes of fibrosis in nmd
hearts is the upregulation of CTGF, which is notably rescued in
Molecular Therapy: Methods & Clinic
both ICV- and IV-treated cardiomyocytes
and arteries. However, decreased intensity of
collagen III and, therefore, a reduced ratio of
collagen III/I, was not salvaged in IV- and
ICV-treated arteries, which places them along-
side untreated nmd mice at high risk for arte-
rial rupture.

Cardiac Ultrasound Reveals Moderate

Rescue in Cardiac Function of Both IV- and

ICV-Treated nmd Mice

To conduct measurements of cardiac func-
tion, echocardiography was performed on
8-week-old sedated mice. nmd mice develop
cardiomyopathy within 4–6 weeks of age
and, by 8 weeks, their cardiac function is
severely compromised.19 Due to their weak
heart, 3 untreated nmd mice died soon after being anesthetized
with isoflurane. As a result, the untreated mice with healthier
hearts were unintentionally selected for cardiac ultrasound. We
included both healthy controls (wild-type and unaffected heterozy-
gous) for comparison to detect even moderate improvements in the
treated hearts in case they resembled the heterozygous (“HET”)
more than the wild-type. We determined several cardiac functional
parameters, including (1) left ventricular (LV) ejection fraction; (2)
cardiac output; (3) LV diastolic function; (4) LV filling pressure; (5)
diastolic stiffness; and (6) the LA/AO ratio based on the diameter
of aorta (AO) and lumen (LA). As expected, nmd mice demon-
strated insufficient cardiac systolic function, indicated by decreased
ejection fraction and cardiac output (Figures 7A and 7B) as well as
impaired LV diastolic function evidenced by reduced septal
annular velocity (E’), increased LV filling pressure (E/E’), and
increased diastolic stiffness estimated by the ratio of LV filling
pressure (E/E’) to LV inner diameter at end diastole (LVIDd) (Fig-
ures 7C–7E). The slight increase in the left atrial to aorta diameter
ratio in untreated is consistent with remodeling resulting from
the increase in LV filling pressure (Figures 7F, S2A, and S2B).
al Development Vol. 10 September 2018 353
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Figure 5. Cardiomyocyte Pathology of IV- and ICV-

Treated nmdMice Is Equally Repaired Compared to

Untreated Mice

WGA-stained (A) and VVG-stained (C) cross sections of

cardiomyocyteof IV-and ICV-treatedmaleswereexamined

at 8 weeks post-injection and compared with those of age-

matcheduntreatednmdandhealthy controlmales (n=4 for

each group). (A and B) The fiber area of cardiomyocytes in

untreated nmd is slightly smaller than IV and healthy control

but significantly decreased compared to ICV-treated nmd

mice (one-way ANOVA, p < 0.05). The cardiomyocyte fiber

area of IV, ICV, and healthy control are not statistically

different. (C andD) The intensity of interstitial and periarterial

fibrosis is significantly decreased in the cardiomyocytes of

IV- and ICV-treated nmdmice compared to untreatedmice

(one-way ANOVA, p < 0.05). Error bars represent mean ±

SEM. Scale bars, 50 mm. *p < 0.05
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Accordingly, the myocardial performance index (marker of global
cardiac dysfunction based on systolic and diastolic time intervals)
was also elevated in untreated compared to healthy controls (Fig-
ure S2C). IV- and ICV-injected animals differed in some aspects
of diastolic function, as LV filling pressure was more improved
in IV-treated compared to ICV-treated mice (Figure 7D), and,
therefore, LV diastolic function and the diastolic stiffness were
rescued more efficiently in IV- than ICV-treated mice (Figures
7C and 7E). In contrast to the well-described cardiac phenotype
of spinal muscular atrophy (SMA) mice in which bradycardia is
a prominent defect,30–32 the heart rate of nmd mice was similar be-
tween all groups (Figure S2D).

Collectively, the majority of the cardiac parameters were equally
repaired in both IV- and ICV-treated mice to levels that were
significantly more improved than untreated mice and did not
differ statistically from their wild-type and “HET” counterparts
(Figures 7A–7E). These data demonstrate that repair in cardiac
function of IV- and ICV-treated hearts correlates with the rescue
in cellular and biochemical properties of cardiomyocytes and
arteries.
354 Molecular Therapy: Methods & Clinical Development Vol. 10 September 2018
Levels of IGHMBP2 in the nmd Spinal Cord

Are Significantly Higher in ICV-TreatedMice

Than IV-Treated Mice

A potential explanation for the variable degree
of rescue in the heart and hindlimb of IV-
treated animals is based on potential differences
in IGHMBP2 expression levels in cardiomyo-
cytes versus the spinal cord. According to our
results, the hindlimb function and distal muscle
and NMJ phenotype were not sufficiently
rescued in the IV-treated animals compared to
ICV-treated animals. Therefore, we hypothe-
sized that, due to the nature of IV injection, in
which the virus enters the spinal cord through
circulatory system as opposed to a direct deliv-
ery via ICV, the IGHMBP2 protein levels in the spinal cord of IV-
treated mice is less than that of ICV-treated mice. We performed
western blot analysis with the spinal cord extracts of IV- and ICV-in-
jected nmd mice 12 days post-injection. As anticipated, IGHMBP2
protein levels were significantly higher in ICV-treated spinal cord
extract compared to IV-treated and untreated mice (Figures 8A and
8B), elucidating the lack of sufficient repair in distal muscles of IV-in-
jected mice. Since the heart of IV- and ICV-treated animals were
rescued to the same extent, we assumed that the expression of
IGHMBP2 was similar in the heart of IV and ICV-injected nmd
mice. However, we failed to detect the appropriate size of the full-
length IGHMBP2 protein in any of the heart samples at 12 days
post-injection, which is in compliance with a previous report.16 The
main product of the western blot using heart extracts was a 55–
60 kDa protein that was detected with similar intensity in all of the
samples. This product has been previously suggested to originate
from putative alternative splicing or an additional start codon.16

The absence of IGHMBP2 protein in the heart extracts prompted us
to examine the full-length IGHMBP2 in a positive control nmd
mouse. Therefore, we used the heart extracts of the cardiac rescue



Figure 6. IV and ICV Treatments Rescue the Excess of ECM Proteins and Upregulation of CTGF

Representative confocal fluorescent images of heart sections in 8-week-old nmdmales immunostained with collagen type I in cardiomyocytes (A) and arteries (B), collagen

type III (C), fibronectin (D), and CTGF (E). (F) Quantification of collagen type I in cardiomyocytes shows a significant reduction in IV- and ICV-treated mice compared to

untreated mice (one-way ANOVA, IV versus untreated, p < 0.01; ICV versus untreated, p < 0.05). (G and H) Quantification of collagen type I (G) and III (H) in arteries indicates

no significant difference between IV- and ICV-treated mice compared to untreated mice, but healthy control mice contain a noticeably higher expression of collagen type III in

arteries compared to treated and untreated nmd mice (one-way ANOVA, p < 0.01). (I and J) Quantification of fibronectin (I) and CTGF (J) in arteries demonstrates that the

expression levels of these proteins are drastically reduced in both treated groups compared to the untreated group (one-way ANOVA, p < 0.05) and is similar to the healthy

control group. Error bars represent mean ± SEM. Scale bars, 50 mm. *p < 0.05 and **p < 0.01.
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transgenic line, constructed in Jackson Laboratory, that expresses
IGHMBP2 in myocytes.19 Interestingly, the full-length IGHMBP2
protein was barely detectable in the hearts of the transgenic heterozy-
gous mice, as shown by a faint band, and almost undetectable in
Molecular The
transgenic nmd mice, indicating that IGHMBP2 protein in the heart
is not readily detectable or persistent (Figure S3). As expected, the 55–
60 kDa protein was present in both transgenic and non-transgenic
heart samples (Figure S3).
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Figure 7. Cardiac Function of IV- and ICV-Treated

SMARD1 Mice Are Equally Repaired Compared to

Untreated Mice

Echocardiography was conducted on 8-week-old IV- and

ICV-treated nmd males and compared to those of age-

matched untreated and healthy controls (wild-type and

“HET”). Untreated and wild-type (n = 5): “HET”, IV- and

ICV-treated (n = 4). Cardiac functional parameters,

including ejection fraction, cardiac output, diastolic

function, LV filling pressure, diastolic stiffness, and LA/AO

ratio, were obtained using measurements from the

modified parasternal short axis view in the M-mode. (A)

Ejection fraction (one-way ANOVA, IV and ICV versus

untreated, p < 0.05; IV and ICV versus “WT”, ns; “WT” and

“HET” versus untreated, p < 0.001). (B) Cardiac output

(one-way ANOVA, IV and ICV versus untreated, p < 0.01;

IV and ICV versus “HET”, ns; “WT” versus IV and ICV, p <

0.05; “WT” and “HET” versus untreated, p < 0.001). (C) LV

diastolic function (one-way ANOVA, IV and “HET” versus

untreated, p < 0.01; ICV and “WT” versus untreated, p <

0.05; IV and ICV versus “WT” and “HET”, ns). (D) LV filling

pressure (one-way ANOVA, IV versus untreated, p < 0.05;

“WT” and “HET” versus IV and ICV, ns; “WT” and “HET”

versus untreated, p < 0.05; ICV versus untreated, ns). (E)

Diastolic stiffness (one-way ANOVA, IV versus untreated,

p < 0.01; ICV versus untreated, p < 0.05; IV and ICV

versus “WT” and “HET”, ns; “WT” versus untreated, p <

0.01; “HET” versus untreated, p < 0.05). (F) LA/AO ratio

(one-way ANOVA, no significance between all groups).

LA, lumen; AO, aorta. Error bars represent mean ± SEM.

*p < 0.05, **p < 0.01, and ***p < 0.001.
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DISCUSSION
Proper dosing, the therapeutic window, and the most effective deliv-
ery route are important components of pre-clinical studies for gene
therapy. Two recent reports of gene replacement therapy for
SMARD1 involved ICV delivery using two different doses18 and IV
delivery using a single high dose.21 The outcome of the ICV delivery
of a low dose18 and the IV delivery of an approximately 5 times higher
dose21 was similar, leading to a significant phenotypic rescue. Since a
sub-optimal dose can readily reveal even the minor differences be-
tween two delivery methods, we directly compared the efficacy of
IV and ICV routes side by side using a low dose of AAV9-IGHMBP2
(1.25e11 vg). In a direct comparison of IV- and ICV-treated animals,
we observed that the injection method plays a critical role in influ-
encing the type of tissues that are rescued. Our results indicate that
delivery of a low dose vector through either IV or ICV is effective
in extending the lifespan of nmd mice. Both delivery methods also
led to significantly increased weight compared to untreated mice,
although ICV-treated mice gained more weight than IV-treated
mice. However, the IV delivery of the vector had a limited capability
to repair the gastrocnemius muscles and NMJ phenotype, consistent
with their poor rotarod performance, partial rescue of hindlimb
contracture, and reduced activity level. Western blot with the spinal
cord of IV- and ICV-treated mice revealed that the IGHMBP2 levels
were significantly less in IV-treated spinal cord extracts than those
356 Molecular Therapy: Methods & Clinical Development Vol. 10 Septe
treated by ICV injection, consistent with the inadequate rescue in
IV-treated hindlimbs. The hindlimb phenotype of IV-treated mice
was similar to untreated counterparts, confirming that progressive
motor neuron disease, which leads to denervated NMJs and disabled
distal muscles, is not the cause of death in nmd mice.

Dilated cardiomyopathy (DCM) occurs within 6 weeks of age in
nmd mice.19 Our cardiac analysis demonstrated that untreated
nmd mice are harboring structural and cellular defects in the form
of cardiomyocyte degeneration and interstitial and periarterial
fibrosis. However, the cardiomyocytes of IV- and ICV-treated
mice mostly resembled the healthy controls demonstrating normal
myofiber area and a low level of interstitial and periarterial fibrosis.
The biomarkers of fibrosis, such as excess ECM proteins and CTGF,
were also drastically reversed in cardiomyocytes and the arteries of
both IV- and ICV-injected animals compared to untreated animals,
suggesting that fibrosis in nmd hearts is the result of CTGF upregu-
lation leading to excessive ECM synthesis. Consistent with cellular
repair, the echocardiography confirmed that the functional proper-
ties of IV- and ICV-treated mice are greatly improved to the level
that several parameters, including ejection fraction, cardiac output,
diastolic stiffness, and LV filling pressure, were not significantly
different than healthy controls. On the other hand, the hearts of un-
treated nmd mice indicated impaired cardiac capacity and function,
mber 2018



Figure 8. IGHMBP2 Protein Levels Are Higher in the

Spinal Cord of ICV-Treated nmd Mice Than

IV-Treated Mice

(A) Western blot of the spinal cord extracts of untreated

and IV- and ICV-treated nmdmice 12 days post-injection.

(B) Quantification of the western blot demonstrates a

considerable increase in IGHMBP2 levels of ICV-treated

mice compared to healthy control, untreated nmd, and

IV-treated mice (one-way ANOVA, p < 0.01). Healthy

control was utilized as positive control; HEK293 cells

transfected with IGHMBP2 construct was used as size

control and anti-tubulin was used as loading control. Error

bars represent mean ± SEM. **p < 0.01.
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even though only the untreated mice with stronger hearts were able
to endure the anesthesia.

Cardiac improvement seen in the IV treatment group is potentially
due to its effectiveness in restoring IGHMBP2 levels in the cardio-
myocytes compared to the spinal cord. The cardiac repair in ICV-
treated animals may be attributed to the immature blood-brain
barrier at P2 that allows the transmission of the virus to peripheral
organs, including cardiac tissue. However, neither western blot nor
immunohistochemistry could reproducibly detect the predicted
intracellular increases in IGHMBP2. IGHMBP2 is essentially unde-
tectable in peripheral organs, including heart and liver, even at em-
bryonic stage.16 It is possible that delivery of a low dose of AAV9 vec-
tor is unable to increase the IGHMBP2 protein to a detectable level by
western blot but is still sufficient to repair the cellular and functional
properties of the heart. There is also a prominent 55–60 kDa trun-
cated protein in all of the heart samples, including the cardiac rescue
transgenic nmd, that may interfere with detection of the full-length
IGHMBP2. We conclude that, although IV delivery of a low dose of
AAV9-IGHMBP2 has no positive outcome on hindlimb phenotype
and function, partial restoration of cardiac structural and functional
defects by IV delivery is sufficient to significantly rescue survival.

Our results are in agreement with the findings of cardiac rescue trans-
genic nmdmice in which introducing the full-length Ighmbp2 cDNA
under control of mouse titin (Ttn) promoter, expressed specifically in
myocytes, increased the survival up to 8-fold.19 In addition, three
CAST-derived cardiac modifiers were identified by quantitative trait
locus (QTL) on chromosomes 9, 10, and 16 of nmdmice with the abil-
ity to suppress symptoms of cardiomyopathy and extend the lifespan
either individually or in combination.19 The data provided in this
report are consistent with these studies and further demonstrate
that premature death in nmdmice occurs as a result of DCM, not pro-
gressive motor neuron disease. A similar degree of structural repair
was also observed in the diaphragm of IV- and ICV-treated mice,
which potentially contributed to extension of survival.

The fact that cardiomyopathy has not been reported in SMARD1 pa-
tients does not exclude the possibility of cardiac complications later in
Molecular The
life because it occurs in congenital myopathies and muscular dystro-
phies.33 The development of SMARD1-specific therapeutics has the
potential to extend survival and, in turn, unmask currently unrecog-
nized disease complications, such as cardiac defects. In SMA, even
though the cardiac complications are limited to the most severe forms
of disease, uncovering the defects in the heart and other peripheral or-
gans of SMA mice models revealed the necessity of rescuing periph-
eral organs to achieve the full therapeutic potential for any treatment
option.30–32,34,35 Therefore, while cardiac defects have not been
shown to be the cause of death in SMARD1 patients, these results
highlight the importance of fully understanding the pathology of an-
imal models and leveraging their strengths to investigate different
components of gene therapy. Going forward, it will be important to
examine the temporal requirements of AAV9 gene therapy and
how an optimized delivery paradigm can be used to better address
the temporal requirements of the AAV9-IGHMBP2 vector.

MATERIALS AND METHODS
Viral Vector Construction

The vector expressing the full-length IGHMBP2 cDNA was devel-
oped into the single-stranded AAV9 virus using an appropriate pack-
aging cell line, purified by three CsCl density-gradient ultracentrifu-
gation steps, and dialyzed against HEPES buffer. Viral particles
were titered by qPCR using SYBR Green. The details of cloning and
synthesis of single-stranded AAV9-IGHMBP2 vector were described
previously.18

Mice Model and Animal Procedures

All animal experiments took place in accordance with procedures
approved by NIH guidelines and the University of Missouri (MU)
Animal Care and Use Committee. A colony of the SMARD1 mice
model (nmd) (B6.BKSIghmbp2nmd-2J/J) (Jackson Laboratories, Bar
Harbor, ME) has been established. The nmd mice were ICV18 or IV
injected36 with 1.25 � 1011 vg at P2 and P3 for ICV injection18 and
at P2 for IV injection. For NMJ analysis of distal muscles, 4 groups
of nmd mice (healthy controls [WT], untreated homozygous, ICV-
treated, and IV-treated [n of 4 per each group]) were anesthetized
with 2.5% isoflurane and then perfused transcardially with cold
0.1 M PBS (pH 7.4), followed by 4% paraformaldehyde in phosphate
rapy: Methods & Clinical Development Vol. 10 September 2018 357
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buffer (0.1 M, pH 7.4). Diaphragm muscles were harvested from
perfused animals for histopathology. For hindlimb and heart analysis,
4 treatment groups were anesthetized with 2.5% isoflurane, and their
hindlimbs and hearts were incised and fixed in 4% paraformaldehyde
overnight.

Contracture and Motor Function Test

Contracture was measured by placing the mice upside down in a
conical tube and measuring the distance between the splayed hin-
dlimbs. Motor activity and coordination were quantified using ro-
tarod treadmill (IITC Rotarod Series 8, IITC Life Science, CA) with
the speed of 5 rotations per minute. The animals were placed on
textured drums to avoid slipping. When the tested animal fell onto
the individual sensing platform, the test results were recorded in sec-
onds. For forelimb grip strength measurement, a grasping response
test was utilized. Each pup’s front paws were placed on a wire mesh
(1 cm2 grids) and gently dragged horizontally along the mesh (BioSeb
Model BP32025; Vitrolles, FR, EU, Pinellas Park, FL). Any resistance
felt was scored as a positive response. The strength of the animal hold-
ing onto the mesh before release was recorded in grams. Grip strength
values (gram) were normalized against the animal’s body weight.
Both measurements were performed for 7 alternate days, starting
on P50 and ending at P62. Each value is the average of four trials per-
formed on each day.

Muscle Histology

4 mmVVG-stained cross sections were prepared from gastrocnemius,
diaphragm, and heart muscles at the MU Veterinary Medical Diag-
nostic Laboratory. Muscle fiber area and interstitial and periarterial
fibrosis were quantified usingMetaVue as previously described.18,30,37

Neuromuscular Junction Immunostaining

This procedure was described in detail previously.38 In summary,
gastrocnemius muscles were harvested from 8 week-old-perfused
mice and teased into bundles of 10–15 muscle fibers to promote the
penetration of antibodies. Muscles were immunostained using anti-
NF-H (1:2,000; Chemicon, EMD Millipore) and anti-synaptophysin
(1:200; Life Technologies). Acetylcholine receptors were labeled
with Alexa Fluor 594-conjugated a-bungarotoxin (1:200; Life Tech-
nologies). Representative muscle images were taken using a laser
scanning confocal microscope (�40 objective; Leica TCS SP8, Leica
Microsystems). NMJ analysis was performed on at least 3 randomly
selected fields of view per muscle per mouse (�20 objective; Leica
DM5500 B, Leica Microsystems). Images were analyzed using freely
available Fiji Software (NIH). Endplates missing overlapping nerve
terminal staining were considered completely denervated. Endplates
with partial overlap were considered partially denervated, and end-
plates with complete overlap were considered fully innervated. End-
plate morphology was assessed for normal (pretzel shape) or frag-
mented structure.

Cardiac Ultrasound

To evaluate the cardiac function of nmd mice in vivo, we performed
echocardiography on 8-weeks-old isoflurane-anesthetized males us-
358 Molecular Therapy: Methods & Clinical Development Vol. 10 Septe
ing a Vevo 2100 ultrasound system (VisualSonics, Toronto, Canada)
as previously described.39 Qualitative and quantitative measurements
were analyzed offline using the Vevo software.

Western Blot

100 mg spinal cord and heart tissue were homogenized in 200–500 mL
Jurkat lysis buffer (JLB) and equal amounts of protein were loaded
onto 10% SDS-PAGE gel as previously described.37,40,41 Blots were
incubated overnight at 4�C with rabbit IGHMBP2 antibody (Aviva
Systems Biology, San Diego, CA) diluted to 1:1,000, and horseradish
peroxidase (HRP) anti-rabbit immunoglobulin G (IgG) (Jackson Im-
munoresearch) was used as secondary antibody. Mouse tubulin
(Sigma, St. Louis, MO) was used as loading control. Blots were visu-
alized by chemiluminescence, and images were captured by a Fugi-
Imager (LAS-3000) and quantified by Multi Gauge V3.0 software.

Heart Immunohistochemistry

Immunostaining of the cardiomyocytes and vasculature was previ-
ously described in detail.30,37 Paraffin-embedded heart crosssections
were immuno-labeled for rabbit collagen I (1:100), collagen III
(1:50), CTGF (1:300), TGFb1 (1:50), and fibronectin (1:50). All anti-
bodies were purchased fromAbcam. 1:300 dilution of Alexa Fluor 647
donkey anti-rabbit IgG (H+L) (Invitrogen) was used as secondary
antibody. Cardiomyocytes were also stained with 10 mg/mL FITC-
tagged wheat germ agglutinin (Invitrogen). Images were captured us-
ing an inverted spectral confocal microscope (Leica TCP SP8 STED)
under the same computer settings for all sections in each experiment.
The cross-sectional area of myocytes and gray scale intensities in car-
diomyocytes and coronary arteries were measured by MetaVue and
MetaMorph.

Statistical Analysis

The statistical significance of comparing three experimental groups
(healthy control, untreated, and ICV- and IV-treated) in all the exper-
iments was calculated using one-way ANOVA and Newman-Keuls
multiple comparison post hoc test. Analyses were performed with
GraphPad Prism software; error bars represent means ± SEM. The
significance of survival was determined with a log-ranked (Mantel-
Cox) test. Ratios were calculated as values from controls (“HET” or
“WT”) standardized as 1.
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