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Gene therapy now provides a novel approach for treating in-
herited monogenetic disorders, including nuclear gene muta-
tions associated with mitochondrial diseases. In this study,
we have utilized a mouse model carrying a p.Arg389GIn muta-
tion of the mitochondrial Ferredoxin Reductase gene (Fdxr)
and treated them with neurotropic AAV-PHP.B vector loaded
with the mouse Fdxr cDNA sequence. We then used immuno-
fluorescence staining and western blot to test the transduction
efficiency of this vector. Toluidine blue staining and electronic
microscopy were also utilized to assess the morphology of optic
and sciatic nerves, and the mitochondrial respiratory chain ac-
tivity was determined as well. The AAYV vector effectively trans-
duced in the central nervous system and peripheral organs, and
AAV-Fdxr treatment reversed almost all the symptoms of the
mutants (Fdxr®3°UR389Q)  This therapy also improved the
electronic conductivity of the sciatic nerves, prevented optic
atrophy, improved mobility, and restored mitochondrial com-
plex function. Most notably, the sensory neuropathy, neurode-
generation, and chronic neuroinflammation in the brain were
alleviated. Overall, we present the first demonstration of a po-
tential definitive treatment that significantly improves optic
and sciatic nerve atrophy, sensory neuropathy, and mitochon-
drial dysfunction in FDXR-related mitochondriopathy. Our
study provides substantial support for the translation of
AAV-based Fdxr gene therapy into clinical applications.

INTRODUCTION

Ferredoxin reductase (FDXR), also known as adrenodoxin reductase,
was first isolated from the bovine adrenal cortex as the first enzyme in
the mitochondrial P450 system, which catalyzes the necessary steps of
steroid hormone biosynthesis.'" FDXR is an essential component of
both the mitochondrial iron-sulfur assembly pathway and mitochon-
drial respiratory chain complex assembly factors.® Our group was
one of the first to identify the pathogenicity of FDXR mutations in hu-
mans and also analyzed the phenotype of a mouse model with a spon-
taneous FDXR mutation. Homozygous and compound heterozygous
mutations of FDXR lead to a deficiency in the iron-sulfur cluster
(ISC)-containing enzymes, reduced levels of heme oxygenase, iron
overload in energy-intensive tissues, and a decrease in mitochondrial
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complex activity. These deficiencies eventually lead to auditory neu-
ropathy, optic atrophy, neurodegeneration associated with inflamma-

tion, and movement disorders in both humans and mice.*®

Mutation of FDXR can lead to a lethal mitochondrial neuropathy. Six
out of fourteen pediatric patients died prematurely in the cohort we re-
ported.*® For most mitochondrial neuropathies, there is no conven-
tional treatment effective enough to counter the pathogenicity of this
class of diseases. The most common clinical approach to treat these dis-
eases is the “mitochondrial cocktail,” which is merely a combination of
vitamins, energetic and metabolic enhancers, and nutritional supple-
ments.” Some clinical responses have been observed during the pro-
cess of the “mitochondrial cocktail” treatment.” However, none of these
therapies genuinely alter the course of the disease. Thanks to the tech-
nological advance of next-generation sequencing, more and more
mitochondrial diseases have been linked to monogenic mutations in
the nuclear genome, as well as to mutations in the mitochondrial
genome. Consequently, the mitochondrial neuropathy caused by these
mutations could theoretically be cured if the relevant mutation in the
nuclear genome could be corrected. The development of adeno-associ-
ated virus (AAV) provides the means to effect such a correction by
proving a suitable vector to deliver the corrected gene in vivo,'”'!
thus offering the potential to cure a broad range of mitochondrial dis-
eases caused by a monogenic mutation in the nuclear genome.

One barrier to this potential approach is how to deliver the corrected
gene systematically to the whole body, while also permitting expression
in the central nervous system (CNS), which is often particularly hard-
hit by the consequences of mitochondrial deficiency. AAV-PHP.B is a
recently developed AAV capsid, based on the AAVY serotype, which
has been shown to effectively deliver its genome across the blood-brain
barrier and into the CNS in both neonate and adult mice.'>'” The low
antigenicity and excellent safety profile associated with AAV make it a

Received 6 February 2020; accepted 19 May 2020;
https://doi.org/10.1016/j.omtm.2020.05.021.

Correspondence: Taosheng Huang, Division of Human Genetics, Cincinnati
Children’s Hospital Medical Center, Cincinnati, OH 45229, USA.

E-mail: taosheng.huang@cchmc.org

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.omtm.2020.05.021
mailto:taosheng.huang@cchmc.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2020.05.021&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

www.moleculartherapy.org

plausible tool for gene therapy. However, a limitation of this viral vector
is that the size of its genome cargo is relatively small; after the inclusion
of promoters, reporters, and selection markers, the maximum size
available for packaging therapeutic genes into AAV vectors is generally
limited to less than 2.4 kb. The size of the full mouse Fdxr gene is
approximately 9.0 kb,'* which makes it impossible to be included in
the AAV vector. Thus, we subcloned the coding sequence (CDS) of
mouse Fdxr (1.485 kb; MGI:104724) into an AAV-PHP.B vector, along
with the ubiquitous cytomegalic virus promoter (CMV), and delivered
it into our previously reported Fdxr>*¥®3#9Q mouse model. This
“AAV-Fdxr” vector reversed the majority of the phenotypes of the
Fdxr™8YR39Q muytants, ameliorated their sensory and auditory neu-
ropathy, and helped the mutants regain their motor ability. The results
of this study indicate that gene therapy using the AAV-PHP.B vector
could be a powerful approach for treating FDXR-related mitochondri-
opathy and other mitochondrial genetic disorders.

RESULTS

AAV-PHP.B Successfully Delivers Fdxr into the CNS and
Peripheral Tissues with a Long-Term Expression Pattern

To test the transduction efficiency of AAV-PHP.B in the B6/129S
background, we administrated 2 x 10'' genomic copies of AAV-
PHP.B-GFP into P2 neonatal Fdxr™***¥™**Q muytants. Both the
mice injected with AAV-PHP.B-GFP and the uninjected mice were
sacrificed at 2 weeks post-injection. Immunofluorescence (IF) stain-
ing showed the ubiquitous distribution of GFP signals in both the ce-
rebral cortex, cerebellum, heart, liver, eyes, and sciatic nerve. Those
results confirmed the tropism of AAV-PHP.B in the CNS and periph-
eral organs (Figure 1A). To test the sustainability of the transgenic
product in vivo, we performed western blot to detect Fdxr protein in-
side the brain and adrenal gland of each group of 5-month-old mice.
Immunoblotting showed that the Fdxr protein had a similar expres-
sion level between wild-type (WT), Fdxr®3%°YR389Q 1 utants, and
AAV-treated mutants (Figures 1B and 1D). However, we found a sig-
nificant discrepancy in FDXR expression in the adrenal gland, which
is the tissue with the highest expression under ordinary conditions
(Figures 1C and 1E). Compared to Fdxr®38YR389Q mutants, both
the WT mice and the AAV-treated mutants had higher expression
within the adrenal gland (WT versus FxrR38oQR389Q p = 0.0027;
AAV-treated versus Fdxr8YR389Q p = 0.038) and liver (WT versus
Fxr®389UR39Q 15 — 0.0121; AAV treated versus Fdxr >8R 1 —
0.0935). These results indicate that the AAV-PHP.B-Fdxr vector
delivered sufficient amounts of the therapeutic transgenic product,
and the product maintained a significant level of expression over time.

AAV-Fdxr Alleviates Neuronal Gliosis and Neurodegeneration in
the CNS of FdxrR®899/R389Q Mytants

Fxr™389UR389Q mjce show a phenotype of compromised cognitive
ability, as evidenced by their tendency to fail in finding the correct route
to escape from the Morris Water maze (MWM). Additionally, the spas-
ticity in the hind limbs and ataxia they present tends to deteriorate over
time, leading to substantial difficulty in movement. Therefore, we
stained the brain sections of 5-month-old WT mice, untreated
Fdxr®38OUR89Q itants, and Fdxr™ 8 YR39Q mutants treated with

AAV-Fdxr with glial fibrillary acidic protein (GFAP) IF staining and
Fluoro-Jade C staining to check the status of neuronal gliosis and neu-
rodegeneration in those mice. Enhanced GFAP signals were detected in
the cerebellum, hippocampus, and midbrain of FdxrR38OURBQ pice,
which indicates the presence of enhanced gliosis (Figure 2A). Mean-
while, the GFAP intensity was reduced in the above positions for
AAV-Fdxr treated mutants. Intensive signals of Fluoro-Jade C were
also observed in the hippocampus, cerebellum, and cerebral cortex of
Fxr38UR389Q nyytants, while the WT controls and the AAV-Fdxr
treated mutants showed substantially reduced levels of neurodegener-
ative signal (Figure 2B). Thus, the AAV-Fdxr treatment showed a
considerable improvement in terms of neuronal gliosis and neurode-
generation relative to the Fdxr™**¥®3#9Q muytants.

AAV-Fdxr Mitigates the Optic Atrophy of Fdxr?38°@/R380Q

Mutants

To investigate the status of optic atrophy after the gene replacement
therapy, we performed H&E staining of eye sections to check the
retinal ganglion cell (RGC) layer of 4-month-old males. We found
that the loss of cell density in the RGC layer was restored after the
AAV treatment (Figure 3A). Compared to untreated mutants,
AAV-Fdxr treated mutants showed denser nuclear arrangements in
the RGC layer (Figure 3E, p = 0.0067). We also utilized a cell-specific
marker, Brn3a, to visualize RGCs under a confocal fluorescence mi-
croscope. IF staining showed recovered signals in the RGC layer after
AAV-Fdxr treatment (Figures 3B and 3F, p = 0.0097). To further
explore the morphology of the optic nerves, we performed toluidine
blue staining of the optic nerves isolated from those mice. The
semi-thin sections indicated no significant difference between each
group (Figure 3C). However, electron microscopy (EM) images
showed that the axon loss in Fdxr®3YR3#9Q mytants (middle panel)
was alleviated after AAV-Fdxr treatment (Figures 3D and 3G;
Fdxr®38YR3Q yorans WT, p < 0.0001; Fdxr®330YR389Q ytants
versus AAV-treated mutants, p = 0.0244).

AAV-Fdxr Mitigates the Peripheral Neuropathy in the Hindlimbs
of FdxrR%89/R389Q Mytants

To examine the electrophysiological status of the sciatic nerve of
Fdxr®38UR389Q 1 ytants after AAV treatment, we conducted electro-
myography (EMG) on 4-month-old males (Figure 4A). There was no
significant difference in maximum amplitude between each group
(Figure 4B). Nevertheless, the impaired conduction velocity (CV) of
the sciatic nerves of Fdxr™**¥®39Q muytants was restored after
AAV treatment (Figure 4C; Fxr®38YR389Q yoraus WT, p = 0.0002;
Fdxr®38UR389Q mutants versus AAV-treated mutants, p = 0.0097.)
Semi-thin toluidine blue staining of the sciatic nerve was also con-
ducted to investigate the morphology of axons of the sciatic nerve af-
ter AAV treatment (Figure 4D). We found that axons with irregular
shapes were ubiquitous inside the sciatic nerve of Fdx/®**YR389Q
mutants, while it was rarely seen within the axons of WT mice, as
well as the axons of mutants who received the AAV treatment. To
further explore the micro-structure of the axons of the sciatic nerve,
we performed EM on the sciatic nerves of those subjects. Ubiquitous
demyelination was evident inside the sciatic nerve of Fdxr®**/®38Q
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Figure 1. AAV-PHP.B Transduction in the Central Nervous System (CNS) and Peripheral Systems after Administration via Facial Vein Injection

(A) Distribution of GFP reporter expression in the CNS and peripheral tissues. Scale bar, 100 um. (B) FDXR expression in the brain lysate of 5-month-old mice. (C) FDXR
expression in the adrenal gland of 5-month-old mice. (D) FDXR expression in the liver of 5-month-old mice. (E-G) Relative expression of FDXR in the brain (E), adrenal gland
(F), and liver (G) lysates. Values are normalized to GAPDH (for brain and adrenal gland) or beta-actin (for liver) as internal controls.
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A Figure 2. The AAV-Fdxr Treatment Alleviates the Neuronal
Fdxr R389Q/R389Q A AV+Flxr R389Q/R389Q Gliosis and Neurodegeneration in the CNS of FdxrR3899/R389Q
Mutants
(A) Immunofluorescence (IF) with GFAP staining in the mouse cere-
bellum. Scale bars, 100 um. Nuclei were counterstained with 4’,6-di-
g amidino-2-phenylindole (DAPI). (B) Fluoro-Jade C staining of Purkinje
E cells in the mouse brain. The green signal indicates degenerating
£ neurons. Scale bars, 100 pm.
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mutants under EM, while both WT and the AAV-treated
mutants showed more regular shapes (Figures 4E and 4F).
When comparing myelinated axons inside the sciatic nerve of each
group, Fdxr™* ™2 mutants showed a significant deficiency in
axon myelination (WT versus FxrR38UR389Q p = 0.0003;
Fdxr®3®UR9Q 1 ytants versus AAV-treated mutants, p = 0.0002;
Figure 4G). Furthermore, in myelinated axons, analysis of the
G-ratio showed a decrease in myelin thickness in Fdx®*#Q/R389Q
mutants, which was subsequently recovered after AAV treatment.
(Fdxr®3®OYREQ yorcus WT, p < 0.0001; FdxrP8YRQ ytants
versus AAV-treated mutants, p < 0.0001).

AAV-Fdxr Relieves the Dysfunction of the Mitochondrial
Respiratory Chain

In order to estimate the treatment efficacy, the enzyme activities of the
mitochondrial complexes of the respiratory chain were measured.
The deficiencies of complex I in the brain, heart, and muscle tissues
of the Fdxr™***YR3%Q muytants were all significantly recovered after
the AAV treatment (Figure 5A, untreated mutant versus AAV-
treated mutant brain tissues, p = 0.0907; untreated mutant versus
AAV-treated mutant heart tissues, p = 0.0033; untreated mutant
versus AAV-treated mutant muscle tissues, p = 0.0212). There was
no substantial difference in the activity of complex II+III between
each group (Figure 5B). However, after the AAV treatment, the
Fxr™8YR389Q mytants regained the enzymatic activity of complex
IV in the brain and muscle tissues (Figure 5C, WT versus
Fdxr™38Q/R389Q 15104 tissues, p = 0.0006; for Fdxr38UR38Q yoraiis
AAV+Edxr38UR9Q (yrain tissues, p = 0.0020; for the comparison
of muscle tissues, WT versus Fdxr3>80YR389Q p = 0.0013; for
Fxr®380UR3Q yorgus AAV+FdxrR380YR3Q p < 0.0001).

AAV-Fdxr Eliminates the Mitochondrial Iron Overload in Various
Tissues of FdxrR389%/R389Q Mytants

Since FDXR deficiency could lead to iron overload,'” we tested the
mitochondrial iron concentration of different energy-intensive tis-
sues, including the brain, heart, liver, and muscle in 4-month-old
male mice. A colorimetric assay for detecting ferric iron showed
that the Fdxr™®®YR9Q mutants re-acquired iron homeostasis in
heart and muscle after AAV treatment (Figures 6B and 6D, p <
0.0001 for all comparisons).

AAV-Fdxr Treatment Reduces the Movement Disorders and
Sensory Neuropathy of FdxrR389%/R389Q pytants

Since motor ability was severely compromised in both the FDXR pa-
tients and the Fdxr®*®YR39Q mice,* we observed the mutants after
treatment to see whether their motion ability was improved after

the AAV-Fdxr treatment. At first glance, it was clear that the move-
ment difficulty was significantly reduced in the AAV-treated mice
(Video S1). To quantify the extent of improvement of motor ability
and the sensory neuronal function of the treated mice, we conducted
behavioral tests, including measurements of locomotor activities, ro-
tarod, MWM, and the acoustic and tactile startle tests to assess the
movement ability of Faxr®**¥®*%Q mutants after AAV treatment.
The treated mutants demonstrated a dramatically improved locomo-
tor activity (Figures 7A and 7B, p < 0.0001) and durability on the ro-
tarod (Figures 7C and 7D, p < 0.0001). Furthermore, the AAV-treated
mutants had significantly elevated amplitudes in response to both
acoustic and tactile stimuli, indicating that they gained better tactile
and auditory sensation after the AAV-Fdxr treatment (Figures 7E
and 7F, p <0.0001). Moreover, during the MWM experiment, the un-
treated Fdxr™** 3% mutants were only able to escape 1 time out of
a total of 20 trials, while the mutants who received the AAV treatment
successfully escaped in 19 out of a total of 20 trials (Figure 7G,
p < 0.0001).

DISCUSSION

Although the current “mitochondrial cocktail” treatment has offered
some improvements to a portion of patients with mitochondrial dis-
ease,'®"” there is still no cure. The majority of the genes encoding the
mitochondrial proteome are in the nuclear genome and align with the
rules of Mendelian inheritance.”” Since the advent of whole exome
sequencing (WES), over 250 mitochondrial gene mutations coded
by the nuclear genome have been identified.”’ Since a large number
of nuclear genes are required for mitochondrial structure and
function,” nuclear gene mutations are common in pediatric patients,
with a prevalence of approximately 1 in 4,300.** Mitochondrial disor-
ders are often multisystemic, and seeking efficacious treatments for a
large number of untreated rare genetic diseases (including mitochon-
drial disorders) remains a significant challenge. New advancements in
developing therapeutic tools against mitochondrial diseases should
thus be attempted and pursued. Each genetic disease has its unique
features, and the efficacy of new therapeutic approaches needs to be
tested to support clinical success. Herein, we report the correction
of the pathogenicity of an Fdxr mutation using an AAV-PHP.B vector
based on our previously reported mouse model with a homozygous
Fdxr®389UR389Q mytation that recapitulates the clinical features of pa-
tients with FDXR mutation.

The pathogenic progression of FDXR mutation causes dysfunction of
multiple systems including the CNS. Optic atrophy, ataxia, hypoto-
nia, seizures, global developmental delay, spasticity and respiratory
failure, abnormal movements, and hearing loss have all been reported

Figure 3. AAV-Fdxr Mitigates the Optic Atrophy of Fdxri38%/R389Q Mytants

(A) H&E staining of 4-month-old mouse retinas. Scale bar, 10 um. Red arrows indicate cell loss in the retinal ganglion cell (RGC) layer of FalxrF89YR389Q mytants, (B) Br3a IF

staining of retinas from 4-month-old mice. Scale bar, 100 um. The middle panel indicates the decrease in Brn3a positive signal in the RGC layer of the Faxr

R389Q/R389Q mutant.

The right panel shows that the reduction in Brn3a positive cells was reversed after AAV-Fdxr treatment. (C) Toluidine blue staining of semi-thin cross-sections of optic nerves
from 4-month-old mice. Scale bar, 10 um. (D) EM cross-sections of optic nerves from 4-month-old mice. Scale bar, 2 um. Note the axon loss in the middle panel for the

FdxrR389Q/R389Q

retinal sections. (G) Quantification of myelinated axons from 4-month-old mice.

mutant. (E) Cell counts in the RGC layer. (F) Quantification of the Brn3a—positive area in the retinas of 4 month-old mice. Brn3a signals were quantified from six
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Figure 4. AAV-Fdxr Mitigates the Peripheral
Neuropathy in the Hindlimbs of Fdxr?389@/R389Q
Mutants

(A) Schematic diagram of EMGs recorded from 4-month-
old mice. Scales indicate volts and time. (B and C) The
maximum amplitude (B) and conduction velocity (C) of 4-
month-old mice were compared between each group. (D)
Toluidine blue staining of cross-sections from 4-month-old
mice. Orange arrows indicate axons undergo demyelin-
ation. Scale bar, 10 um. (E) 1,000x magnification EM im-
ages of sciatic nerve cross-sections of 4-month-old mice.
Note the demyelinating axons indicated by red arrows. (F)
2,000x magnification EM images of a cross-section of
sciatic nerves from 4-month-old mice. Note the dis-
integrated axon in the middle panel. (G) Comparison of
myelinated axons inside the sciatic nerves of each group.
Values were obtained from 6 images from each group. (H)
G-ratio of myelinated axons inside the sciatic nerves of
each group. Values of G-ratio were obtained from 65
random axons from each group.
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Figure 5. AAV-Fdxr Treatment Relieves the Dysfunction of the
Mitochondrial Respiratory Chain

(A) The complex | activities of various tissues. (B) The activities of complexes II+lll. (C)
Complex IV activities of various tissues. Mitochondria were isolated from different
high energy consumption tissues (brain, heart, liver, and muscle) from 4-month-old
male mice (n = 3 for each group).

in the cohort of our previous report and the work of others.* ® Six out
of fourteen pediatric patients died prematurely in the cohort we re-
ported. Thus, the severity of this syndrome is recognizable. More pa-
tients have since been verified to carry pathogenic FDXR mutations.
Thus, an AAV vector that can deliver the rescuing gene globally, along
with the CNS, is essential. Moreover, a vector that is capable of being
administrated non-invasively is ideal, since the patients suffering
from the mitochondrial syndrome are often at risk for complications
associated with invasive procedures like craniotomy or intracranial
catheter drainage. Additionally, general anesthesia could also be per-
ilous for these patients.”* The tropism of serotypes such as AAV-
PHP.B toward the CNS and the ubiquitous expression profile of the
CMYV promoter could be advantageous for the disorders of FDXR
mutation under these circumstances. Since the severe cases with
FDXR mutation could be prematurely lethal, we administered the
AAV-Fdxr vector to neonatal Fdxr®8Y®389Q mytant mice (ie., by
P2) in an attempt to realize an early intervention. Western blot
(WB) analysis in 5-month-old subjects revealed long term expression
could be achieved via neonatal administration (Figure 1). IF staining
2 weeks after the delivery procedure also verified the excellent trans-
duction efficiency of our AAV vector over the entire body, as shown
in Figure 1.

Optic atrophy, sensory neuropathy, hind limb paralysis, movement
disorders, and mitochondrial respiratory chain dysfunctions are the
critical features of FDXR mitochondrial neuropathy.” Therefore, it
is essential to ensure that our gene therapy strategy has addressed
these pathological changes after the treatment. Significant improve-
ments were observed in vivo; the optic atrophy and the demyelination
of sciatic nerves were restored in treated subjects (Figures 3 and 4),
and behavioral tests showed that the mutants could move without
any issue after the AAV-Fdxr treatment, along with substantial im-
provements in both acoustic sensitivity and tactile sensory ability
(Figure 7). Even more promising was the significant increase in cogni-
tive and memory function in the treated Fdxr™>**¥®*¥Q mutant mice
when they were tested using the MWM. The MWM also demon-
strated that there was an improvement in the visual acuity of the
treated animals since this test requires that the subjects possess suffi-
cient function of the optic system to seek the escape path from the
maze. Combined with the results of IF staining and EM, we believe
that the improvement of these pathological phenotypes is related to
the mitigation of the chronic inflammation and glial hyperplasia in
the CNS, the decrease of degenerative lesions in cerebellum neurons,
and the improvement of the optic nerve and the corresponding reduc-
tion in RGC loss. Gene therapy also improved the energy supply in
these tissues, as well as the activity of mitochondrial respiratory chain
complexes, particularly in the brain, heart, and muscle tissues. One
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Figure 6. The AAV-Fdxr Treatment Eliminates the Mitochondrial Iron Overload in Various Tissues of Fdxr38°/R389Q Mytants
Levels of mitochondrial iron content were measured using colorimetric methods. (A-D) Mitochondria were isolated from energy-intensive tissues such as the brain (A), heart

(B), liver (C), and muscle (D) from 4-month-old male mice (n = 3 for each group).

underlying reason for FDXR-mediated neurodegeneration may be
that neurons containing long axons, such as those found in the
CNS and the retina, require a great deal of energy to grow, extend,
and maintain those axons. Thus, the demonstrable improvement in
cellular energy supply that comes with the restoration of FDXR func-
tion by the viral vector may be helping to preserve these neurons sim-
ply by helping them regain some of that valuable energy production
capacity. Replacement of FDXR function also appears to aid in the
preservation of myelin, which is required to maintain rapid neural
conduction. Thus, it appears likely that the normal function of these
energy-intensive tissues is precisely the key to maintaining advanced
nerve activity, the proper blood supply in tissues, and normal somatic
motor function.

Some unrevealed phenotypes of FDXR-related mitochondrial neurop-
athy have been uncovered in this study. Since the adrenal gland is
generally thought to have the highest FDXR protein expression in
mouse tissues, we investigated the expression level of FDXR in this tis-
sue within both mouse groups. Interestingly, we found that the FDXR
protein level decreased significantly in the adrenal gland tissue lysates
(Figure 1). Furthermore, the FDXR loss in the adrenal glands was

restored to some extent after our gene therapy (Figure 1). Moreover,
this protein decrease was not evidenced in the brain tissue. However,
as the expression level of FDXR in the brain was almost equal between
WT animals and Fdxr™**Y®389Q muytants, the AAV-Fdxr therapy did
not lead to Fdxr overexpression in the brain tissues. This phenomenon
might indicate that the therapeutic transgenic product that we injected
(Fdxr cDNA in this case) has been regulated at the translational level to
maintain healthy levels of the FDXR protein, rather than translated
randomly without any regulation from the host. Therefore, we explored
the FDXR expression level in the liver tissues of 5-month-old mice, to
investigate the expression pattern in another peripheral tissue. This
analysis showed that the FDXR expression in the liver was increased
after AAV treatment, which is the same pattern as the adrenal gland.
However, the exact transduction pattern after the AAV treatment pro-
cedure still requires further investigation.

We also investigated the iron concentration in the 5-month-old
Fexr™89YR389Q myutants, given that FDXR is the first unit in the cyto-
solic Fe-S cluster assembly. As expected, the colorimetric assay of

rR389Q/ R389Q

ferric iron levels showed that the Fdx mutants suffered

iron overload in both heart and muscle tissues (Figure 6). Consistent
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Figure 7. AAV-Fdxr Recovered the Movement
Disorder and Sensory Defect of Fdxrfi38°/R38eQ
Mutants

Behavioral tests of 5-month-old female mice. (A) Move-
ment frequency in the central area of locomotor activity
chambers for 5-month-old female mice. (B) Motion
recording in the peripheral areas of the locomotor
chambers. (C) Lantency on rotarod and (D) Persistency
on rotarod for 5-month-old female mice (n = 5 for each
group). (E) Acoustic and startle response and (F) tactile
startle response of 5-month-old female mice. (n = 5 for
each group). (G) MWM performance of 5-month-old
mice. A total assay time over 90 s indicates a failure to
escape from the water maze (n = 5 for each group).
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with this observation, the heart and muscle were also the most
affected tissues in assays of mitochondrial respiratory dysfunction
(Figure 5), which may help explain the movement difficulties of
Fdxr™38YR389Q 1y ytants at 2 months of age. Nevertheless, the exact
mechanism behind those phenotypes still requires additional
exploration.

In summary, we present the first demonstration of a potentially defin-
itive treatment that significantly improves optic and sciatic nerve at-
rophy, sensory neuropathy, and mitochondrial dysfunction in FDXR-
related mitochondriopathy. This study is among the first set of gene
therapy studies of systematic mitochondrial syndrome using AAV
vectors via a non-invasive procedure.”> >’ The early administrations
of the therapeutic AAV-Fdxr vector maintained a substantial expres-
sion improvement over time, even at 5 months post-administration.
Importantly, no visible adverse effects were observed in any of the
mice exposed to this therapeutic strategy. As a variety of AAV-medi-
ated gene delivery strategies are currently undergoing evaluation to
determine their clinical efficacy in treating a spectrum of genetically
inherited disorders in humans, a strong precedent exists for our strat-
egy to be successfully introduced as an efficient therapy for inherited
mitochondrial diseases. Thus, our study provides substantial support
for the translation of AAV-Fdxr gene therapy into clinical utilization
for the treatment of FDXR-related mitochondriopathy and optic
atrophy.

MATERIALS AND METHODS

Animal Husbandry and Mouse Strains

The mouse strain utilized for this study is B6/129 S-Fdxr™" Otop3™"/
Grsr] (The Jackson Laboratory, Stock #026096). The mice were ob-
tained from the Jackson Laboratory and raised inside the animal bar-
rier of Cincinnati Children’s Hospital Medical Center (CCHMC).
The mice were maintained on a 12 h dark/light cycle, and all mice
were fed ad libitum. These mice also carry a homozygous variant
with an uncertain clinical significance in the 5 untranslated region
of Otop3. Mutation of the Otop3 gene results in increased startle reflex
and oligodactyly (MGI: 5450617), which is unlikely to contribute to
the phenotype according to the previous study.* All animal proced-
ures were performed in accordance with the Institutional Animal
Care and Use Committee (IACUC)-approved protocol of CCHMC.

AAV Vector Production

The AAV vector carrying the Fdxr CDS (MGI: 104724) was designed
as shown in Figure S1. The Fdxr CDS was acquired from a plasmid
carrying the full-length Fdxr cDNA (clone ID: 14149, purchased
from Dharmacon, Lafayette, CO, USA). The Fdxr CDS was then
subcloned into the AAV vector pAV-FH (Vigene Biosciences, Rock-
ville, MD, USA) upstream of an in-frame FLAG tag and under the
control of a CMV promoter. The vector also contains an eGFP re-
porter downstream of the FLAG tag and separated by a P2A self-
cleaving peptide. The resulting AAV viral vector enclosing Fdxr
cDNA was cross-packaged as serotype PHP.B to facilitate transduc-
tion globally in vivo, including the CNS. The packaging, purification,
and titration of the reassembled viral vector were carried out by Vig-
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ene Biosciences (Rockville, MD, USA). Purified vectors were stored in
1x PBS containing 350 mM NaCl and 5% D-sorbitol. AAV-PHP.B
eGFP virus was utilized as a negative control for untreated

FdxrR3URQ mytants.

Systematic AAV Vector Delivery

Aliquots of the vector were injected into the temporal facial vein of
neonatal mice according to a previously described protocol.”® Briefly,
P1 to P2 mice were immobilized with freezing anesthesia on wet ice
for 30-60 s. An aliquot of the viral vector to be injected was thawed
out at the same time, at doses of 2 x 10'' genome copies (GC)/g,
diluted in 20 uL PBS. The pups were considered under deep anes-
thesia when they showed a state of decreased activity while still main-
taining a smooth rate of breathing. After deep anesthesia was
confirmed, the mice were placed under an anatomical microscope.
An insulin syringe with a 31-gauge needle (BD, USA), containing
an aliquot of the AAV vector was inserted into the temporal vein.
Once the content of the syringe was injected into the facial vein,
the lower facial vein showed signs of whitening. The needle was re-
tracted afterward, and the site of injection was pressed with a cotton
stick until the blood was clotted. Pups were then warmed with a heat
pack to recover from low body temperature and placed back with the
dam.

Mouse Behavioral Tests
Mouse behavioral tests were all conducted at the Center for Animal
Behavior Studies, Department of Neurology, CCHMC.

Rotarod Test

We placed the 3 groups of 5-month-old mice on a Rotarod (UGO Ba-
sile Accelerating Rotarod, USA) with an accelerating rotating device
and gradually increased the rotation speed of the Rotarod from
4 rpm to 40 rpm. The length of time that each mouse was able to
remain on the Rotarod before falling and the total distance traveled
by each mouse was recorded, and the differences between the groups
were compared.

Mouse Activity Test

Mouse activity tests were carried out in an independent 41 x 41 x
30 cm cubic monitor box (Accuscan Electronics with VersaMax Soft-
ware, USA) for each subject. The monitor box is equipped with 16
LED beams along the x and y axes. Each surveillance box is equipped
with fluorescent lights similar to those in the living environment of
the subjects. 5-month-old mice were placed in a monitoring box for
60 min. The total frequency of motions and fine-movements of the
subjects were recorded at 5-min intervals, and the differences between
groups were compared.

MWM Test

The MWM test was carried out as previously described.”’ Briefly, the
test animals were placed in an open, circular pool with a submerged
platform. The test animals were trained to swim to the platform from
various locations or to try to find the platform after it had been
removed. The escape time from the water maze was measured for
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each subject, and comparisons of each group were conducted after the
test. Any mouse incapable of escaping from the water maze within
90 s was considered as a failure to escape, and the animal was then
rescued from the water maze.

Startle Tests

Acoustic startle response was assessed as previously described.”” In
short, a white noise background of 70 dB, a prepulse of 73, 77, and
82 dB, and a mixed frequency startle stimulus of 120 dB (as the un-
expected stimulus) were used in the acoustic assay. In a tactile startle
assay, animals were exposed to a disruptive air puff, and the degree of
the animal response was recorded by an electrode placed provision-
ally in the ears of the subjects. The amplitudes obtained from the sub-
jects in each group after each pulse of the stimulus were compared.

H&E Staining

Eyes were fixed in 4% PFA for 24 h at room temperature and then
embedded in paraffin. Sagittal sections of the eye (8 pm) were cut
through the optic nerve head. Slides were then deparaffinized using
a xylene-gradient ethanol procedure, followed by staining with hema-
toxylin and counterstaining with eosin. Slides were then mounted us-
ing DPX mounting medium (Sigma-Aldrich, MO, USA). Images were
obtained under light microscopy (BX63; Olympus Corporation; Cen-
ter Valley, PA, USA). Nuclei in the RGC layer (excluding the small
and flat nuclei of the endothelial cells) were counted using an Image]
program.

Transmission EM (TEM) and Toluidine Blue Staining

4-month-old male mice were anesthetized using CO, and perfused
with 0.9% saline; then, the tissues were isolated and transferred into
the EM fixative (4% paraformaldehyde [PFA], 2.5% glutaraldehyde,
PBS, pH 7.4-7.6). Tissues were postfixed in EM fixative for 24 h, fol-
lowed by rinsing in 0.1 M Na cacodylate buffer (EMS, Hatfield, PA,
USA), and finally postfixed in 1% osmium tetroxide (EMS) for 1 h
at 4°C. Rinsed tissues were then washed in 0.1 M Na cacodylate buffer
and dehydrated through a gradient concentration of ethanol. Samples
were then embedded in LX-112 resin (Ladd Research Industries, Wil-
liston, VT, USA). Afterward, tissue blocks were cut into a thickness of
0.5 um and stained with toluidine blue for observation under a bright-
field microscope. For TEM, tissue blocks were sectioned and trimmed
with an ultramicrotome (Leica EM UC?7, Buffalo Grove, IL, USA) to a
thickness of 90 nm. Sections were counterstained with uranyl acetate
2% (EMS) and lead citrate. All TEM images were acquired from an
80-kV transmission electron microscope (Hitachi, H-7650, V01.07,
Tokyo, Japan).

IF Staining

Frozen tissue sections of 5-month-old mice were processed as previ-
ously reported.”” Briefly, mice were perfused transcardially with ice-
cold PBS, then by 4% PFA. After perfusion, tissues were postfixed
in 4% PFA at 4°C, then dehydrated in 30% sucrose for 24 h. Mouse
tissues were cut on a LEICA CM1850 cryostat (Leica, Germany)
into 10 um thickness sections, then transferred onto SuperFrost mi-
croscope slides (Thermo Fisher Scientific, NH, USA) for IF staining.

Mouse tissue sections were labeled with the following primary anti-
bodies: mouse anti-GFAP (1:1,000, Millipore, MA, USA, IF03L),
and mouse anti-Brn-3a (1:250, Santa Cruz, TX, USA, sc-8429).
Donkey anti-rabbit Alexa Fluor 488 (1:500, Jackson ImmunoRe-
search, AB_2313584) and donkey anti-rabbit Alexa Fluor 594 (Invi-
trogen, R37119) were utilized as the secondary antibodies. A
mounting medium including 4',6-diamidino-2-phenylindole (DAPI;
Vector, CA, USA) was used as a counterstain for the nucleus. Stained
slides were imaged with a Nikon C2 confocal microscope (Nikon,
Japan).

Fluoro-Jade C Staining

4-month-old mouse brain tissues were first embedded in paraffin, and
then trimmed and cut into 5 um thickness sections before being
mounted on SuperFrost microscope slides (Thermo Fisher Scientific,
NH, USA). Afterward, tissue sections were deparaffinized and rehy-
drated under a gradient xylene-ethanol procedure. First, slides were
immersed in 1% NaOH diluted in 80% ethanol for 2 min, then rinsed
in 70% ethanol for 2 min, followed by distilled water-rinsing for
another 2 min. After the rinse, the slides were incubated in 0.06% po-
tassium permanganate for 10 min. Following another 2-min rinse in
water, slides were then transferred into a solution containing 0.0001%
Fluoro-Jade C in 0.1% acetic acid and then incubated for another
10 min. After washing three times with water (2 min per wash), slides
were dried in an incubator at 50°C for 30 min, then coverslipped with
DPX mounting medium (Sigma-Aldrich, MO, USA) after being
cleared in xylene. Signals were visualized using a Nikon C2 confocal
fluorescence microscope.

wB

The WB process was carried out as previously described.* Tissues
from 4-month-old female mice were collected after euthanasia and
then homogenized to generate cell lysates. 60 nug of protein isolated
from each tissue was mixed with 2X radioimmunoprecipitation assay
(RIPA) lysis and extraction buffer (Thermo Fisher Scientific, NH,
USA). Then, the mingled samples were denatured for 5 min at
95°C before running on a NuPAGE 10% Bis-Tris gel (Invitrogen,
Carlsbad, CA, USA). The gel was then transferred afterward onto a
polyvinylidene fluoride (PVDF) membrane using an iBlot semi-dry
transferring system (Invitrogen, Carlsbad, CA, USA). Later, the
PVDF membrane was blocked in intercept blocking buffer (LI-
COR Biosciences, Lincoln, NE, USA) for 45 min and then incubated
overnight with primary antibodies diluted in blocking buffer with
0.1% Tween 20 and rabbit anti-FDXR (Abcam ab204310) at 1:200
dilution. Rabbit anti-GAPDH (Glyceraldehyde 3-phosphate dehy-
drogenase) (Ambion, AM4300, Foster City, CA, USA) at 1:2,000 dilu-
tion and mouse anti-beta-actin (Invitrogen, MA1-140, Carlsbad, CA,
USA) at 1:5,000 dilution were used as internal controls. After over-
night incubation, the membrane was washed three times (10 min
per wash), then incubated for 90 min with IRDye 680RD goat anti-
rabbit immunoglobulin G (IgG) secondary antibody (LI-COR
Biosciences, Lincoln, NE, USA). Protein bands were visualized and
quantified using the LI-COR Odyssey Clx Imaging System (LI-COR
Biosciences, Lincoln, NE, USA).
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Mitochondrial Complex Activity Assays

The relative activity of mitochondrial respiratory chain complexes
was measured as previously reported.** In short, mitochondrial com-
plex I activity was determined by measuring the descending NADH
absorbance at 340 nm, with decylubiquinone used as an electron
acceptor. Complex II and III activity levels were assessed by the
inclining absorbance of reduced cytochrome C at 550 nm; potassium
cyanide was utilized in the medium to inhibit the subsequent oxida-
tion. Complex IV activity was determined using the Complex IV Ro-
dent Enzyme Activity Microplate Assay Kit (Abcam, United
Kingdom). The activity of complex IV was measured by testing the
oxidation of reduced cytochrome c, which was determined by moni-
toring the dynamic of absorbance at 550 nm. All absorbance values of
the mitochondrial complex assays were recorded using a Synergy H1
microplate reader (Biotek Instruments, VT, USA). The relative enzy-
matic activity was calculated as nmol/min/mg protein and normal-
ized to the value of WT mice.

Mitochondrial Iron Concentration Detection

Mitochondrial iron concentration assay was carried out with the
MAKO25 iron content detection kit (Sigma-Aldrich, USA) according
to the user manual. Briefly, the mitochondria of each mouse tissue
were first isolated following a gradient centrifugation protocol, as pre-
viously described.” After a gradient iron standard system was estab-
lished, 50 pL of mitochondrial protein was then added into each sam-
pling well, and then 50 puL of working buffer was added into each well.
Next, 5 uL of the iron detector was added to both the sample wells and
the standard wells to determine the content of ferrous iron (Fe**).
Samples were then incubated at room temperature for 30 min, avoid-
ing light. After incubation, 100 pL of the iron probe was added to each
sample and standard well, and the whole system was incubated at RT
for another 60 min in the dark. Finally, the absorbance values at
593 nm of each sample were read on the Synergy H1 microplate
reader. The iron concentration (C) of each sample was calculated ac-
cording to the following formula: C = Sa/Sv. (Sa, nmol of the sample
on the standard curve; Sv, the total volume of the sample).

EMG Recording

EMG was carried out as previously described.’® 4-month-old male
mice were anesthetized with isoflurane inhalation, followed by
50 mg/kg sodium phenobarbital intraperitoneal injection. Afterward,
the lateral gastrocnemius muscle of the mice was exposed from the
knee to approximately 4 mm above the ankle. Then, the sciatic nerve
was exposed near the biceps femoris. We implanted a polyester film
wrap line (California thin line) on the outside of the mouse gastroc-
nemius and inserted a reference line below the skin near the tail of the
mouse. We placed a concentric bipolar stimulation electrode on the
sciatic nerve of the mouse for electrical activation. The composite
muscle action potential (CMAP) was amplified and acquired using
a Micro 1401 data acquisition unit and analyzed offline using Spike5
software (Cambridge Electronic Design, Cambridge, UK). The
sciatic nerve adjacent to the tibia and fibula received 2-4 mA
electrical stimulation through a stimulating isolator (World Precision
Instruments, Sarasota, FL) attached to a Micro 1401 data acquisition

Molecular Therapy: Methods & Clinical Development

unit. After the data recording was complete, the sciatic nerve axons
were removed, and the proximal sciatic nerve was stimulated to
ensure direct neural stimulation produces CMAP. We calculated
CMAP and CV according to each stimulation module. Then the
average stimulation size of the sciatic nerve under each module was
recorded and averaged in each animal.

Statistical Analysis

The comparisons between groups were made using one-way
ANOVA, followed by Dunnett post hoc tests. Graphical illustrations
and significance were obtained with GraphPad Prism 7 (GraphPad).
p < 0.05 was considered statistically significant (*p < 0.05; **p < 0.01;
$otp < 0,001; *7p < 0.0001).
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