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SURF1 (surfeit locus protein 1)-related Leigh syndrome is an
early-onset neurodegenerative disorder, characterized by reduc-
tion in complex IV activity, resulting in disrupted mitochon-
drial function. Currently, there are no treatment options avail-
able. To test our hypothesis that adeno-associated viral vector
serotype 9 (AAV9)/human SURF1 (hSURF1) gene replacement
therapy can provide a potentially meaningful and long-term
therapeutic benefit, we conducted preclinical efficacy studies us-
ing SURF1 knockout mice and safety evaluations with wild-type
(WT)mice. Our data indicate that with a single intrathecal (i.t.)
administration, our treatment partially and significantly
rescued complex IV activity in all tissues tested, including liver,
brain, and muscle. Accordingly, complex IV content (examined
via MT-CO1 protein expression level) also increased with our
treatment. In a separate group of mice, AAV9/hSURF1 miti-
gated the blood lactic acidosis induced by exhaustive exercise
at 9 months post-dosing. A toxicity study in WT mice showed
no adverse effects in either the in-life portion or after micro-
scopic examination of major tissues up to a year following the
same treatment regimen. Taken together, our data suggest a sin-
gle dose, i.t. administration of AAV9/hSURF1 is safe and effec-
tive in improving biochemical abnormalities induced by SURF1
deficiency with potential applicability for SURF1-related Leigh
syndrome patients.

INTRODUCTION
Leigh syndrome (LS) (OMIM: 256000), or subacute necrotizing ence-
phalomyopathy, is a recessively early onset mitochondrial disorder.
Patients show asymmetric necrotic lesions in basal ganglia, dienceph-
alon, brain stem, and spinal cord, and patients generally developmotor
and neurological disorders during early infancy.1,2 One of the most
common causes of LS is from loss-of-functionmutations in the nuclear
genome coding the SURF1 (surfeit locus protein 1) gene.3,4 Mutations
of SURF1 are typically autosomal recessive, in which a patient inherits
one defective copy from each healthy carrier parent.4 SURF1 protein
localizes in the inner mitochondrial membrane and is predicted to
form two transmembrane helices with a connecting loop facing the
intermembrane space.5 Evidence suggested that SURF1 may
contribute to assembly or stabilization of complex IV (cIV)/cyto-
chrome c oxidase (COX), the fourth complex of the mitochondrial
oxidative phosphorylation (OXPHOS) system.6,7 In most cases, pa-
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tients with SURF1-related LS show 10%–20% remaining COX activity
as examined with muscle or skin fibroblasts.1,8,9 Additionally, 81% of
patients show elevated blood lactate levels.9

So far, there is no approved treatment for this devastating disease be-
sides palliative care. Therapies for most patients with mitochondrial
disorders in general are limited to preventing or treating complica-
tions. During the last two decades, viral vector-based gene therapy
has been extensively explored as a potential treatment for genetic dis-
eases.10 In particular, the recombinant adeno-associated viral vector
(AAV) has been shown in numerous studies to be a safe and efficacious
vector for delivering a transgene to various tissues with tissue speci-
ficity from different serotypes.11 The AAV serotype 9 (AAV9) has
become a favored choice for CNS gene transfer, due to its ability to
mediate widespread transgene expression across the entire CNS tissues
of both rodents and non-human primates (NHPs).12–15 The AAV9
vector has been used in clinical trials formultiple neurological diseases
including spinal muscular atrophy (SMA), which was approved in
2017 by the US Food and Drug Administration (FDA), GM1 ganglio-
sidoses (ClinicalTrials.gov: NCT03952637), CLN7 Batten disease
(ClinicalTrials.gov: NCT04737460), and several others.11 Our group
developed the first-in-human intrathecal (i.t.)-administered AAV
clinical trial for giant axonal neuropathy starting in 2015 (Clinical-
Trials.gov: NCT02362438).16,17

In this study, we developed a gene transfer vector, in which AAV9 is
used to deliver a codon-optimized human SURF1 (hSURF1opt) gene
(AAV9/hSURF1) as a potential gene therapy for SURF1-related LS
patients. We used the SURF1 knockout (KO) mice as the disease
model to evaluate the efficacy of the vector. The mouse model has a
frameshift mutation in exon 7 of SURF1, which causes a total loss
of SURF1 protein expression.18 Previous studies demonstrated several
manifestations of dysfunctional mitochondria such as about 50%
reduced complex IV/ COX activity, reduced MT-CO1 (mitochon-
dria-encoded COX subunit 1) protein expression in multiple organs
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Figure 1. AAV9/hSURF1 vector design for expressing human SURF1

(A) Schematic diagram of the AAV9/hSURF1 gene transfer cassette using a CBh

promoter, the full-length, codon-optimized human SURF1 cDNA, and the BGH

poly(A) tail. (B) RT-PCR of SURF1 mRNA from HEK293 cells transfected with CBh-

hSURF1opt plasmid or CBh-GFP control plasmid for 48 h. (C) Western blot of

SURF1 expression from HEK293 cells transfected with CBh-hSURF1opt plasmid or

CBh-GFP control plasmid for 48 h.
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compared to age-matched wild-type (WT) mice, and exercise-
induced blood lactic acidosis.18–20 This experimental therapy is de-
signed to broadly express the hSURF1opt gene in the CNS and
thereby rescue the reduced COX activity and MT-CO1 protein level
in disease-related tissues, as well as mitigate blood lactic acidosis
induced by exhaustive exercise. To explore potential risks associated
with the treatment, we also conducted a non-good laboratory practice
(GLP) toxicology study inWT C57BL/6J mice utilizing the same dose
and administration routes as we did in the efficacy study. Our data
suggest that a single dose of i.t. delivered AAV9/hSURF1 is safe, effec-
tive, and sufficient to mitigate SURF1 deficiency-related dysfunctions
in the SURF1 KO mouse model. These findings strongly support that
gene replacement therapy through i.t. administration of AAV9/
hSURF1 has the potential for further development as a treatment
for SURF1-related LS patients.

RESULTS
Design and expression of a gene transfer vector expressing

SURF1

The gene transfer vector was designed as a self-complementary AAV9
(scAAV9) vector carrying hSURF1opt transgene cDNA, the expres-
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sion of which is controlled by the hybrid chicken b-actin (CBA)
(CBh) promoter and the bovine growth hormone (BGH) polyadeny-
lation (poly(A)) (BGHpA) tail (Figure 1A). The modified scAAV9
was chosen here, as it was suggested to transduce 10-fold more cells
than did single-stranded AAV9 (ssAAV9).14 The transgene insert is
bounded by the AAV2 inverted terminal repeats (ITRs), in which
the 50 ITR is mutated to delete the D element, including the terminal
resolution site, to prevent the initiation of replication from the 50

end.21 Thus, the packing capacity of scAAV9 is limited to only about
2.2 kb of foreign DNA. In this plasmid, the size of the hSURF1opt
gene and CBh promoter are 921 and 800 bp, respectively, which are
small enough to fit into a self-complementary genome configuration
with the BGHpA. The CBh promoter was chosen, as it induced ubiq-
uitous, sustained, and relatively strong hSURF1opt expression.22 Even
though SURF1-related LS is a neurodegenerative disease, with the
brain and spinal cord being the most damaged tissue, SURF1 is ubiq-
uitously expressed in all organs. Thus, use of the CBh promoter
facilitates universal expression of functional SURF1 protein. CBh-
hSURF1opt plasmid was tested by transfecting it into HEK293 cells,
and Figures 1B and 1C show that the plasmid induced both mRNA
and protein expression in HEK293 cells.

Intrathecal delivery of AAV9/hSURF1 improved COX activity

deficiency

As SURF1 plays a critical role in COX holoenzyme assembly, COX
activity deficiency becomes one of the hallmarks of SURF1-related
LS patients.6,9 In clinical studies, COX activity is generally measured
in muscle or skin biopsies of patients, which show 20%–30% remain-
ing COX activity.9 Previous studies suggest that COX activity was
reduced in multiple tissues of SURF1 KO mice compared with WT
mice.18,19,23 Thus, we intended to confirm these findings and examine
whether AAV9/hSURF1 can rescue COX activity deficiency in brain
(cerebrum and cerebellum), liver, andmuscle tissues. SURF1KOmice
were treated with AAV9/hSURF1 at a highest dose (8 � 1011 vector
genomes [vg]/mouse, KO+High), 4-fold lower dose (2 � 1011 vg/
mouse, KO+Low), and vehicle (KO+Vehicle) through i.t. administra-
tion. A fourth group of mice were treated with a combination of high
dose i.t. and the same dose intravenously (i.v.) (8� 1011 vg + 8� 1011

vg)/mouse, KO+High+i.v.), as other studies suggested that combining
two different administration routes may enhance the treatment ef-
fects.24 All mice were treated at 4 weeks of age and tissues were
collected 4 weeks later. As shown in Figure 2, COX activity of
SURF1 KO mice was reduced approximately 50% compared with
that of WT mice in all tissues except muscle, which was reduced by
35% (p < 0.001). These results are consistent with previous find-
ings.18,25 In the cerebrum (Figure 2A), the low-dose treatment
increased by 4% of the KO+Vehicle level (p = 0.3896 compared to
the KO+Vehicle group), and the high-dose treatment and combina-
tion of high dose i.t. and i.v. treatment increased by 28% and 31%,
respectively, of the level of the KO+Vehicle group (p = 0.0362 and
0.0127, respectively). In the cerebellum (Figure 2B), both the low-
dose and high-dose treatments increased COX activity by 10% and
12% (p = 0.1528 and 0.1594, respectively, compared with the KO+
Vehicle group), while treating the mice i.v. along with high-dose i.t.
rapy: Methods & Clinical Development Vol. 23 December 2021 159
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Figure 2. AAV9/hSURF1 improved COX activity in

SURF1 KO mice at 4 weeks post-injection

(A–D) COX activity of cerebrum (n = 10–18 per group) (A),

cerebellum (n = 10–18 per group) (B), liver (n = 5–8 per

group) (C), and muscle (n = 10–14 per group) (D) of WT and

SURF1 KO mice with assigned treatments. All data were

normalized to the average of WT mice. Each data point

represents measurement from an individual animal, with

bars representing the mean ± SEM (standard error of the

mean). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

compared with WTmice using Dunn’s multiple comparison

test following a Kruskal-Wallis test for non-normal data, or

Tukey’s multiple comparison method following an ordinary

one-way ANOVA for normal data. A Shapiro-Wilk’s test was

used for the normality of the data distribution, and a Brown-

Forsythe test was used for homogeneity of variance. #p <

0.05, ##p < 0.01, ###p < 0.001 compared with KO+Vehicle

mice using a one-tailed Student’s t test. A dashed line in-

dicates the level of KO+Vehicle, and the percentage of

improvement compared with the KO+Vehicle group from

each treatment is provided at the bottom of the respective

column.
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increased COX activity by 20% (p = 0.0453 compared with the KO+-
Vehicle group). In the liver, as shown in Figure 2C, COX activity was
increased by 43%with low-dose treatment (p = 0.0007 compared with
the KO+Vehicle group). Both the high dose and the combination of
i.t. and i.v. treatment increased the activity by about 65% (p =
0.0022 and p = 0.0001, respectively, compared with the KO+Vehicle
group). As many SURF1-related LS patients also show muscular dys-
trophy, we also tested the change of COX activity in skeletal muscle.
As shown in Figure 2D, COX activity of KO mice showed a 35%
reduction compared with WT mice (p < 0.0001), and all of our treat-
ments showed significant improvement in COX activity compared
with vehicle-treated KO mice (p = 0.0497 for KO+Low, p = 0.001
for KO+High, and p = 0.0089 for KO+High+i.v.). Thus, our data
showed that both high-dose treatment through i.t. and a combination
160 Molecular Therapy: Methods & Clinical Development Vol. 23 December 2021
of i.t. and i.v. treatment are effective in improving
COX activity deficiency. However, the additional
i.v. dose did not show further improvement in
any tissue tested over that achieved with a single
i.t. dose alone. Taken together, these data suggest
that treating SURF1 KO mice with a single high
dose of AAV9/hSURF1 through i.t. administra-
tion is effective in increasing COX activity in
target tissues, which is the underlying driver of
the disease pathology.

SURF1 mRNA expression and COX content

level in the CNS of mice

To support our findings on COX activity, we
evaluated hSURF1opt mRNA expression and
MT-CO1 protein expression level in the brain
and spinal cord using the tissues from the same
mice. A customized probe was used in RNAscope to specifically detect
mRNA of the codon-optimized hSURF1 in AAV9/hSURF1-treated
mice. Figure 3A shows representative images of hSURF1opt mRNA
and MT-CO1 staining. As the probe was specific to hSURF1opt, no
signal could be detected in WT or vehicle-treated KO mice. Human
SURF1opt mRNA was successfully expressed in all disease-relevant
brain areas, the cervical spinal cord (furthest from the injection
site), and the lumbar spinal cord (closest to the injection site) of
AAV9/hSURF1-treated animals (Figure 3B). Similar to the effects
on COX activity, the combinational treatment of i.t. and i.v. admin-
istration did not significantly improve the mRNA expression level
over i.t. administration alone. Previous studies have shown that the
expression level of MT-CO1 protein correlates with COX activity,26

and in SURF1 KO mice, the expression of MT-CO1 is reduced.20



Figure 3. hSURF1opt mRNA and MT-CO1 protein expression in CNS tissues

(A) Representative images of hSURF1opt mRNA staining in brain areas (striatum, hypothalamus, thalamus, midbrain, cerebellum, and hindbrain) and spinal cord sections

(cervical cord and lumbar cord). The red dots are positive mRNA staining. The same brain slice was stained with MT-CO1 protein using IHC staining, which shows the brown

color. Under the same treatment group, all images are from a single animal and are representative of all animals. (B) hSURF1opt mRNA is expressed in the CNS tissues of

SURF1 KO mice. The axis of the Arachne plot represents the percent area staining positive for hSURF1opt. The abundance of hSURF1opt mRNA in WT and KO+Vehicle

groups are close to 0 percent. THM, thalamus, hypothalamus, and midbrain; PM, pons and medulla; CC, cervical cord; LC, lumbar cord. See also Figure S1. (C) Abundance

of MT-CO1 protein expression. The axis of the Arachne plot represents the percent area staining positive for MT-CO1 protein. See also Figure S2. (D and E) The correlation

between percent area staining positive for MT-CO1 protein expression with COX activity of affected regions in cerebrum and cerebellum.
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As shown in Figure 3C, the expression of MT-CO1 is lowest in
vehicle-treated KO mice and highest in WT mice, while the levels
of AAV9/hSURF1-treated animals were between those two. This
trend of improvement in MT-CO1 expression is significantly corre-
lated with the trend of COX activity level in both cerebrum (Fig-
ure 3D) and cerebellum (Figure 3E). Graphs with individual values
from all the analyses are shown in Figure S1 (hSURF1opt mRNA)
and Figure S2 (MT-CO1 expression).

Intrathecal delivery of AAV9/hSURF1 ablated exhaustive

exercise-induced lactic acidosis in SURF1 KO mice

LS patients with SURF1 deficiency often show elevated blood lactate.
Previous studies reported that SURF1 KO mice also exhibited
elevated blood lactate levels, especially after exhaustive exercise.19

Thus, to evaluate whether gene therapy can correct the blood lactate
level, we treated another group of mice with the same high (8 � 1011

vg/mouse) and low (2 � 1011 vg/mouse) dose of AAV9/hSURF1
through i.t. administration and examined blood lactate levels both
at rest and after exhaustive exercise. The study scheme is shown
in Figure 4A. The mice were tested at two ages, 10 weeks (6 weeks
after treatment) and 10 months (9 months after treatment). Blood
lactate was examined both before and after running on a treadmill
Molecular The
until exhaustion, and the change of blood lactate level was recorded
as DLactate. There were no differences in their running time (Fig-
ure 4B) or resting lactate level among groups at both ages (Fig-
ure 4C). However, as shown in Figure 4D, DLactate of SURF1 KO
mice was significantly higher than that of WT animals when tested
at 10 months of age (p < 0.001). Both low-dose and high-dose treat-
ments significantly reduced DLactate of KO mice compared with
vehicle-treated KO mice (p < 0.01 and p < 0.001, respectively).
Furthermore, we collected their tissues at 18 months of age and
examined COX activity of cerebrum and liver. We obtained similar
trends of improvement as found in previous analysis from the 8-
week-old mice (Figures 4E and 4F). Taken together, our data suggest
that both low and high doses of AAV9/hSURF1 treatment adminis-
tered i.t. mitigated abnormal lactic acidosis during exhaustive exer-
cise in SURF1 KO mice without affecting their gross physical
function.

Intrathecal delivery of AAV9/hSURF1 is safe in WT mice

When considering the translation of this gene therapy strategy to pa-
tients, it is important to assess the long-term safety of the AAV9/
hSURF1 vector. WT C57BL/6J mice were treated with the same
regimen as in the efficacy study and they were monitored for gross
rapy: Methods & Clinical Development Vol. 23 December 2021 161
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Figure 4. AAV9/hSURF1 normalized exhaustive exercise-induced lactic acidosis in SURF1 KO mice

(A) Scheme of study design. (B) Running time on treadmill until exhaustion. (C) Resting blood lactate level before treadmill running. (D) Change of lactate after running on

treadmill until exhaustion. **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with KO+Vehicle mice using a Tukey’s multiple comparison test following two-way ANOVA. (E

and F) COX activity of cerebrum (E) (n = 8–10 per group) and liver (F) (n = 9–10 per group) of mice at 18 months of age. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

compared with WT mice using Dunn’s multiple comparison method following a Kruskal-Wallis test, since KO+High mice did not pass the normality test using the Shapiro-

Wilk’s test. #p < 0.05, ###p < 0.001 compared with KO+Vehicle mice using a one-tailed Student’s t test. A dashed line in (E) and (F) indicates the level of KO+Vehicle, and the

percentage of improvement compared with the KO+Vehicle group from each treatment is provided at the bottom of the respective column. Each data point represents

measurement from an individual animal, with bars representing the mean ± SEM.
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changes, including body weight, survival, and general body condi-
tions, for a year. The gene therapy treatment did not confer signifi-
cant differences in body weight growth in either sex (Figures 5A
and 5B). Body weight from each mouse at each time point is shown
in Table S1. Serum from 4 weeks and 12 months post-dosing were
analyzed for blood biochemistry, including total bilirubin (TBIL),
blood urea nitrogen (BUN), albumin (ALB), creatine kinase (CK),
and aspartate aminotransferase (AST). Levels of these biochemicals
162 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
indicate the function of kidney and liver. None of above showed
significant changes induced by the treatment (Figures 5C–5G). No
outward signs of body condition change were observed during the
duration of the study. 12 months post-dosing, tissues from all 30
mice were collected and evaluated for histopathology abnormalities.
We summarize all of the findings in Table S2, and none of the path-
ological signs was attributed to AAV9/hSURF1, but rather they were
typical findings in agedmice. Thus, our study showed that doses up to
ber 2021



Figure 5. AAV9/hSURF1 is safe in WT C57BL/6J mice

(A and B) Body weight of male (A) and female (B) mice up to a year after dosing. (C–G) Blood chemistry tests 4 weeks and 12 months after dosing. Data are shown as mean ±

SEM.
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8 � 1011 vg/mouse is safe for WT C57BL/6J mice for at least
12 months.

DISCUSSION
In this proof-of-concept study, we have designed and demonstrated
AAV9/hSURF1 gene therapy as a translationally relevant option as
a potential treatment for SURF1-related LS. On the basis of results ob-
tained in the present mouse study, a one-time i.t. injection of AAV9/
hSURF1 vectors, driven by the strong ubiquitous CBh promoter, has
resulted in codon-optimized human SURF1 mRNA expression in
multiple relevant brain and spinal cord regions. The treatment
partially corrected COX activity deficiency, as well as abnormal
lactate acidosis induced by exhaustive exercise in the SURF1 KO
mice. These SURF1 KO mice and WT mice receiving the treatment
did not show any signs of clinical or histological toxicity, supporting
the general safety of AAV9/hSURF1. As a proof of concept, our results
support the potential of this gene therapy strategy as a treatment for
patients with SURF1-related LS.

A major limitation of this study is that we were not able to identify
physiological phenotypes in the mouse model we used. In the past,
there have been two SURF1 KOmouse models generated.7,18 The first
Molecular The
one is a constitutive KO model with exons 5–7 replaced by a
neomycin (NEO) resistance cassette. Unfortunately, 90% of mice
generated from this mouse line were embryonic lethal,7 but further
studies suggested this might have been due the effects of the neomycin
resistance gene cassette on the expression of neighboring genes.18 To
resolve the issue, another mouse model was generated with a frame-
shift mutation in exon 7 of the SURF1 gene and the neomycin cassette
was removed,18 and this is the mouse model we used in our study.
Surprisingly, these mice showed prolonged lifespan (longer than
WT) and several other phenotypes indicating they do not fully reca-
pitulate signs of human patients. We summarize the findings from
published studies on this mouse model in Table 1. Based on these pre-
vious characterizations, we chose to test endurance capacity on a
treadmill as the major phenotypic outcome measure. However,
even with a large group of mice, we were not able to detect significant
differences betweenWT and SURF1KOmice regarding their running
time or distance until exhaustion at either 10 weeks or 10 months of
age.We have also tested the samemice on an accelerating rotarod, but
consistent with some previous reports there was no significant differ-
ence between WT and SURF1 KO mice (Figure S3). Thus, due to the
animal model limitations, we were constrained to using biochemical
readouts as the major indicators of therapeutic efficacy.
rapy: Methods & Clinical Development Vol. 23 December 2021 163
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Table 1. Phenotypes of SURF1 KO mice identified in previous studies

Study no. Mouse age Sex Behavioral/physiological test Function tested Change in SURF1 KO mice References

1 3 months F+M rotarod test motor skill Y 18

2 6–7 months M

Y-maze working memory [

27object recognition long-term memory [

elevated maze basal anxiety 4

3 5–6 months M

open field activity basal activity 4

19treadmill test endurance capacity YY

grip strength muscle strength Y

4 28 months F

grip strength muscle strength 4

23
rotarod test motor skill 4

sleep/wake pattern basal activity 4

open field activity basal activity 4

5 3 months F+M treadmill test endurance capacity 4 20

F, female; M, male. Y, decrease; [, increase; 4, no differences; the number of arrows indicate the degree of changes.
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SURF1 plays a critical role in assembling the COX holoenzyme.
Thus, it is mechanistically sound to predict that the loss of
SURF1 will affect COX activity. SURF1 patients generally have
20%–30% COX activity remaining.9 Our study and those of others
show that the SURF1 KO mice have about 40%–50% COX activity
remaining.18 One might speculate that the difference of 20%–30%
residual COX activity in humans compared to 40%–50% COX ac-
tivity in the mice contributes to the profound difference in disease
symptoms. The treatment exerted an approximately 20%–30%
improvement in COX activity of brain and muscle over KO levels,
with a higher degree of improvement in liver. We further confirmed
the findings in the brain by using histological staining to examine
the expression level of MT-CO1, which is commonly used as a
marker for COX content level. The expression of MT-CO1 protein
also showed similar trends of improvement in all disease-related
brain areas, reinforcing and verifying the observed increases in
COX activity. We also examined COX activity of the second cohort
of mice at 18 months of age (17 months post-dosing), which
showed a similar trend as the data we acquired from 8-week-old
mice (4 weeks post-injection). These data suggest that improve-
ments in COX activity from the treatment have been maintained
for at least 17 months. As SURF1 is a membrane-bound protein,
it is expected to function in a cell-autonomous manner, meaning
that the treatment can only exert cell-autonomous effects. Thus,
this degree of improvement corresponds to our expectation of
the number of cells transduced by AAV9 vectors (approximately
5%–20% across the brain).12 While we did not test this directly,
considering the expected percentage of cells transduced with the
observed increase in COX activity, we speculate that the expressed
SURF1 transgene resulted in near-complete rescue of COX activity
in any transduced cell. Due to limitations of the available animal
models (i.e., a lack of behavioral phenotypes), we could not directly
test whether AAV9/hSURF1 treatment leads to behavioral improve-
ments. Our future work involves using genetic or chemical ap-
proaches to further reduce COX activity to determine whether
164 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
more severe phenotypes can be generated in the mice, which we
would predict could be rescued by AAV9/hSURF1 gene therapy.

Besides COX activity, we also examined blood lactate levels in our
mice. As previous studies have shown that blood lactate was lower in
SURF1 KOmice than in WTmice, we expected to see a similar differ-
ence in our mice. Thus, we measured their blood lactate level once
everymonth for a year starting at 4 weeks of age, but there were no sig-
nificant differences betweenWTand SURF1KOmice at any timepoint
(data not shown). However, we observed lactic acidosis in SURF1 KO
mice induced by exhaustive exercise. After running on a treadmill until
exhaustion, blood lactate of SURF1 KO mice was elevated to a higher
degree compared with that of WT mice, which was shown as the dif-
ferences in the change of lactate levels. This difference wasmore signif-
icant when the mice were 10 months old (9 months post-dosing). The
SURF1KOmice that have been treatedwith either the low or high dose
of AAV9/hSURF1 showed a change of lactate level close to that ofWT,
indicating that the treatment corrected this lactic acidosis. However, to
identify which tissues are responsible for the rescue of lactic acidosis
would require further studies.

Several features of this study shed light on the general context of a
translatable AAV9-based gene therapy treatment for a mitochondrial
disease with neurological manifestations. (1) In this study, we tested
the effectiveness of administering AAV9 vectors through an i.t. route
to mediate widespread CNS transduction. To our knowledge, this is
the first time that this administration route has been tested for a mito-
chondrial disease. Many mitochondrial diseases have neurological
manifestations.28 Thus, for a gene therapy approach, it is important
to choose a vector and an administration route that can specifically
address those issues as a priority. Previous studies in both mice and
NHPs have supported that an AAV9 vector carrying the reporter
gene, green fluorescent protein (GFP), widely distributed the trans-
gene broadly across theCNS following a single i.t. injection.12–15Addi-
tionally, i.t. administration reduces the biodistribution of the vector to
ber 2021
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peripheral organs compared to an i.v. route, but importantly some bio-
distribution to peripheral organs still occurs, considering the multi-
system involvement in mitochondrial diseases. (2) It is noteworthy
that the treatment was administered to the mice at 4 weeks of age,
an age approximately corresponding to a human teenager.29 The onset
of SURF1-related LS shows a broad range, but the most severe cases
show an onset of around 2 years of age. Since LS is a degenerative dis-
ease, we would predict earlier intervention to correlate with a greater
therapeutic benefit. Thus, patients might show a better outcome when
they are diagnosed and treated early, even before the onset of symp-
toms. (3) The vector genome was a self-complementary design, which
improved the transduction efficiency compared to a more traditional
ssAAV genome design. (4) This study evaluated an AAV9 vector so-
lution stock produced at a concentration of 1.6 � 1014 vg/mL, which
is near the estimated concentration limit of AAV9 without risking
AAVvector aggregation/precipitation. This concentrated vector prep-
aration was injected undiluted (high dose, 8� 1011 vg/mouse) and at a
1:4 dilution (low dose, 2 � 1011 vg/mouse). Since the volume of i.t.
administration is limited, escalating to a higher dose is unlikely to
be feasible. Further improvements to enhance efficacy might be facil-
itated by optimization of the intra-CSF AAV9 administration or uti-
lizing a more efficient AAV capsid technology if it becomes available.

Taken together, our study demonstrated that the gene therapy strat-
egy using AAV9/hSURF1 partially but significantly corrected
biochemical defects in a SURF1-related LS mouse model. There are
no effective treatments for SURF1-related LS patients beyond sup-
portive care, and we propose that this approach has the potential to
improve or ameliorate disease symptoms for those patients. To
achieve optimal therapeutic effects, we speculate that early treatment,
high (approaching maximally feasible) doses of AAV9, and the use of
a self-complementary genome design will be essential. Our studies
supported these notions through examining biochemical outcome
measures. Due to the limitations of the animal model, further studies
may provide additional insights on the correlation between these
biochemical improvements and patients’ quality of life.

MATERIALS AND METHODS
Animals

The SURF1KOmicewere initially generated fromDr.MassimoZevia-
ni’s Lab, and we acquired them as a gift fromDr. Holly Van Remmen’s
Lab at the Oklahoma Medical Research Foundation. The genotypes
were determined by PCR analysis using a mouse ear punch as previ-
ously described.18 The WT C57BL/6J mice were supplied from the
University of Texas Southwestern Medical Center (UTSW) Animal
Breeding Core. The animal studies at UTSW were conducted accord-
ing to a protocol approved by the Institutional Animal Care and Use
Committee (IACUC). All mice were weaned between postnatal day
(PND)21 and PND28 and were provided food and water ad libitum.

Plasmids

The complete name for hSURF1opt is self-complementary CBh
codon-optimized human SURF1-BGHpA. It is composed of a CBh
promoter, a codon-optimized human SURF1 cDNA sequence
Molecular The
(ATUM, Newark, CA, USA), and a BGH poly(A) tail. This construct
with a GFP reporter in place of hSURF1opt has been described in
multiple publications from our group across different animal
models.12,14,16,22,30 The 50 ITR was mutated to form the self-comple-
mentary structure as previously described.31

Virus production

Vectors were produced at the University of North Carolina-Chapel
Hill Vector Core as described.32 Purified vectors were dialyzed in
PBS (350 mM final NaCl concentration) containing 5% D-sorbitol
and stored at �80�C until use. Thawed aliquots were subsequently
stored at 4�C. A filter-sterilized solution of PBS (350 mM final
NaCl concentration) containing 5% D-sorbitol was used as vehicle
and virus dilution buffer. The viral vector was titered by qPCR and
confirmed by PAGE and silver stain.33 The vectors in this study
were packaged in scAAV9. The certificate of analysis from the
UNC Vector Core is provided in Supplemental information.

Animal injections

AAV9 vectors were diluted in vehicle solution. For intrathecal injec-
tion, 5 mL was injected into each animal through lumbar puncture as
previously described.34 For i.v. injection, 20 mL was injected to each
animal through the tail vein. The i.v. injection was performed 30–
60 min before the following i.t. injection.

Cell culture and plasmid expression studies

HEK293 cells were cultured in a 100-mm cell culture dish for at least
five passages before transfection. The culture medium contains
DMEM (without L-glutamine), 10% fetal bovine serum (FBS), 1%
GlutaMAX, 1% non-essential amino acids, and 1% penicillin/strepto-
mycin (Pen/Strep). The cells were grown in a humidified 5% CO2

incubator at 37�C.

One day before transfection, HEK293 cells were plated into a six-well
plate at a density of 0.6� 106 cells/well. The next day, cells were trans-
fected with 1, 1.5, or 2 mg of CBh-hSURF1opt plasmid, and 1.5 mg of
CBh-EGFP plasmid as a control using PEIpro (Polyplus-transfection,
New York, NY, USA). Cells were collected after 48 h. Protein was ex-
tracted using radioimmunoprecipitation assay (RIPA) buffer
(Thermo Fisher Scientific, Waltham, MA, USA) with 1� cOmplete
protease inhibitor cocktail (Sigma, St. Louis, MO, USA). Protein con-
centration was determined using a bicinchoninic acid (BCA) protein
assay (Thermo Fisher Scientific, Waltham, MA, USA). 30 mg of pro-
tein was loaded onto 10% SDS-PAGE gels (Bio-Rad, Hercules, CA,
USA) and transferred to nitrocellulose membranes. Blots were probed
with SURF1 antibody (1:500; GeneTex, Irvine, CA, USA) and b-actin
antibody (1:10,000; Abcam, Cambridge, MA, USA) for 2 h at room
temperature and then with goat anti-mouse (1:5,000; Invitrogen,
Waltham, MA, USA; DyLight 800) or goat anti-mouse (1:5,000; Invi-
trogen, Waltham, MA, USA; DyLight 680). Immunofluorescence was
imaged using a Bio-Rad imager.

Total mRNA was extracted using a PureLink RNA extraction kit
(Thermo Fisher Scientific, Waltham, MA, USA), and 500 ng of total
rapy: Methods & Clinical Development Vol. 23 December 2021 165
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mRNA was converted to cDNA using SuperScript IV VILO master
mix with ezDNase enzyme (Invitrogen, Waltham, MA, USA). Oligo-
nucleotide primers (Sigma, St. Louis, MO, USA) for PCR were
as follows: FqPC_hsaSurf1, 50-GTGGATCTGATCGGCATGGT-30;
RqPC_hsaSurf1, 50-CGTCGATGAAAATCGGCTCG-30. The PCR
products were examined on 2% agarose gel with a 1-kb DNA ladder
(Invitrogen, Waltham, MA, USA).

COX activity assay

Mice were perfused with cold 1� PBS at 4 weeks post-treatment.
Tissues were extracted quickly and immediately frozen on dry ice.
All tissues were stored at �80�C until use. We used a complex IV/
COX rodent enzyme activity microplate assay kit (Abcam, Cam-
bridge, MA, USA) to examine the COX activity of our mice model,
according to the manufacturer’s instructions. Mitochondria were ex-
tracted as previously described.35,36 After mitochondria extraction,
COX is immunocaptured within the wells and activity is determined
colorimetrically through the oxidation of reduced cytochrome c as an
absorbance decrease at 550 nm. The absorbance of each sample was
measured once every minute for 120 min, and the initial rate of
decrease was calculated as COX activity. For COX activity of
8-week-old mice, assays were performed in multiple batches, in which
at least oneWT and one KO+Vehicle mouse were included. Each data
point was then normalized to the average of all WT COX activity as
relative COX activity. For COX activity of 18-month-old mice, assays
were performed in three batches for each tissue.We noticed that there
were significant differences among the raw values ofWTCOX activity
of the three batches. Thus, each data point was normalized to the
average of WT COX activity within each batch as relative COX
activity.

Exhaustive exercise on treadmill and blood lactate test

Blood lactate following exhaustive exercise was measured by the
UTSW Metabolic Phenotyping Core. All mice were familiarized to
the treadmills for 2 days prior to the exercise session. On day 1,
they experienced a 5-min rest on the treadmill followed by running
for 5 min at the speed of 8 m/min and then for 5 min at the speed
of 10 m/min. On day 2, they experienced a 5-min rest on the treadmill
followed by running for 5 min at the speed of 10 m/min and then for
5 min at the speed of 12 m/min.

On day 3 (5 weeks post-dosing), mice were placed on the treadmill for
5 min at rest, followed by running with a starting speed of 10 m/min
for 40 min, next by running at speeds that were increased at the rate of
1 m/min every 10 min until the speed reached 13 m/min, and finally
by running at speeds that were increased at the rate of 1 m/min every
5 min until exhaustion. The exhaustion time was noted as the time at
which the mice remained on the electric shock grid for 5 continuous
seconds, without attempting to resume running. Blood lactate was
taken before putting the mice onto the treadmill and immediately
when the mice came off the treadmill. A drop of blood was collected
from the tail vein, and blood lactate concentration was measured us-
ing a Lactate Plus lactate meter (Nova Biomedical, Waltham, MA,
USA).
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SURF1 RNAscope and MT-CO1 immunohistochemistry (IHC)

SURF1 mRNA and MT-CO1 protein levels were visualized in the
brain and spinal cord for a set of treated animals. The following pro-
tocol was carried out by an individual blinded to the treatments and
genotypes of all animals. Tissues ready for staining were processed
and embedded in paraffin and cut into 5-mm sections on slides.
Both staining (RNAscope and MT-CO1 IHC) were performed on
the same slide. An RNAscope 2.5 HD assay kit (Advanced Cell Diag-
nostics, Newark, CA, USA) was used. Slides were deparaffinized by
xylene and then xylene was removed with 200 proof ethanol. Then
slides were incubated with hydrogen peroxide for 10 min at room
temperature and washed with distilled water. Antigen retrieval was
performed by boiling the slides in 1� target retrieval solution for
10 min, washing with distilled water, dehydrating with 200 proof
ethanol, and then air-drying. Protease Plus was added to each section,
incubated at 40�C for 30 min, and washed with distilled water. Then
slides were incubated with an hSURF1opt RNAscope probe in a Hy-
bEZ oven at 40�C for 2 h and washed with 1� wash buffer. Then
slides were incubated with AMP1–6 for 30 or 15 min following the
RNAscope 2.5 HD detection kit protocol. Finally, slides were incu-
bated with RED solution for 10 min to detect the RNAscope signals.

After finishing the RNAscope processing, slides were washed with 1�
PBS twice for 5 min each, then blocked with 5% goat normal serum
(GNS) for 1 h at room temperature. Then slides were incubated
with anti-MT-CO1, mouse (Abcam, Cambridge, MA, USA,
ab14705), diluted 1:400 in GNS at 4�C overnight. Then slides were
washed with tap water and 1� PBS and incubated with biotinylated
goat anti-mouse immunoglobulin G (IgG) secondary antibody (Vec-
tor Labs, BA-9200) at 1:400 for 1 h at room temperature. Slides were
washed and incubated with ABC (Vector Labs, PK-6100) for 30 min
at room temperature and washed with tap water and 1� PBS. Diami-
nobenzidine (DAB) (D4293, Sigma, St. Louis, MO, USA) was used to
develop the reaction product. Finally, slides were counterstained with
modified Mayer’s hematoxylin and covered with coverslips. Slides
were imaged with an Aperio ImageScope.

Image analysis

Histology images were analyzed using custom analysis settings in the
HALO image analysis platform (HALO2.2, Indica Labs, Albuquer-
que, NM, USA). A region of interest (ROI) was hand drawn on
each image to allow for analysis by tissue region. Within the brain,
four major regions were drawn: (1) thalamus, hypothalamus, and
midbrain (THM); (2) pons and medulla (PM); (3) striatum; (4) cere-
bellum. For spinal cord samples, we analyzed lumbar cord (injection
site) and cervical cord (farthest from injection site). A threshold for
each stain was set using positive and negative control images, and
the same analysis settings were applied for every image of the same
stain. The percent area strongly staining for each marker of interest
was recorded for each tissue/ ROI.

Blood biochemistry tests for WT mice

Blood was collected from submandibular veins of eachmouse 4 weeks
after dosing into 1.5-mL tubes. Blood was allowed to clot at room
ber 2021
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temperature for 2 h. The clotted material was removed by centrifuga-
tion at 5,000 rpm for 20 min at 4�C. The supernatant (serum) was
transferred to a new tube and frozen immediately at �80�C until
the test. The tests were conducted by the UTSWMetabolic Phenotyp-
ing Core.
Statistical analysis

Underlying assumptions checking for the continuous variables was
performed prior to analysis. Specifically, we used the Shapiro-Wilk’s
test for the normality of the data distribution and the Brown-For-
sythe test for homogeneity of variance. Univariable comparisons
were conducted using a Student’s t test or one-way ANOVA for
normally distributed data with equal variance, and Wilcoxon or
Kruskal-Wallis test, as a non-parametric counterpart, for non-
normal data. Statistical significance was assumed at the 0.05 level,
and multiple comparisons were adjusted using Tukey’s multiple
comparison test for the Kruskal-Wallis test, or a Dunn’s multiple
comparison test for the one-way ANOVA. For COX activity data
for mice of both 8 weeks and 18 months of age, each group of
AAV9-treated KO mice were compared with vehicle-treated KO
mice using a one-tailed t test, as we would not expect COX activity
to be reduced following treatment. A two-tailed t test was performed
to evaluate associations between MT-CO1 protein expression and
COX activity. Blood lactate data were analyzed with a two-way
ANOVA with adjustment of multiple comparisons using Tukey’s
multiple comparison test. GraphPad Prism (GraphPad, San Diego,
CA, USA) was used for all statistical analyses and generating the
graphs.
SUPPLEMENTAL INFORMATION
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