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Abstract

In this review, we detail the current state of application of gene therapy to

primary mitochondrial disorders (PMDs). Recombinant adeno-associated virus-

based (rAAV) gene replacement approaches for nuclear gene disorders have been

undertaken successfully in more than ten preclinical mouse models of PMDs

which has been made possible by the development of novel rAAV technologies

that achieve more efficient organ targeting. So far, however, the greatest progress

has been made for Leber Hereditary Optic Neuropathy, for which phase 3 clinical

trials of lenadogene nolparvovec demonstrated efficacy and good tolerability.

Other methods of treating mitochondrial DNA (mtDNA) disorders have also had

traction, including refinements to nucleases that degrade mtDNA molecules with

pathogenic variants, including transcription activator-like effector nucleases,

zinc-finger nucleases, and meganucleases (mitoARCUS). rAAV-based approaches

have been used successfully to deliver these nucleases in vivo in mice. Exciting

developments in CRISPR-Cas9 gene editing technology have achieved in vivo gene

editing in mouse models of PMDs due to nuclear gene defects and new CRISPR-

free gene editing approaches have shown great potential for therapeutic applica-

tion in mtDNA disorders. We conclude the review by discussing the challenges

of translating gene therapy in patients both from the point of view of achieving

adequate organ transduction as well as clinical trial design.
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1 | INTRODUCTION

1.1 | Mitochondrial function and
dysfunction

Mitochondria are the main site of ATP production via
the process of oxidative phosphorylation (OXPHOS).1

The OXPHOS system consists of five multi-subunit

protein complexes (complexes I–V) located in the inner
mitochondrial membrane.2 However, the role of mito-
chondria goes beyond that of just energy generation
because they are the site of many other metabolic
and signalling pathways. These include one carbon
metabolism,3 iron–sulphur cluster biogenesis,4 produc-
tion of reactive oxygen species, which are needed in
multiple biological processes including antioxidant
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defence5 and in activating apoptosis.6 Intermediates
produced in mitochondria are also needed in both
purine and pyrimidine biosynthesis.7 Approximately
1500 proteins are thought to have a mitochondrial
localization and function.8,9 A majority of these are
nuclear genome encoded since mitochondrial DNA
(mtDNA), located within mitochondria, is a circular
molecule �16.5 Kb in size that contains only 37 genes
encoding 13 polypeptides, 22 tRNAs, and 2 rRNAs.10

With the exception of complex II, which is encoded
entirely by nuclear DNA,11 the OXPHOS complexes are
reliant on mtDNA which encodes subunits located in
complexes I, III, IV, and V.10

1.2 | Primary mitochondrial disorders

Primary mitochondrial disorders (PMDs) are monogenic
disorders resulting from either inherited or de novo patho-
genic variants in genes that result in disturbances in
OXPHOS, mitochondrial structure or function.12 They are
individually rare but collectively common with an esti-
mated incidence of 1: 4300.13 The genetics of mitochondrial
disease is complex since it may result from pathogenic
variants in either mtDNA or nuclear genes. While the
inheritance of nuclear gene variants may be autosomal
dominant,14 recessive or X linked,15,16 mtDNA is exclu-
sively maternally inherited.17 Furthermore, each cell
contains several hundred copies of the mtDNA mole-
cule, resulting in the concepts of ‘mtDNA heteroplasmy’
(the presence of both normal and mutated mtDNA in
the same cell), and ‘heteroplasmy thresholds’ (the per-
centage heteroplasmy of a pathogenic variant required
to cause mitochondrial dysfunction) and ‘homoplasmy’
(the presence of a homogenous population of mtDNA in
a cell). Currently, there are thought to be �400 nuclear
and mtDNA genes that are associated with PMDs and
with the advent of next generation sequencing, this
number continues to rise.18 This genetic heterogeneity
poses considerable challenges in terms of diagnosis but
also for developing treatments.

Presently, there are no approved disease modifying treat-
ments for most PMDs. A few disorders respond positively to
specific vitamins or co-factors including SLC19A3 deficiency
which responds to biotin and thiamine supplementation,19

ACAD9, FLAD1 and riboflavin transporter deficiencies
which respond to riboflavin20,21 and COQ2, COQ6 and
COQ8B deficiency have responded to high-dose coen-
zyme CoQ10 (CoQ10) supplementation.22 In addition,
several experimental small-molecule therapies are being
trialled in patients with PMDs, although none of these
address the primary genetic cause. Of these, only idebe-
none, a redox modulator and CoQ10 analogue, has been

approved in Europe for Leber Hereditary Optic Neurop-
athy (LHON)23 and omaveloxolone (Skyclarys), which
acts through a combination of activation of Nrf2 and
inhibition of NF-κB, has recently received FDA approval
for Friedreich Ataxia.

1.3 | Genetic therapies

Gene therapy can be defined as a treatment which corrects
the underlying genetic abnormality in affected cells or
individuals with a monogenic disorder. The type of gene
therapy applicable to PMDs is dependent on whether the
genetic defect is in nuclear DNA or in mtDNA.

For nuclear gene defects, conventional ‘gene replace-
ment’ approaches deliver a ‘correct’ (wild-type [WT]) copy
of a mutated gene (gene of interest/ transgene) to the
nucleus of target cells. The WT gene would then reconsti-
tute normal protein function. This approach would be
applicable to recessive disorders since the effect of gain-
of-function pathogenic variants would not be abolished by
the expression a WT copy of the gene. Another type of
gene therapy is RNA-based therapy. Instead of providing
the transgene in the form of DNA, an RNA version of the
same therapeutic sequence can be provided. RNA thera-
pies can function in a similar way to gene reconstitution
or they can be engineered to ‘knockdown’ or ‘turn-off’
expression of other genes, for example through small inter-
fering RNAs (siRNAs) or increase expression through
small-activating RNAs. A third form of gene therapy is
gene-editing, which aims to correct pathogenic variants in
existing genes within cells without introducing new full-
length copies of the target gene. This includes CRISPR-
Cas9 gene editing to cut and recombine DNA and base
editors.

For PMDs due to pathogenic variants in mtDNA, gene
reconstitution approaches can also be undertaken, with
the modification that the transgene is expressed within the
nucleus, translated by cytosolic ribosomes and the protein
product is modified to contain a mitochondrial targeting
sequence (MTS) to enable mitochondrial import; an
approach known as ‘allotopic expression’. However, it

Synopsis
Gene therapy approaches to treating primary
mitochondrial disorders are still in early develop-
ment for most translational pipelines. Advances
in genetic engineering technologies have diversi-
fied the tools available to target a wider range of
primary mitochondrial disorders.
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should be mentioned that mitochondrial import and cor-
rect assembly into OXPHOS complexes of allotopically
expressed mtDNA-encoded proteins requires further
experimental validation. Another method is the use of
engineered enzymes such as zinc finger nucleases (ZFN),
transcription activator-like effector nucleases (TALENs)
and meganucleases to specifically recognise and introduce
double stranded (ds) breaks in DNA containing patho-
genic variants. While the induction of dsDNA breaks in
conjunction with homologous recombination (HR) of a
correct copy of a gene could, in principle, be applied to
nuclear DNA in the context of treating PMDs, so far this
approach has only been utilised to target and degrade
mtDNA molecules which contain pathogenic variants
resulting in a shift in heteroplasmy toward WT mole-
cules. However, this technique cannot be applied to
homoplasmic variants since this would cause mtDNA
depletion. While CRISPR-Cas9 gene editing has not yet
been adapted to target mtDNA variants associated with
PMDs due to inefficient RNA import by human mito-
chondria, newer CRISPR-free base-editing technologies
have been able to edit individual mtDNA bases without
the need to import guide RNAs across the mitochondrial
membranes.

Two different methods of gene therapy delivery
are available. It may be accomplished in vivo where it
is administered directly to the affected individual or
ex vivo where relevant cells, for example, haematopoietic
stem cells, are removed from the patient, treated with
gene therapy and then infused back into the individ-
ual.24 For in vivo gene transfer various routes of admin-
istration can be exploited depending on which organ
has to be targeted. For instance, for peripheral organs
such as the liver, the intravenous (IV) route is preferen-
tially used, intra-ocular or intracochlear routes for eye
and ear disorders, respectively, while IV, intracranial or
intrathecal routes can be used for targeting specific
areas of the central nervous system (CNS).25 The choice
of which delivery approach to take thus depends on the
nature of the disease to be treated, including which
organs are to be targeted.

The rationale for applying gene therapy to PMDs stems
from them being usually cell-autonomous disorders, hence
the missing gene product is not a secreted protein/enzyme
and disease is not due to accumulation of a harmful sub-
strate. Replacement of the missing protein into the circula-
tion is unlikely to cross-correct disease in tissues so these
disorders are not likely to be amenable to enzyme replace-
ment therapy or bone marrow transplantation. An exception
to this is mitochondrial neurogastrointestinal encephalomyo-
pathy (MNGIE) caused by biallelic pathogenic variants in
TYMP where disease is in part due to harmful accumulation
of thymidine (Thd) which can be cleared by enzyme

replacement of the missing enzyme thymidine phosphory-
lase (TP) using allogeneic haematopoietic stem cell
transplantation.26 Furthermore, in some PMDs, for
example, DGUOK deficiency,27 TYMP deficiency,28 and
ETHE1 deficiency,29 liver transplantation has had some
success but does not correct disease in the brain.30 Gene
therapy has the potential to target several organs simulta-
neously including the CNS, making it attractive since
PMDs typically involve several different organ systems.

In this review, we will discuss advances in gene
reconstitution approaches to treating PMDs, most of
which are still in preclinical development. We also dis-
cuss recent developments using gene editing to manipu-
late both nuclear and mtDNA genes that are implicated
in PMD. Finally, we also discuss the challenges of clinical
translation of gene therapies for PMDs.

2 | METHODS

2.1 | Literature search terms

A literature search was performed in the Pubmed database
on 2 January 2023 utilising the following search terms:
1. Gene Therapy (Title/Abstract) AND Mitochondrial Dis-
ease; 2. Mitochondrial disease AND Gene Editing. Some
papers were also identified as secondary sources cited by
papers identified in the literature search.

3 | GENE THERAPY APPROACHES

3.1 | Non-viral strategies

Non-viral approaches include physical methods of cell
membrane bombardment (hydrodynamic injection of DNA,
biolistic methods),31,32 chemical methods (micelles of cat-
ionic surfactants, rhodamine nanoparticles, liposomes)32–34

and harnessing endogenous import machinery via MTS
mediated import via the translocator of outer/inner
membrane complexes into mitochondria.35 Many of the
non-viral methods are at preliminary in vitro stages and are
limited by poor transfection efficiency, weak specificity to
mitochondria or failure due to cytotoxicity.36 Therefore,
none of these strategies has advanced further in the transla-
tional pipeline for PMDs.

3.2 | AAV strategies for mitochondrial
disorders due to nuclear gene defects

Viral vectors are more efficient at achieving cell transduc-
tion than non-viral methods. Viral vectors are engineered
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to retain the scaffold of a naturally occurring virus, repla-
cing the endogenous viral genome with the gene of inter-
est, but retaining the virus's ability to infect cells
efficiently. The most promising gene therapy vectors at
present are recombinant adeno-associated viruses
(rAAVs). Naturally occurring AAVs belong to the
parvovirus family and do not usually cause disease in
humans. They require co-infection with another repli-
cation competent virus such as adenovirus37 without
which they will assume a state of latency by either inte-
grating their genomes into a specific region of chromo-
some 1938 or remain episomal within the nucleus.39

The life cycle of naturally occurring AAVs is shown in
Figure 1A. Naturally occurring AAV occurs in �12 differ-
ent serotypes each reflecting a unique pattern of tissue
tropism (targeting).40,41 Comparisons of IV biodistribution
of AAV1-9 in adult mice has shown overlapping tissue
tropism across the different serotypes.40 There are also sev-
eral novel engineered AAV serotypes with superior ability
to transduce certain tissues.42,43 Tissue tropism of rAAVs
is illustrated in Figure 1B.

rAAVs are designed with the purpose of delivering a
therapeutic transgene within an expression cassette
instead of the original AAV genome and therefore lack the
ability to replicate in the host. rAAVs have a packaging
capacity that is limited to about 4.7 Kb. Promoter/
enhancer sequences upstream of the transgene recruit host
transcription factors within the nuclei of transduced cells
thereby determining the transcriptional activity in the tar-
get cell type. Transgene expression is therefore determined
by several variables including the species/strain of the
subject,44 route of delivery,45 age at delivery,46 serotype of
AAV, promoter47 and dose. Self-complementary AAVs
(scAAVs) enable more rapid transgene expression since
the cassette contains the transgene and its complement in
cis thereby bypassing the need to undergo second strand
synthesis.48

AAV-based gene therapy has been used to treat mouse
models of PMDs caused by pathogenic variants in nuclear
genes. This includes NDUFS3 deficiency,49 NDUFS4
deficiency,45 SURF1 deficiency,50 TYMP deficiency,51 TK2
deficiency,52 MPV17 deficiency,53 OPA1-dominant optic
atrophy,54 AIFM1 deficiency,55 ANT1 deficiency,56 ethylma-
lonic encephalopathy,57 SLC25A46 deficiency,58 and Barth
syndrome,59 as detailed in Table 1.

A major benefit of an AAV-based gene reconstitution
approach is that AAV vectors can transduce both dividing
and non-dividing cells, and many are able to transduce a
wide range of different organs. AAV8 and AAV9 have
been the most frequently used vector serotypes in preclini-
cal studies of gene therapy for PMDs due to their relatively
wide tissue tropism. IV AAV 8 has been used to target
the liver in ethylmalonic encephalopathy,57 MPV17,53 and

FIGURE 1 (A) Life cycle of AAVs. AAVs transduce cells by

binding glycosylated cell surface receptors which enable them to be

endocytosed. There they fuse with endosomes whose low pH or

proteases are thought to activate specific viral proteins which enable

breach of the endosomal membrane, endosomal rupture and virion

escape into the cytosol as nuclear pore entry. Viral uncoating then

occurs. Naturally occurring AAVs contain single stranded

(ss) genomes which first require second strand synthesis to yield a

closed dsDNA molecule followed by integration into the host

genome. Replication only occurs in the presence of co-infection with

a helper virus and recruitment of various host cell replication factors

(not shown). Viral genomes may also exist extra-chromosomally as

circular monomers/dimers/concatemers. Self-complementary

(sc) AAVs are a type of ss rAAV which possess a palindromic

structure that enables the genome to form a dsDNA structure

without requiring second strand synthesis. B: Recombinant AAV

(rAAV) genome structure, serotypes and tissue tropism. In AAV

vector production, the gene of interest is contained in a plasmid with

intact AAV2-derived inverted tandem repeat (ITR) sequences

flanking on either side. In two-plasmid AAV vector production

systems, a packaging plasmid containing the Rep and Cap genes is

used to generate rAAVs. Differences in the Cap genes used results in

production of classical serotypes (e.g., AAV2/1-9), which have

different capsids resulting in an ability to transduce different target

tissues. Novel caspids have been developed in a similar manner.
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TYMP deficient MNGIE.70 IV AAV9 has been used to tar-
get skeletal muscle in NDUFS3 deficiency49 and the heart
in Barth syndrome.59 For disorders for which targeting a
single organ is needed, customisation of the route or pro-
moter used can help to restrict expression to the organ of
interest. For example, in AIFM1 deficiency55 and OPA1
deficient optic atrophy,54 adequate transduction in the eye
was achieved using a localised delivery route (intravitreal)
to restrict the expression of a ubiquitously expressed pro-
moter (cytomegalovirus [CMV]). In Barth syndrome, use
of AAVs with transgene cassettes containing cardiac-
specific promoters enabled specific expression within the
heart.59

So far, however, these gene reconstitution approaches
have not yet entered clinical trials. Possible explanations
for slow clinical translation are as follows. One important
limitation is that the phenotypes of animal models fre-
quently differ from the corresponding human disease
phenotypes, thereby limiting the conclusions that can be
drawn regarding therapeutic efficacy. Examples of this
include the MPV17 deficiency model in which mice did
not develop cirrhosis or cerebral dysfunction compared
to the human phenotype, and the SURF1 deficient mouse
model which did not demonstrate reduced survival.50,71

In TK2 deficiency,52 the model displayed encephalomyo-
pathy and spinal cord disease that is not seen in patients
and may explain why only partial improvement in
the disease phenotype could be achieved. Conclusions
regarding efficacy can thus be difficult to deduce when
organ involvement is milder, since it is not possible to
predict how the treatment would perform in humans, or
if it is more severe or grossly different (e.g. if there is
organ involvement that is not seen in humans), this may
lead to an inability to detect a therapeutic effect.

A second limitation is that it can be difficult to
achieve sustained transgene expression in desired tissues/
organs. For the model of NDUFS4 deficient Leigh syn-
drome45 an invasive intracranial approach was needed to
achieve adequate brain transduction. This poses an addi-
tional translational hurdle due to the route of delivery. In
SURF1 deficiency,50 an intrathecal route was used
instead, although the translatability of using this route to
target the brain in humans with Leigh syndrome is yet
to be demonstrated. In TYMP deficiency,69 vector dilu-
tion was seen in liver due to loss of transduction as the
liver divides, despite adult gene transfer. This could only
be sufficiently overcome by using a higher vector dose,
which poses other challenges as it may give rise to toxic
effects. Similar considerations apply to liver-targeted gene
therapy in ethylmalonic encephalopathy.57 Multisystemic
transduction is also necessary in most mitochondrial dis-
eases and this has proved problematic in a number of
preclinical studies. In AIFM1 deficiency,55 only eye

manifestations were addressed, without attempting treat-
ment of neurological and skeletal muscle manifesta-
tions. In SLC25A46 deficiency,58 brain and peripheral
nerve were adequately targeted, but this was using IV
AAV PHP.B which is not clinically translatable since AAV
PHP.B does not transduce the human nervous system as it
does in mice.

A third limitation of gene replacement approaches is
the fact that a different gene therapy product would be
needed for each individual disorder, making translation of
this strategy for over 350 mitochondrial diseases unfeasible.
In all but one of the AAV-based approaches, the transgene
utilised was either the murine or human cDNA sequence of
the knocked-out gene. The exception to this is the delivery
of a vector containing the neuroglobin gene to mice with
AIFM1 deficiency which showed therapeutic benefit.62

Neuroglobin is a mitochondrial localising protein expressed
in the CNS which is thought to exert neuroprotective effects
by preserving mitochondrial function. Knockdown of
neuroglobin induces complex I and III dysfunction in rat
retinas.72 Overexpression of neuroglobin in Aifm1 KO mice
resulted in improved electrophysiological performance,
reduced gliosis and better retinal ganglion cell connectivity
(Table 1). It is yet to be determined whether neuroglobin
overexpression may be beneficial in other neurological
diseases. Since a major drawback of gene therapy pipelines
is that each requires development of a bespoke therapy,
the possibility of being able to treat multiple diseases with a
single gene therapy product certainly warrants further
investigation and independent proof of efficacy. A final
consideration is the packaging capacity of AAVs which is
limited to only 4.7 Kb. PMDs for which the cDNA of inter-
est is large resulting in the payload exceeding this limit
would not be amenable to AAV vector packaging.

3.3 | AAV strategies for mitochondrial
disorders due to mtDNA gene defects

Clinical trials of gene therapy have recently been under-
taken for LHON. LHON is a PMD which causes blind-
ness typically in males between 15 and 35 years. Several
clinical trials recruited patients with m.11778G>A;p.
Arg340His in MT-ND4 and used an ‘allotopic’ expres-
sion methodology (Table 2). The MT-ND4 gene is
recoded according to the genetic code employed by
nuclear genes, tagged to a non-native MTS and then
delivered using an AAV2 vector via an intravitreal route
of administration. Once the MT-ND4 gene enters the
nucleus of transduced cells, it is then transcribed and
the mRNA produced is translated in the cytosol, with
the protein made being targeted to the mitochondrial
compartment via the MTS.

158 KESHAVAN ET AL.

 15732665, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12699 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E

2
Su

m
m
ar
y
of

ge
n
e
th
er
ap

y
st
ud

ie
s
fo
r
m
it
oc
h
on

dr
ia
ld

is
or
de
rs

du
e
to

m
tD

N
A
ge
n
e
de
fe
ct
s.

St
u
d
y

V
ec
to
r
u
se
d

R
ou

te
D
os
e

P
ar
ti
ci
p
an

ts
E
ff
ic
ac

y
ou

tc
om

es
A
E
s

R
ef

L
H
O
N

N
C
T
01
26
74
22

A
A
V
2-
C
M
V
-

C
O
X
10
-M

T
S-

hN
D
4

Iv
it

5
�

10
9 ,
1
�

10
10

vg
/e
ye

N
in
e
ch

ild
re
n
an

d
ad

ul
ts
,v
is
io
n
lo
ss

du
ra
ti
on

1–
17

y

Im
pr
ov
em

en
ts
in

V
A

in
6/
9
pa

ti
en

ts
su
st
ai
n
ed

at
7
ye
ar
s'

fo
llo

w
-u
p.

O
ra
lp

re
dn

is
ol
on

e
gi
ve
n

fo
r
a
to
ta
lo

f9
w
ee
ks

fr
om

1
w
ee
k
be
fo
re

in
je
ct
io
n
.N

o
sy
st
em

ic
A
E
s
n
ot
ed
.N

o
oc
ul
ar

A
E
s
m
en

ti
on

ed
in

re
po

rt
s

73

L
H
O
N

N
C
T
02
16
13
80

Ph
as
e
1

sc
A
A
V
2-
C
A
G
-

P1
-h
N
D
4v
2

(P
1
=

M
T
S
of

P
1

is
of
or
m

of
su
bu

n
it
c
of

A
T
P

sy
n
th
as
e)

Iv
it

5
�

10
9 ,
2.
46

�
10

10

vg
/e
ye

14
ad

ul
ts
on

se
t

>
12

m
on

th
s
in

6
an

d
<
12

in
8

su
bj
ec
ts

Im
pr
ov
ed

V
A
in

fi
ve

pa
rt
ic
ip
an

ts
,s
ta
ti
c
in

8,
de
te
ri
or
at
ed

in
1.

R
ai
se
d
in
tr
ao
cu
la
r

pr
es
su
re
,e
xp
os
ur
e

ke
ra
ti
ti
s,

su
bc
on

ju
n
ct
iv
al

h
ae
m
or
rh
ag
e
in

on
e

pa
rt
ic
ip
an

t.
A
n
te
ri
or

uv
ei
ti
s
in

tw
o
pa

ti
en

ts
-

re
so
lv
ed

sp
on

ta
n
eo
us
ly
.

74
,7
5

R
E
V
E
A
L

Ph
as
e
1/
2

A
A
V
2-
C
M
V
-C
O
X
10

M
T
S-
hN

D
4

Iv
it

9
�

10
9 ,
3
�

10
10
,

9
�

10
10
,

1.
8
�

10
11
,v
g/
ey
e

vs
.u

n
tr
ea
te
d

fe
llo

w
ey
e

15
ad

ul
ts
,v
is
io
n

lo
ss

du
ra
ti
on

8
–

27
1
m
on

th
s

Im
pr
ov
ed

V
A
in

6/
14

pa
ti
en

ts
't
re
at
ed

ey
es
.

B
et
te
r
im

pr
ov
em

en
t

se
en

in
pa

rt
ic
ip
an

ts
w
it
h
di
se
as
e

du
ra
ti
on

≤
2
ye
ar
s

an
d
be
tt
er

ba
se
lin

e
V
A
.

M
os
t
fr
eq
ue

n
t
in
tr
ao
cu
la
r

A
E
s:
an

te
ri
or

ch
am

be
r

in
fl
am

m
at
io
n
,v
it
ri
ti
s,

oc
ul
ar

h
yp

er
te
n
si
on

.
In
tr
ao
cu
la
r

in
fl
am

m
at
io
n
w
as

m
an

ag
ed

w
it
h
to
pi
ca
l/

or
al

st
er
oi
ds
.A

ll
in
tr
ao
cu
la
r
A
E
s

ev
en

tu
al
ly

re
so
lv
ed
.

40
sy
st
em

ic
A
E
s
re
po

rt
ed

ov
er

fo
llo

w
-u
p:

al
l

un
re
la
te
d
to

tr
ea
tm

en
t

76

R
E
V
E
R
SE

Ph
as
e
3

R
C
T

A
A
V
2-
C
M
V
-C
O
X
10

M
T
S-
hN

D
4

Iv
it

9
�

10
10
vg
/e
ye

vs
.

sh
am

tr
ea
te
d

fe
llo

w
ey
e

37
su
bj
ec
ts
≥
15

y.
V
is
io
n
lo
ss

du
ra
ti
on

of
>
6
m
on

th
s
to

1
y

M
ea
n
V
A
im

pr
ov
ed

in
bo

th
A
A
V
in
je
ct
ed

an
d
sh
am

-t
re
at
ed

ey
es
.9
2%

of
su
bj
ec
ts

sh
ow

ed
a
cl
in
ic
al
ly

re
le
va
n
t

im
pr
ov
em

en
t
in

th
e

A
A
V
in
je
ct
ed

ey
e

an
d
38
%
sh
ow

ed
a

cl
in
ic
al
ly

re
le
va
n
t

im
pr
ov
em

en
t
in

bo
th

of
th
ei
r
ey
es
.T

h
er
e

In
tr
ao
cu
la
r
in
fl
am

m
at
io
n

(9
2%

of
ey
es
)
–

pr
ed
om

in
an

tl
y
an

te
ri
or

an
d
in
te
rm

ed
ia
te

uv
ei
ti
s.
T
op

ic
al
/o
ra
l

st
er
oi
ds

us
ed

w
h
en

n
ee
de
d.

M
ild

ri
se
s
in

in
tr
ao
cu
la
r
pr
es
su
re

–
m
an

ag
ed

w
it
h
st
an

da
rd

to
pi
ca
lt
re
at
m
en

t.

77

(C
on

ti
n
ue

s)

KESHAVAN ET AL. 159

 15732665, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12699 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E

2
(C
on

ti
n
u
ed
)

St
u
d
y

V
ec
to
r
u
se
d

R
ou

te
D
os
e

P
ar
ti
ci
p
an

ts
E
ff
ic
ac

y
ou

tc
om

es
A
E
s

R
ef

w
as

al
so

an
im

pr
ov
em

en
t
in

pa
rt
ic
ip
an

t-
re
po

rt
ed

qu
al
it
y
of

lif
e

ou
tc
om

es
.

R
E
SC

U
E

Ph
as
e
3

R
C
T

A
A
V
2-
C
M
V
-C
O
X
10

M
T
S-
hN

D
4

Iv
it

9
�

10
10
vg
/e
ye

vs
.

sh
am

tr
ea
te
d

fe
llo

w
ey
e

39
su
bj
ec
ts
≥
15

y
vi
si
on

lo
ss

du
ra
ti
on

of
≤
6
m
on

th
s

O
ve
r
96

w
ee
ks
'f
ol
lo
w
-

up
,t
h
er
e
w
as

an
in
it
ia
ld

et
er
io
ra
ti
on

in
bo

th
A
A
V
in
je
ct
ed

an
d
sh
am

in
je
ct
ed

ey
es

fo
r
fi
rs
t

24
w
ee
ks
,

st
ab
ili
sa
ti
on

fo
r
n
ex
t

24
w
ee
ks

an
d
th
en

im
pr
ov
em

en
t

th
er
ea
ft
er
.N

o
si
gn

if
ic
an

t
di
ff
er
en

ce
s
in

im
pr
ov
em

en
t
se
en

be
tw

ee
n
A
A
V

in
je
ct
ed

an
d
sh
am

in
je
ct
ed

ey
es
.

Si
gn

if
ic
an

t
im

pr
ov
em

en
t
in

so
m
e
pa

rt
ic
ip
an

t
re
po

rt
ed

ou
tc
om

e
m
ea
su
re
s,
bu

t
n
ot

al
l.

In
tr
ao
cu
la
r
in
fl
am

m
at
io
n

(7
4%

of
ey
es
).
T
op

ic
al
/

or
al

st
er
oi
ds

w
er
e
us
ed

ef
fe
ct
iv
el
y
w
h
en

n
ee
de
d.

M
ild

ri
se
s
in

in
tr
ao
cu
la
r

pr
es
su
re

w
er
e
m
an

ag
ed

ef
fe
ct
iv
el
y
w
it
h
st
an

da
rd

to
pi
ca
lt
re
at
m
en

ts
.

78

R
E
F
L
E
C
T

Ph
as
e
3

R
C
T

A
A
V
2-
C
M
V
-C
O
X
10

M
T
S-
hN

D
4

Iv
it

9
�

10
10
vg
/e
ye

gi
ve
n
un

ila
te
ra
lly

to
50

su
bj
ec
ts

(p
la
ce
bo

of
sa
lin

e
in
je
ct
ed

to
fe
llo

w
ey
es
)
9
�

10
10

vg
/e
ye

gi
ve
n

bi
la
te
ra
lly

to
48

su
bj
ec
ts
.

98
su
bj
ec
ts

Si
gn

if
ic
an

t
im

pr
ov
em

en
t
in

V
A

in
al
lg

en
e
th
er
ap

y-
tr
ea
te
d
ey
es

fr
om

ba
se
lin

e
bu

t
w
it
h

gr
ea
te
r
be
n
ef
it
s
se
en

in
pa

ti
en

ts
re
ce
iv
in
g

bi
la
te
ra
li
n
je
ct
io
n
s.

H
ow

ev
er
,

im
pr
ov
em

en
t
in

V
A

w
as

al
so

se
en

in
pl
ac
eb
o
in
je
ct
ed

ey
es

A
ll
pa

ti
en

ts
re
ce
iv
ed

or
al

st
er
oi
ds

fo
r
1
m
on

th
fo
llo

w
in
g
th
e
in
je
ct
io
n
s.

14
.3
%
of

pa
rt
ic
ip
an

ts
re
po

rt
ed

sy
st
em

ic
A
E
s

co
n
si
de
re
d
re
la
te
d
to

th
e

st
ud

y
pr
oc
ed
ur
e.
T
h
e

m
os
t
fr
eq
ue

n
t
w
er
e

h
ea
da

ch
e
(4
.1
%
),
ra
sh

(3
.1
%
),
an

d
n
as
op

h
ar
yn

gi
ti
s
(2
.0
%
).

O
cu
la
r
A
E
s
w
er
e

79

160 KESHAVAN ET AL.

 15732665, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12699 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E

2
(C
on

ti
n
u
ed
)

St
u
d
y

V
ec
to
r
u
se
d

R
ou

te
D
os
e

P
ar
ti
ci
p
an

ts
E
ff
ic
ac

y
ou

tc
om

es
A
E
s

R
ef

an
d
th
er
e
w
as

n
o

si
gn

if
ic
an

t
di
ff
er
en

ce
in

th
e
im

pr
ov
em

en
t

in
V
A
de
m
on

st
ra
te
d

in
se
co
n
d
ey
es

re
ce
iv
in
g
ge
n
e

th
er
ap

y
vs
.p

la
ce
bo

(p
ri
m
ar
y
en

dp
oi
n
t)
.

Pa
ti
en

ts
al
so

de
m
on

st
ra
te
d

im
pr
ov
ed

pe
rc
ei
ve
d

qu
al
it
y
of

lif
e
sc
or
es

re
po

rt
ed

in
77
.6
%
of

ey
es
,m

os
t
fr
eq
ue

n
tl
y

in
tr
ao
cu
la
r

in
fl
am

m
at
io
n
:v

it
ri
ti
s-

50
%
,i
ri
do

cy
cl
it
is
-2
5%

,
ke
ra
ti
c
pr
ec
ip
it
at
es
-2
3%

,
an

d
ir
it
is
-1
5%

.O
cu
la
r

A
E
s
w
er
e
m
or
e
fr
eq
ue

n
t

in
A
A
V
in
je
ct
ed

ey
es
.

T
op

ic
al

st
er
oi
ds

w
er
e

us
ed

to
m
an

ag
e
th
es
e

ef
fe
ct
iv
el
y.

R
E
ST

O
R
E

Ph
as
e
3

A
A
V
2-
C
M
V
-C
O
X
10

M
T
S-
hN

D
4

Iv
it

9
�

10
10
vg
/e
ye

gi
ve
n
un

ila
te
ra
lly

61
su
bj
ec
ts

pr
ev
io
us
ly

en
ro
lle

d
in

R
E
SC

U
E
an

d
R
E
V
E
R
SE

in
lo
n
g-
te
rm

fo
llo

w
-

up

In
lo
n
g-
te
rm

fo
llo

w
-u
p

to
52

m
on

th
s
po

st
-

on
se
t
of

vi
su
al

lo
ss
,

th
er
e
w
as

su
st
ai
n
ed

im
pr
ov
em

en
t
of

V
A

in
bo

th
th
e
A
A
V

in
je
ct
ed

an
d
sh
am

tr
ea
te
d
ey
es
.

Pa
rt
ic
ip
an

t-
re
po

rt
ed

qu
al
it
y
of

lif
e

co
m
po

si
te

sc
or
e

(V
F
Q
-2
5)

w
as

al
so

si
gn

if
ic
an

tl
y

im
pr
ov
ed

co
m
pa

re
d

to
ba
se
lin

e.

N
/A

80

A
bb

re
vi
at
io
n
s:
A
A
V
,a
de
n
o-
as
so
ci
at
ed

vi
ra
lv

ec
to
r;
A
E
,a
dv

er
se

ev
en

t;
C
A
G
,C

M
V
en

h
an

ce
r
+

ch
ic
ke
n
be
ta

ac
ti
n
/r
ab
bi
t
be
ta

gl
ob

ul
in

pr
om

ot
er
;C

M
V
,c
yt
om

eg
al
ov
ir
u
s;
C
O
X
,c
yt
oc
h
ro
m
e
c
ox
id
as
e;
Iv
it
,i
n
tr
av
it
re
ou

s;
M
T
S,

m
it
oc
h
on

dr
ia
lt
ar
ge
ti
n
g
se
qu

en
ce
;R

C
T
,r
an

do
m
is
ed

co
n
tr
ol
le
d
tr
ia
l;
sc
,s
el
f-
co
m
pl
em

en
ta
ry
;V

A
,v
is
ua

la
cu
it
y;
vg
,v
ec
to
r
ge
n
om

es
;y

,y
ea
r.

KESHAVAN ET AL. 161

 15732665, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12699 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



As the eye is immune privileged, relatively self-
contained and accessible through intravitreal administra-
tion, this has enabled limitation of off-target extra-ocular
transduction thereby limiting systemic toxicity. LHON is a
suitable gene therapy target because most patients develop
eye involvement only, although in rare cases they may
develop additional neurological features (known as
‘LHON plus’). From a clinical trial design point of view,
targeting of the eye was facilitated by a direct intravitreal
route and there were also straightforward objective and
disease-relevant outcome measures available to assess
treatment response. Finally, it has been possible to recruit
a more genetically homogenous population since the
m.11778G > A pathogenic variant in MT-ND4 is responsi-
ble for approximately 60–70% of northern European
and � 90% of Asian cases.81

The trials showed improvement in visual acuity in
both AAV-injected eyes as well as sham injected eyes that
were contralateral to AAV injected eyes, to a degree that
far surpassed the natural history of LHON (wherein
improvements in visual acuity in patients >15 years at
the time of onset of visual loss does not occur). One possi-
ble explanation for the therapeutic benefit seen in sham
injected contralateral eyes comes from non-human pri-
mate (NHP) studies82 in which AAV2 genomes were
detected in the optic chiasm and also in contralateral ret-
ina, suggesting anterograde transport of vectors to the
optic nerve, transfer across the optic chiasm to the con-
tralateral optic nerve and then retrograde transport to the
contralateral retina. However, the data are puzzling
because in NHP studies, contralateral transduction was
lower and short lived compared to ipsilaterally injected
eyes whereas in clinical trials the degree of improvement
seen in both gene therapy injected eyes and sham
injected eyes was comparable. It has already been men-
tioned that this approach is highly controversial as
import and incorporation of allotopically expressed
mtDNA encoded proteins in functional respiratory com-
plexes has not been convincingly supported by pre-
clinical data.

Overall, the trials have demonstrated an improve-
ment of visual acuity in LHON eyes carrying the
m.11778G>A mtDNA pathogenic variant treated with
AAV2 gene therapy surpassing that expected from the
natural history of the disease. From a safety point of
view, meta-analysis of 189 patients83 receiving AAV2
gene therapy (AAV2-CMV-COX10 MTS-hND4, lenado-
gene nolparvovec) for LHON from four different clini-
cal trials showed that the treatment was generally well
tolerated. Although intraocular inflammation was a
frequent adverse event following gene therapy it fre-
quently resolved spontaneously or with ocular cortico-
steroid drops. Systemic side effects were infrequent and

mild. Furthermore, there was low viral load detectable
in peripheral blood.

3.4 | Lentiviral strategies

Retroviral vectors were some of the first vectors to be
investigated in gene therapy. These are based on envel-
oped RNA viruses that require reverse transcription of
their genome to make dsDNA following cellular trans-
duction.84 Recombinant versions of these vectors offer
several advantages including a large packaging capacity
for the gene of interest,85 and integration into the host
genome resulting in permanent retention of the trans-
gene.86 Lentiviruses offer an advantage over earlier
gamma retroviruses in that they transduce both dividing
and non-dividing (i.e., terminally differentiated) cells.87

Their genome retains some components of the HIV1
genome but several elements of HIV1 have been
removed, rendering them replication defective.88 As ret-
roviruses, they retain the ability to integrate into the host
cell genome, although at sites away from proto-
oncogenes leading to a safer integration profile.89,90 In
2020, Libmeldy (atidarsagene autotemcel), a lentiviral
gene therapy product, was licensed in the EU for the
ex vivo treatment of metachromatic leukodystrophy.
Long-term follow-up data published in 202291 showed no
evidence of clonal proliferation, providing much needed
confidence in the safety of a lentiviral approach in treat-
ing neurometabolic diseases that are currently amenable
to haematopoietic stem-cell transplantation.

Lentiviral gene therapy has been utilised to treat the
mouse model of MNGIE. Experiments utilised an ex vivo
gene transfer approach92 whereby lineage negative bone
marrow cells from donor Tymp�/-Upp1�/� mice (dKOs)
were transduced with lentiviral vectors containing
hTYMP driven by a phosphoglycerokinase promoter.
Transduced cells were infused into recipient dKOs pre-
conditioned with total body irradiation. This resulted in a
rescue of blood TP levels, lowering of Thd levels in
plasma, the brain, and visceral tissues,93 as well as rever-
sal of white matter oedema on MRI brain and spongy
degenerative changes in brain,94 thereby suggesting effi-
cacy of this approach. However, TYMP deficiency is an
exception in PMDs, in that disease pathophysiology is
due to a toxic elevation of Thd and deoxyuridine (dUrd)
levels. This validates the use of an ex vivo lentiviral gene
therapy approach to sufficiently catabolise these metabo-
lites. This approach would not be applicable to other
PMDs involving the brain, where in vivo transduction of
relevant brain regions is necessary.

In summary, the benefits of a lentiviral approach
include a larger packaging capacity compared to AAVs,
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and that vector integration would overcome vector dilu-
tion that is seen with AAVs in highly mitotically active
organs. The drawbacks include that in vivo utilisation of
lentiviruses has not been attempted in preclinical models
of PMDs and there is a theoretical risk of insertional
mutagenesis.

3.5 | Destruction of mutant mtDNA to
treat mtDNA disorders

3.5.1 | Transcription activator-like effector
nucleases

TALENs are nucleases which specifically cleave DNA of a
target sequence. The TALE DNA-binding domains used in
TALENs come from Xanthomonas bacteria, which invade
plant cells and activate host promoters to enable efficient
infection and propagation.95 The DNA sequence-specific
binding of TALENs is provided by 34 aa modules. Each of
these modules bind a 1-bp site through repeat variable dire-
sidues (RVDs). By changing an RVD in each module and by
linking several modules in a longer array, new DNA speci-
ficities can be achieved. TALENs are heterodimeric proteins:
each monomer is designed to bind a specific target DNA
sequence and is attached to a sequence-independent endo-
nuclease domain from a type IIS enzyme FokI (Figure 2A).
Successful TALEN binding and FokI dimerisation results in
DNA cleavage. This is used to exploit the lack of repair
mechanisms for dsDNA breaks in mtDNA, resulting in
rapid degradation of cleaved mtDNA molecules.96 The aim
is therefore to induce a shift in mtDNA heteroplasmy
toward WT mtDNA.

Bacman et al.97 designed mitochondrially-targeted
TALENs (mitoTALENs) that could be used to target
mtDNA molecules containing mtDNA point mutations or
large-scale deletions. To target the m.14459G>A point
mutation in heteroplasmic cultured cells, a mutation-
specific mitoTALEN monomer was designed recognizing
the mutation site. When this monomer dimerizes with the
companion monomer binding mtDNA on the opposite
strand a dsDNA break is generated. The monomers do not
cut WT mtDNA, as it is not recognized by the mutation-
specific monomer, preventing dimerization. In another
application, the mitoTALEN monomers were designed to
bind WT DNA flanking either side of the 5 Kb deletion
(the common deletion, m.8483_13459del4977).97 The FokI
domains were therefore only in sufficient proximity to
dimerize with one another in the presence of the 5 Kb
deletion, cleaving mtDNA with the deletion and leaving
normal mtDNA molecules intact. MitoTALEN expression
within human 143B osteosarcoma cybrid cells heteroplas-
mic for the 5 Kb deletion resulted in a reduction in the

percentage of mtDNA molecules containing the deletion
and a corresponding increase in the percentage of normal
mtDNA although there was also a transient reduction
(depletion) in total mtDNA.

FIGURE 2 (A) The architecture of a dimeric mitochondrially

targeted transcription activator-like effector (TALE) nuclease

(mitoTALEN). This programmable nuclease contain the MTS

from superoxide dismutase 2 (SOD2) and/or the COX8 subunit of

complex IV plus subunit 9 of Neurospora crassa ATPase 9 (COX8–
Sub9) and obligatory heterodimeric, ELD(�) and KKR(+), FokI

nuclease domains of Type IIS restriction enzyme. (B) Schematic

structure of the dimeric mitochondrial zinc-finger nuclease

(mtZFN) architecture. Mitochondrial targeting of mtZFNs is

facilitated by a 49-amino-acid MTS from subunit F1β of human

mitochondrial ATP synthase. Similarly to mitoTALENs, mtZFN

encompass obligatory heterodimeric FokI nuclease domains (ELD

(�) and KKR(+)). NES, nuclear export signal; ZFP, zinc-finger

peptide. (C) The schematic structure of mitochondrial

maganuclease (mitoARCUS). The ARCUS programmable

nuclease for mtDNA editing is based upon the Chlamydomonas

reinhardtii chloroplast homodimeric homing endonuclease I-CreI.

Native I-CreI is a homodimeric enzyme that cuts DNA by binding

to a 22-bp double-stranded DNA sequence. ARCUS

meganucleases have been engineered to operate as monomers,

with novel sequence specificity being achieved through directed

evolution and in silico design. mitoARCUS contains a

mitochondrial targeting sequence (MTS) from the nuclear gene

encoding the COX8 subunit of complex IV.
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Reddy et al.98 explored the use of mitoTALEN in cells
heteroplasmic for LHON with dystonia (LHOND) and neu-
ropathy, ataxia, retinitis pigmentosa syndrome (NARP).
The researchers used cybrid oocytes created from the fusion
of mouse oocytes with patient fibroblasts. These cells were
then fused with 143B osteosarcoma cybrid cells heteroplas-
mic for m.14459G>A. The resultant cells were then injected
with mRNA coding for a mito-TALEN that targets the
m.14459G>A variant. Analysis of cells showed a reduction
in mtDNA containing the LHOND variant. A similar
approach was taken to target both cybrid oocytes and an
immortalised cell line with the m.9176T>C mutation asso-
ciated with NARP. Utilisation of mito-TALENs targeting
m.9176T>C showed a shift in heteroplasmy toward WT
mtDNA at 72 h post-transfection.

Pereira et al. showed that mito-TALENs can by
improved upon by utilisation of an alternative smaller
monomeric nuclease (I-TevI) that can be engineered to
recognise specific mtDNA variants (mitoTev-TALEs). This
methodology was used to shift heteroplasmy toward WT
mtDNA and rescue OXPHOS deficiency in patient-derived
cybrids heteroplasmic for m.8344A>G, which is associated
with myoclonic epilepsy with ragged-red fibres.99

mitoTALEN has also been applied successfully in vivo
to rescue the m.5024C>T mouse model of mitochondrial
cardiomyopathy. The m.5024C>T variant destabilises
mitochondrial tRNAAla therefore affecting mitochondrial
translation.100 Mice with the m.5024C>T variant develop
reduced total body mass, cardiomyopathy, and COX defi-
ciency in skeletal muscle and colon. Bacman et al.101 uti-
lised AAV9 vectors to simultaneously drive expression of
two mitoTALEN monomers, one of which recognises the
pathogenic variant, which then dimerises with the second
monomer, inducing mtDNA cleavage downstream of the
variant locus. Intramuscular delivery of each AAV9 vector
at 1.0–1.5 � 1012 vg/mouse resulted in restoration of WT
mtDNA as well as tRNAAla expression. IV administration
of the AAV9 vectors to juvenile mice at 2–3 weeks' age
and intraperitoneal injections in neonatal mice at the
same dose per mouse resulted in good transduction of
both skeletal muscle and heart tissues, leading to a shift in
heteroplasmy toward WT mtDNA without inducing
mtDNA depletion in these organs.

3.5.2 | Zinc finger nucleases

ZFNs are another type of nuclease that has been used to
cleave mutant mtDNA molecules. ZFNs are composed of
modular and engineerable, sequence-specific DNA-binding
zinc-finger peptides linked to a FokI domain. To create
DNA DSBs, the two ZFN monomers must be in close prox-
imity, enabling FokI to dimerize (Figure 2B). Minczuk

et al.102 reported an MTS-equipped mitochondrially targeted
version – mtZFNs. Similarly to mitoTALENs, the dimeric
architecture of mtZFNs allows for targeting of both mtDNA
point mutations and deletions. In line with this, mtZFNs
have been used to shift mtDNA heteroplasmy in cells with
the m.8993 T>G point mutation and the 5 Kb common
deletion (m.8483_13459del4977).103,104 In these experi-
ments, cells stably or transiently transfected with mtZFNs
showed a substantial shift in heteroplasmy towards WT
mtDNA, followed by the repopulation of mtDNA copy
number, with the changes in the mutant level being stable
over time and leading to improvements in mitochondrial
function.

Following extensive experimentation in vitro,
Gammage et al.105 investigated mtZFNs in vivo using the
established m.5024C>T mouse model via an AAV vehi-
cle. This therefore required co-expression of both mono-
mers, each via a separate AAV9.45 vector (cardiotrophic
serotype). A library of 24 possible ZFNs was generated to
target the pathogenic variant. Based on in vitro data, the
best pair of monomers was selected for in vivo studies.
Next, AAVs were constructed to contain two different
cassettes: one for each monomer, under control of a
CMV promoter. The AAVs were administered to the mice
IV at 5 � 1012 vector genomes (vg)/ mouse and then the
animals were followed up until 65 days post-injection.
This resulted in a specific reduction in mutated mtDNA
in the heart of the animals as compared to skin fibro-
blasts taken from ear notching before injections were per-
formed. Comparison of heteroplasmy levels in skin and
heart was possible because the model has similar levels
of mutant mtDNA heteroplasmy across these tissues.
Treated animals showed rescue of mitochondrial tRNAAla

stability in heart, improvements in tissue lactate, pyru-
vate and aspartate. Higher doses of 1 � 1013 vg/mouse
resulted in induction of mtDNA depletion implying
that careful dose selection will be essential for clinical
translation. Importantly, no off-target effects on the
nuclear genome were observed.

3.5.3 | Meganucleases

Zekonyte et al.106 used a mtDNA targeted meganuclease
called mitoARCUS to target the m.5042C>T variant in
mice, utilising an AAV9 vector delivery method. The
meganuclease is based on a bacterial endonuclease
homodimer which can be engineered to create site-
specific dsDNA breaks (Figure 2C). As for ZFNs and
TALENs, creation of site-specific dsDNA breaks enables
removal of mutant mtDNA molecules and a shift in
mtDNA heteroplasmy favouring WT mtDNA molecules.
Initial in vitro studies using mitoARCUS in mouse
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embryonic fibroblasts carrying the m.5042C>T variant
showed a large reduction in mutant mtDNA content.
However, total mtDNA also became significantly depleted
and only restored to normal levels after 21 days. Next,
AAV9 vectors containing the mitoARCUS coding
sequence were injected IV into juvenile mutant mice at
2.5 weeks and adult mutant mice at 6 weeks. For juvenile
mice, there was a progressive decrease in mutant mtDNA
content in heart, skeletal muscle, kidney and liver, with
no significant total mtDNA depletion over a period of
6 months' follow-up. In adult injected mice, stronger cas-
sette expression was seen in heart and liver and almost
complete elimination of mutant mtDNA in liver which
was sustained in follow-up. Elimination of mutant mtDNA
molecules was associated with significant improvement in
liver expression of mt-tRNAAla compared to mice injected
with an AAV9-GFP control. These data suggest that this
methodology holds promise and warrants ongoing
development.

3.6 | Gene editing for mitochondrial
diseases

3.6.1 | CRISPR-Cas9 gene editing

CRISPR-Cas9 gene editing has enabled editing of nuclear-
encoded genes. Editing genes encoded by mtDNA is thus
far not possible due to inability to efficiently import editing
components, specifically the guide RNA (sgRNA) across
both mitochondrial membranes.107,108

CRISPR-Cas9 gene editing has been applied to an iPSC
model of OPA1-dominant optic atrophy.109 iPSCs were
derived from patient fibroblasts containing the c.1334G>A;
p.Arg445His pathogenic variant in OPA1. sgRNAs were con-
structed to enable Cas9-mediated dsDNA breaks proximal
and distal to position c.1334 while ssDNA templates con-
taining the WT sequence were introduced by transfection to
the iPSCs. Correction of the variant was confirmed by
Sanger sequencing and clones were cultured to assess func-
tional outcome measures. This included rescue of mitochon-
drial network morphology and cell oxygen consumption
rates, and restoration of staurosporine-induced apoptosis
and mtDNA copy number to WT control levels.

A trial of an in vivo CRISPR-Cas9 gene editing
approach110 was undertaken to integrate hTYMP into an
intron of either the endogenous Tymp gene in the mouse
model or the gene encoding albumin (Alb), thereby plac-
ing the transgene under direct control of the endogenous
Tymp and Alb loci promoters respectively. This was
achieved by delivering hTYMP cDNA within an AAV8
vector and delivering CRISPR/Cas9 either as mRNA con-
tained within lipid nanoparticles or DNA via another

AAV8 vector. Treated mice showed long-term restoration
of TP activity in blood and a decrease in levels of Thd
and dUrd to normal levels, with the best efficacy seen
when using the lipid nanoparticle method of delivering
CRISPR/Cas9 mRNA. These data expand the possible
methods by which AAVs and newer delivery systems can
achieve long-term transgene expression in liver in mito-
chondrial disease.

CRISPR-Cas9 gene therapy in the context of PMDs is
still in its infancy. More in vivo work is needed using
existing well characterised preclinical models to assess its
application to PMDs caused by pathogenic variants in
nuclear genes. As stated previously, it would not be appli-
cable to disorders caused by point mutations and large-
scale deletions/rearrangements of mtDNA due to the dif-
ficulty of importing guide RNA across the mitochondrial
membranes. Off-target editing also remains a risk.

3.6.2 | CRISPR-free gene editing

Another promising technology is a cytidine deaminase
which enables CRISPR-free dsDNA base editing.111 DddA is
a cytidine deaminase which converts cytosine to uracil in
dsDNA, leading to C>T base changes. In nature, it is part of
a secreted bacterial toxin produced by Burkholderia cepacia
to induce mutagenesis in neighbouring bacteria. Delivery of
the intact protein to HEK293T cells caused toxicity in vitro,
but when DddA is split into two inactive parts, it is less toxic
than if delivered to cells in its natural state. Early in vitro
experimental work demonstrated that this split-expression
methodology can induce base editing of cytosine residues
that follow thymine. To achieve mitochondrial gene editing,
DddA halves were fused to TALE array proteins containing
an MTS. These DddA base editors were termed DddA-
derived cytosine base editors (DdCBEs). (Figure 3). This
enabled site-specific mtDNA editing of several genes in vitro,
including MT-ND1, MT-ND2, MT-ND4, MT-ND5, and MT-
ATP8 with efficiencies of up to 40%.

Building upon the DdCBE technology further, Silva-
Pinheiro et al.112 showed that it is possible to induce de novo
variants at specific desired loci in mtDNA in vivo in somatic
tissues. This was achieved using AAV9.45 vectors encoding
the DdCBE monomers to target the heart of neonatal and
adult mice via IV delivery. In follow-up, for both neonatal
and adult mice, high levels of edited mtDNA molecules
were detectable in mouse heart tissue, with better efficiency
seen in neonatally injected mice. However, significant off-
target editing was seen in mtDNA, especially in neonatal
compared to adult-injected mice, implying a need for fur-
ther refinement of this technology to improve specificity.

Following an initial proof of concept for mtDNA edit-
ing in mouse embryos using custom-designed DdCBEs,113
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Lee et al. used DdCBEs to base edit the mt-Nd5 gene at a
single-cell embryonic stage and generate transgenic mice
harbouring the m.12918G>A variant114 (analogous to the
m.13513A>G variant in humans which is associated with
mitochondrial encephalomyopathy, lactic acidosis and
stroke-like episodes [MELAS] and Leigh syndromes). Fur-
thermore, co-injecting mitoTALENs to degrade any uned-
ited mtDNA molecules increased % heteroplasmy for the
induced pathogenic variant. Mutant mice developed
weight loss, ultrastructural abnormalities in mitochondria

on electron microscopy and histological abnormalities in
brain including ventriculomegaly and hippocampal
atrophy.

Single-cell embryo DdCBE injection was used also by
Silva-Pinheiro et al.115 to introduce the m.8069G>A non-
sense variant to inactivate the mouse Mt-Atp6 gene. This
work was a part of the effort to generate a library of
DdCBEs – MitoKO – optimized for the precise ablation
of each mtDNA protein-coding gene in the mouse mito-
chondrial genome.

Mok et al.116 refined the design of DdCBEs to broaden
the sequence context of base editing, as well as improve
editing efficiency. These new DdCBE variants were able to
edit C residues that follow any nucleotide, not just T. The
group demonstrated that new DdCBEs could be used in
mutagenesis to create mtDNA variants in human cells in
the MT-ND4 gene that are associated with LHON such as
m.11696G>A which is in an AC sequence context.

Further work with DdCBEs led to the development of
zinc finger DdCBEs (ZF-DdCBEs)117 and a subsequent
improvement of their editing performance through engi-
neering their architectures, defining improved ZF scaffolds,
and installing DddA activity-enhancing mutations.118

Leveraging the small size of ZF-DdCBEs, Willis et al.118

used a single AAV9 vector (rather than two vectors neces-
sary for the delivery of TALE-based DdCBEs) to install
pathogenic variants by base editing into heart, liver, and
skeletal muscle in postnatal mice.

Cho et al.119 broadened the approach even further by
designing (TALE)-linked deaminases, which link to an
adenine deaminase rather than cytidine deaminase
(Figure 3). Adenine deaminases convert adenine residues
to inosine which is paired with cytosine, enabling A-to-G
conversions in mtDNA in human cells. This would there-
fore enable mutagenesis of a much larger number of

FIGURE 3 (A) The chemistry of cytosine editing. Cytosine

deamination generates uracil in DNA which base pairs as

thymidine. R = 20-deoxyribose in DNA. (B) The architecture of

DddA-derived cytosine base editors (DdCBEs). The DdCBE

architecture comprises a pair of MTS–TALE or, in the case of ZF-

DdCBE, MTS–zinc finger arrays linked to one DddAtox (DddA)

half. DddA can be split at various positions (e.g., G1333 or G1397).

DdCBE also contain a uracil glycosylase inhibitor (UGI) and the

MTS from SOD2 and the cytochrome c oxidase subunit 8A

(COX8A). (C) The chemistry of adenine editing. Adenosine

deamination leads to inosine, which can base pair with guanosine

in a DNA polymerase active site. R = 20-deoxyribose in DNA.

(D) The architecture of transcription activator-like effector adenine

deaminases (TALEDs). The main TALED architectures comprise a

pair (dimeric) or a single MTS–TALE array (monomeric) linked to

a catalytically inactive version of DddAtox (DddAFullDead), which

is believed to unwind DNA, and the TadA adenosine deaminase.
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known pathogenic variants in mtDNA for which A>G
base changes are frequently seen in patients.

DdCBEs have not yet been utilised to correct pathogenic
variants in mtDNA either in vitro or in vivo. For example,
cytidine deaminase activity enabling C>T transitions on the
antisense strand would enable G>A transitions of the sense
strand which would be therapeutic in correcting pathogenic
A>G variants. However, as discussed above, refinements of
this technology to improve specificity, enable in vivo deliv-
ery and organ targeting, as well as utilise different nucleo-
tide deaminases has expanded the therapeutic potential of
this technology. What remains to be determined is whether
this will be sufficient to rescue a majority of mutant
mtDNA molecules of cells within desired tissues to achieve
long-lasting efficacy. Furthermore, off-target base editing in
either mtDNA or nuclear DNA is a theoretical possibility
and would need to be interrogated in future preclinical
studies.

3.7 | Challenges of clinical translation of
gene therapy for mitochondrial disorders

Some of the challenges to be considered in clinical transla-
tion of gene therapy include achieving adequate organ
transduction, safe dosing, clinical trial design, establishing
outcome measures, and recruitment of trial participants.

3.8 | Achieving adequate organ
transduction

PMDs frequently cause multisystemic involvement. From a
gene therapy point of view, this creates a need to target mul-
tiple different organs/tissues simultaneously. The visceral
organs can be targeted via the IV route but CNS involvement
is a major consideration since many PMDs involve the brain.

3.8.1 | Current experience using IV AAV9
gene therapy to transduce the CNS

Advances in AAV gene reconstitution approaches have
enabled development of serotypes which have improved
CNS transduction via the IV route. Early studies by Foust
et al. using scAAV showed that it was possible to target
the brain in newborn mice using IV AAV9.46 Immuno-
histochemical findings in this study demonstrated high
GFP expression in brain following neonatal and adult IV
gene transfer. However, Gray et al.120 showed that adult
IV scAAV gene transfer in NHPs resulted in low brain
transduction compared to mice at similar doses/kg,
implying that onward clinical translation using this type

of construct and route to target the brain is likely to be
problematic. The rescue of the disease phenotype of SMN
deficient mice121 provided confidence for using IV AAV9
gene therapy for targeting the spinal cord which led to
successful clinical trials in SMA type 1.122 However, pre-
clinical studies46,121 also indicated that brain targeting
was inferior to spinal cord targeting via the IV route. As
discussed previously, AAV-based gene therapy has been
applied to other mouse models of PMD. Neonatal IV
AAV9 injections were unable to rescue the neurological
phenotype of the NDUFS4 deficient model of Leigh syn-
drome.45 These studies therefore do not support the use
of IV AAV9 to target the brain. Alternative approaches
need to be considered.

3.8.2 | Alternative AAV serotypes

Recently, newer synthetic recombinant AAV serotypes
have been generated using capsid libraries by selecting
vectors with enhanced CNS transduction. AAV PHP.B
showed greater brain transduction compared to AAV9
via the IV route in C57/BL6 mice.123 It also rescued brain
abnormalities in NDUFS4 deficient mice.124 However,
biodistribution findings were not replicated in other
mouse strains and NHPs, implying that clinical transla-
tion of this approach is unlikely.125,126 Another novel
serotype, AAV-F, demonstrated superior brain targeting
following adult IV gene transfer in mice compared to
AAV9.43 This included enhanced transduction of neurons
and astrocytes. So far, confirmation of these findings in
NHPs is pending, although data from a recent study com-
paring AAV9 to AAV-F via intrathecal delivery in NHPs
showed no significant brain biodistribution differences
between the two serotypes.127

Two new promising AAV serotypes, AAV.CAP-B10 and
AAV.CAP-B22, have recently been described.128 AAV.CAP-
B10, showed enhanced brain (in particular neuron) trans-
duction following IV gene transfer in 3-week-old mice. IV
studies in NHPs (marmosets) showed that both AAV.CAP-
B10 and AAV.CAP-B22 had higher brain transgene expres-
sion than AAV9, in cortex, striatum, and brainstem among
other regions. Furthermore, AAV.CAP-B22 predominantly
transduced astrocytes. These new AAV serotypes provide
hope that it may be possible to achieve sufficient brain
transduction following IV vector administration.

3.8.3 | Alternative routes of gene transfer to
target the CNS

To date, the FDA has not licensed any in vivo IV gene
therapy products seeking to target the brain despite many
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clinical trials investigating this approach.129 A majority of
clinical trials instead utilise an intracranial route.130 The
benefits of this approach are that they bypass the blood
brain barrier enabling better transduction. The brain is
an immune privileged site, implying a reduced likelihood
of evoking an immune response or transduction being
affected by neutralising anti-AAV antibodies.131

Possible intracranial routes are intrathecal (intracister-
nal, lumbar intrathecal), intracerebroventricular and intra-
parenchymal. Intrathecal delivery involves injection into
cerebrospinal fluid either at the level of the cisterna magna
or lumbar intrathecal delivery. The intracisternal route has
been shown to achieve reasonably good brain biodistribu-
tion and to be effective in ameliorating neurological disease
in dogs with Sanfilippo disease.132,133 The main drawback is
the high risk of injury to the medulla in humans.134 An
AAV9 lumbar intrathecal approach was able to ameliorate
brain mitochondrial dysfunction in murine SURF1 defi-
ciency, however biodistributional studies in NHPs yielded
conflicting results,50,132,135 therefore it is unclear whether
this approach could be translated in humans.

The intracerebroventricular route is invasive since it
requires access to the ventricular system. Intracerebro-
ventricular AAV9 injections showed excellent biodistri-
bution throughout the brain,133 including transduction of
both neurons and glia.132,136 This approach ameliorated
the neurological phenotype in large animal models of Sly
disease132 and CLN5 Batten disease,137 making it a viable
option for transducing the brain.

The intraparenchymal route involves direct brain injec-
tions which enables localised delivery and reduces off-target
neurotoxicity.138 Brain intraparenchymal gene therapy clini-
cal trials are underway for AADC deficiency and Sanfilippo
disease and have demonstrated efficacy in Batten dis-
ease.130,139 The difficulty with PMDs, where multiple brain
regions are affected, is that large numbers of injections are
likely to be needed, reducing feasibility of this approach.

The drawbacks of the intracranial routes are that they
require neurosurgical intervention, which may entail peri-
operative complications, but also the possibility of local
immune responses.140 Furthermore, for many PMDs where
visceral involvement is also present, it is likely that IV deliv-
ery would still be needed to target these organs.

Further preclinical studies are needed utilising novel
vector serotypes and/or combined routes of delivery to
refine existing gene therapy approaches for PMD.

3.9 | Safety considerations

Much has been learned from recent AAV clinical trials
about dosing, toxicity and immunogenicity of AAVs.
Toxicity of high-dose AAV in humans has generated

concern in the past few years.141 High dose IV AAV9
gene therapy has been associated with severe liver failure
in two patients with spinal muscular atrophy type 1 at
doses of 1.1 � 1014vg/kg,142 and thrombotic microangiopa-
thy (thrombocytopaenia, anaemia, complement activation)
and acute renal impairment in two patients with Duch-
enne muscular dystrophy at doses ≥5 � 1013 vg/kg.143

High dose AAV8 at ≥1 � 1014 vg/kg given to patients with
X-linked myotubular myopathy was associated with gas-
trointestinal infection, liver failure, sepsis, elevated cardiac
troponin, and death in two cases even though these toxic-
ities were not observed following administration of compa-
rable doses in mice and NHPs.144 Scale-up of dosing
required to bridge between preclinical and clinical studies
is not straightforward and requires exploratory dose esca-
lation to determine minimum effective dose.

Pre-existing humoral and T cell-mediated immunity are
a well-recognised concern, with a high percentage of the
healthy population demonstrating seropositivity to naturally
occurring AAVs and memory T cell responses to a slightly
lesser extent.145,146 Trials typically exclude patients with
detectable antibodies as part of their eligibility criteria147

since this is associated with a loss of transduction. This
would reduce the number of patients who would potentially
benefit from treatment.

3.10 | Clinical trial design

Clinical trials of novel therapies for rare diseases are fre-
quently not placebo controlled or blinded and therefore uti-
lisation of natural history cohort data of historical patients
is likely to be helpful.148 Trial participants could also act as
their own ‘control’,149 particularly if they were already
symptomatic prior to gene transfer. Identification of existing
patients through mitochondrial patient registries, for
example, the UK Mitochondrial Disease patient cohort150

or its international equivalents, is likely to be helpful.
Administration of gene therapy vector to healthy volunteers
to assess safety (phase I study) would not be expected.151

Instead, safety and efficacy are frequently undertaken
together in a small number of patients, thereby fulfilling the
aims of both Phase I and II together.

3.11 | Establishing trial outcome
measures and clinical trial readiness

Outcome measures can be defined as ‘elements that mea-
sure change in health or quality of life’.152 Consideration
needs to be given to which biochemical, molecular, and
clinical outcome measures could be used in clinical trial
design, according to the disease phenotype. For example,
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in one international Delphi workshop seeking to estab-
lish clinical trial readiness in primary mitochondrial
myopathies, clinical PMD experts agreed on the need to
use standardised, validated, and reproducible outcome
measures in clinical trials recruiting adults and children
with mitochondrial myopathies.153 This included estab-
lishing consensus on which clinical scales, functional
tests, performance outcome measures, patient-reported
outcome measures including quality of life indices and
biomarkers should be used in future trials.

Blood biomarkers that meaningfully reflect disease
severity are needed, especially since tissue molecular and
biochemical analyses that many preclinical gene therapy
studies use to demonstrate efficacy are unlikely to be used
in a clinical trial setting due to the invasiveness of biopsies.
The utility of FGF21 and GDF15 has been explored in
recent years154 but neither is specific to PMD and certainly
not for any particular genetic defect. More exploratory bio-
marker work is needed and use of preclinical animal
models and multi-omic approaches may help with this.12

For clinical trials of gene therapy in LHON, for exam-
ple, best corrected visual acuity and optical coherence
tomography have been used as outcome measures. Neu-
rological examination and developmental outcomes
could be monitored using validated scales such as the
Newcastle Paediatric Mitochondrial Disease Scale.155

Although some of these scoring systems were not devel-
oped for mitochondrial disorders, they may still be able to
accurately capture neurological features but would ideally
need to be validated for this patient cohort. In a clinical trial
of idebenone in MELAS, the Fatigue Severity Scale score in
addition to venous and cerebral lactate (on MR spectros-
copy) were used as outcome measures (NCT00887562).
Finally, natural history data could be utilised in view of the
likely lack of a control arm in future trials but this is likely
to only be useful if data are collected prospectively in age
and disease-severity matched patients.148

3.12 | Recruitment of trial participants

Eligible patients would need to be identified for a gene
therapy clinical trial. Many PMDs present with classical
clinical phenotypes for which the differential diagnosis
could include several different underlying genetic causes.
Phenotypes may overlap with non-mitochondrial diseases
thereby making a genetic diagnosis essential to determine
eligibility for gene therapy. In recent years, this has been
made possible through next generation sequencing which
is the preferred diagnostic modality.

PMDs are individually ultra-rare; therefore, the num-
ber of patients who could be recruited to a gene therapy
clinical trial would be small. Patient recruitment will

therefore require international collaboration to recruit as
many patients as possible via international patient regis-
tries. Inclusion criteria for a trial will need to be agreed.
In future, should newborn genomic screening be made
available, this may lead to early identification of a larger
number of individuals who could benefit from gene
therapy.

4 | FINAL CONSIDERATIONS

In future, while different gene therapy products will
share common design elements, the presence of a differ-
ent therapeutic transgene or sequence elements will
necessitate separate regional regulatory approvals for
each gene therapy product. This is because each could
potentially possess a different toxicological profile and
the merits of different preclinical efficacy data packages
would need to be appraised individually. This is likely to
introduce delays in approval but is an essential regulatory
step. Other challenges in clinical translation include a
need to attract adequate investment from pharmaceutical
companies. For some rare diseases, this is a real concern,
especially since there may be few patients who could
benefit from the therapy because of low disease preva-
lence and high early childhood mortality that is typical of
many PMDs. There are also concerns about the afford-
ability of licensed gene therapy products by global health
budgets and equitable access to therapies for those who
need them, especially in countries with large socioeco-
nomic disparities.

5 | CONCLUSION

Advances in gene therapy design have resulted in an
explosion in preclinical AAV-based gene-reconstitution
approaches in preclinical models of PMDs. This has also
been made possible by the creation of a wider range of dis-
ease models, especially mouse models which are able to
recapitulate human disease phenotypes. However, a trans-
lational bottleneck is evident since only one of these gene
therapies has entered clinical trials, that is, AAV2 gene
therapy for LHON. Issues related to AAV vector toxicity at
high IV doses have hampered clinical trials for other meta-
bolic and neurological disorders and indicated a need to
exercise caution. As many PMDs involve the CNS, target-
ing of the CNS through other routes of delivery needs to
be considered. Administration of AAV via intracranial
routes introduces further complexities on account of sig-
nificant risks of these procedures in humans. Gene editing
approaches are currently at extremely early stages of devel-
opment. CRISPR-Cas9-based gene editing and newer
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RNA-free base editors have had limited therapeutic appli-
cation so far and the possibility of off-target base editing
also needs to be addressed. Nucleases that introduce
dsDNA breaks into mtDNA are also still in early stages of
development. Clinical translation will need to address the
safety of induction of mtDNA depletion even if temporary,
issues of off-target nuclease activity and whether therapeu-
tic shifts in mtDNA heteroplasmy are sustained long term.

In future, in view of the rarity of most PMDs, any
forthcoming clinical trials will require multinational col-
laboration. Participant recruitment, the timing of gene
transfer, and the selection of relevant and accessible out-
come measures will need to be considered, facilitated by
a thorough understanding of the natural history of dis-
ease strengthened by prospective characterisation of rele-
vant patient cohorts. Refinement of translational
pipelines will benefit the scientific community and
inspire gene therapy studies for other PMDs for which
effective disease-modifying therapies are much needed.

AUTHOR CONTRIBUTIONS
Nandaki Keshavan: Concept and drafting of manuscript.
Shamima Rahman: Concept, review, and editing of man-
uscript. Michal Minczuk: Review of manuscript, figures.
Carlo Viscomi: Review of manuscript, figures. Guarantor:
Shamima Rahman.

FUNDING INFORMATION
Nandaki Keshavan acknowledges funding from Action
Medical Research. Shamima Rahman acknowledges grant
funding from Great Ormond Street Hospital Children's Char-
ity, the Lily Foundation and the National Institute of Health
Research (NIHR) Great Ormond Street Hospital Biomedical
Research Centre. The views expressed are those of the
authors and not necessarily those of the NHS, the NIHR, or
the United Kingdom Department of Health. Carlo Viscomi
acknowledges grant funding from AFM-Telethon, France;
Telethon, Italy; Department of Biomedical Sciences—
UNIPD; PNRR Mission 4, Component 2, Investment
1.4-CN00000041 Spoke 1 funded by the European Union –
NextGenerationEU. Michal Minczuk acknowledges grant
funding from the UKRI Medical Research Council, UK;
Associazione Luigi Comini, Italy; the CureMito Foundation,
USA; AFM-Telethon, France; Cancer Research, UK. The
authors confirm independence from the funders. The con-
tent of the article has not been influenced by the funders.

CONFLICT OF INTEREST STATEMENT
Nandaki Keshavan and Carlo Viscomi declare no com-
peting interests. Shamima Rahman declares that she is
an editor-in-chief of the Journal of Inherited Metabolic
Disease and has provided consultancy on primary mito-
chondrial diseases for pharmaceutical companies as listed

in the IJCME conflict of interest form. Michal Minczuk is a
founder, shareholder and member of the Scientific Advisory
Board of Pretzel Therapeutics, Inc, a company developing
treatments for primary mitochondrial diseases as listed in
the IJCME conflict of interest form.

DATA AVAILABILITY STATEMENT
All relevant data are included in the manuscript. No
additional data are applicable.

INFORMED CONSENT AND ANIMAL
RIGHTS
This article does not contain any studies with human or
animal subjects performed by the any of the authors.

ORCID
Nandaki Keshavan https://orcid.org/0000-0001-6939-
4528
Michal Minczuk https://orcid.org/0000-0001-8242-1420
Carlo Viscomi https://orcid.org/0000-0001-6050-0566
Shamima Rahman https://orcid.org/0000-0003-2088-
730X

REFERENCES
1. Mitchell P. Coupling of phosphorylation to electron and

hydrogen transfer by a chemi-osmotic type of mechanism.
Nature. 1961;191:144-148.

2. Hatefi Y. The mitochondrial electron transport and oxidative
phosphorylation system. Annu Rev Biochem. 1985;54:1015-
1069.

3. Ducker GS, Rabinowitz JD. One-carbon metabolism in health
and disease. Cell Metab. 2017;25:27-42.

4. Rouault TA. Biogenesis of iron-sulfur clusters in mammalian
cells: new insights and relevance to human disease. Dis Model
Mech. 2012;5:155-164.

5. Kowaltowski AJ, de Souza-Pinto NC, Castilho RF,
Vercesi AE. Mitochondria and reactive oxygen species. Free
Radic Biol Med. 2009;47:333-343.

6. Elmore S. Apoptosis: a review of programmed cell death. Toxi-
col Pathol. 2007;35:495-516.

7. De Vitto H, Arachchige DB, Richardson BC, French JB. The
intersection of purine and mitochondrial metabolism in can-
cer. Cell. 2021;10:2603.

8. Pagliarini DJ, Calvo SE, Chang B, et al. A mitochondrial pro-
tein compendium elucidates complex I disease biology. Cell.
2008;134:112-123.

9. Rath S, Sharma R, Gupta R, et al. MitoCarta3.0: an updated
mitochondrial proteome now with sub-organelle localization
and pathway annotations. Nucleic Acids Res. 2021;49:D1541-
D1547.

10. Anderson S, Bankier AT, Barrell BG, et al. Sequence and
organization of the human mitochondrial genome. Nature.
1981;290:457-465.

11. Bourgeron T, Rustin P, Chretien D, et al. Mutation of a
nuclear succinate dehydrogenase gene results in mitochon-
drial respiratory chain deficiency. Nat Genet. 1995;11:144-149.

170 KESHAVAN ET AL.

 15732665, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12699 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-6939-4528
https://orcid.org/0000-0001-6939-4528
https://orcid.org/0000-0001-6939-4528
https://orcid.org/0000-0001-8242-1420
https://orcid.org/0000-0001-8242-1420
https://orcid.org/0000-0001-6050-0566
https://orcid.org/0000-0001-6050-0566
https://orcid.org/0000-0003-2088-730X
https://orcid.org/0000-0003-2088-730X
https://orcid.org/0000-0003-2088-730X


12. Rahman J, Rahman S. Mitochondrial medicine in the omics
era. Lancet. 2018;391:2560-2574.

13. Gorman GS, Schaefer AM, Ng Y, et al. Prevalence of nuclear
and mitochondrial DNA mutations related to adult mitochon-
drial disease. Ann Neurol. 2015;77:753-759.

14. Birch-Machin MA, Taylor RW, Cochran B, Ackrell BAC,
Turnbull DM. Late-onset optic atrophy, ataxia, and myopathy
associated with a mutation of a complex II gene. Ann Neurol.
2000;48:330-335.

15. Roberts AE, Nixon C, Steward CG, et al. The Barth Syndrome
Registry: distinguishing disease characteristics and growth
data from a longitudinal study. Am J Med Genet A. 2012;158A:
2726-2732.

16. DeBrosse SD, Okajima K, Zhang S, et al. Spectrum of neuro-
logical and survival outcomes in pyruvate dehydrogenase
complex (PDC) deficiency: lack of correlation with genotype.
Mol Genet Metab. 2012;107:394-402.

17. Wei W, Pagnamenta AT, Gleadall N, et al. Nuclear-
mitochondrial DNA segments resemble paternally inherited
mitochondrial DNA in humans. Nat Commun. 2020;11:1740.

18. Schlieben LD, Prokisch H. Genetics of mitochondrial diseases:
Current approaches for the molecular diagnosis. Handb Clin
Neurol. 2023;194:141-165.

19. Fassone E, Wedatilake Y, DeVile CJ, Chong WK, Carr LJ,
Rahman S. Treatable Leigh-like encephalopathy presenting in
adolescence. BMJ Case Rep. 2013;2013:200838.

20. Balasubramaniam S, Christodoulou J, Rahman S. Disorders of
riboflavin metabolism. J Inherit Metab Dis. 2019;42:608-619.

21. Spagnoli C, Pitt MC, Rahman S, de Sousa C. Brown-Vialetto-
van Laere syndrome: a riboflavin responsive neuronopathy of
infancy with singular features. Eur J Paediatr Neurol. 2014;18:
231-234.

22. Drovandi S, Lipska-Ziętkiewicz BS, Ozaltin F, et al. Oral
Coenzyme Q10 supplementation leads to better preservation
of kidney function in steroid-resistant nephrotic syndrome
due to primary coenzyme Q10 deficiency. Kidney Int. 2022;
102:604-612.

23. Klopstock T, Yu-Wai-Man P, Dimitriadis K, et al. A random-
ized placebo-controlled trial of idebenone in Leber's heredi-
tary optic neuropathy. Brain. 2011;134:2677-2686.

24. Mulligan RC. The basic science of gene therapy. Science. 1993;
260:926-932.

25. Hudry E, Vandenberghe LH. Therapeutic AAV gene transfer
to the nervous system: a clinical reality. Neuron. 2019;101:
839-862.

26. Hirano M, Marti R, Casali C, et al. Allogeneic stem cell trans-
plantation corrects biochemical derangements in MNGIE.
Neurology. 2006;67:1458-1460.

27. Grabhorn E, Tsiakas K, Herden U, et al. Long-term outcomes
after liver transplantation for deoxyguanosine kinase defi-
ciency: a single-center experience and a review of the litera-
ture. Liver Transpl. 2014;20:464-472.

28. Kripps K, Nakayuenyongsuk W, Shayota BJ, et al. Successful
liver transplantation in mitochondrial neurogastrointestinal
encephalomyopathy (MNGIE). Mol Genet Metab. 2020;130:
58-64.

29. Olivieri G, Martinelli D, Longo D, et al. Ethylmalonic enceph-
alopathy and liver transplantation: long-term outcome of the
first treated patient. Orphanet J Rare Dis. 2021;16:229.

30. Parikh S, Karaa A, Goldstein A, et al. Solid organ transplanta-
tion in primary mitochondrial disease: proceed with caution.
Mol Genet Metab. 2016;118:178-184.

31. Yasuzaki Y, Yamada Y, Ishikawa T, Harashima H. Validation
of mitochondrial gene delivery in liver and skeletal muscle via
hydrodynamic injection using an artificial mitochondrial
reporter DNA vector. Mol Pharm. 2015;12:4311-4320.

32. Bonnefoy N, Fox TD. Directed alteration of Saccharomyces cere-
visiae mitochondrial DNA by biolistic transformation and
homologous recombination. Methods Mol Biol. 2007;372:
153-166.

33. Yamada Y, Furukawa R, Yasuzaki Y, Harashima H. Dual
function MITO-Porter, a nano carrier integrating both effi-
cient cytoplasmic delivery and mitochondrial macromolecule
delivery. Mol Ther. 2011;19:1449-1456.

34. Santos J, Sousa F, Queiroz J, Costa D. Rhodamine based
plasmid DNA nanoparticles for mitochondrial gene therapy.
Colloids Surf B Biointerfaces. 2014;121:129-140.

35. Flierl A, Jackson C, Cottrell B, Murdock D, Seibel P,
Wallace DC. Targeted delivery of DNA to the mitochondrial
compartment via import sequence-conjugated peptide nucleic
acid. Mol Ther. 2003;7:550-557.

36. Jang YH, Lim KI. Recent advances in mitochondria-targeted
gene delivery. Molecules. 2018;23:2316.

37. Atchison RW, Casto BC, Hammon WMD. Adenovirus-
associated defective virus particles. Science. 1965;149:754-756.

38. Samulski RJ, Zhu X, Xiao X, et al. Targeted integration of
adeno-associated virus (AAV) into human chromosome 19.
EMBO J. 1991;10:3941-3950.

39. Sun X, Lu Y, Bish LT, Calcedo R, Wilson JM, Gao G.
Molecular analysis of vector genome structures after liver
transduction by conventional and self-complementary adeno-
associated viral serotype vectors in murine and nonhuman
primate models. Hum Gene Ther. 2010;21:750-761.

40. Zincarelli C, Soltys S, Rengo G, Rabinowitz JE. Analysis of
AAV serotypes 1-9 mediated gene expression and tropism in
mice after systemic injection. Mol Ther. 2008;16:1073-1080.

41. Rabinowitz JE, Rolling F, Li C, et al. Cross-packaging of a sin-
gle adeno-associated virus (AAV) type 2 vector genome into
multiple AAV serotypes enables transduction with broad
specificity. J Virol. 2002;76:791-801.

42. Lisowski L, Dane AP, Chu K, et al. Selection and evaluation
of clinically relevant AAV variants in a xenograft liver model.
Nature. 2014;506:382-386.

43. Hanlon KS, Meltzer JC, Buzhdygan T, et al. Selection of an
efficient AAV vector for robust CNS transgene expression.
Mol Ther Methods Clin Dev. 2019;15:320-332.

44. Liguore WA, Domire JS, Button D, et al. AAV-PHP.B admin-
istration results in a differential pattern of CNS biodistribu-
tion in non-human primates compared with mice. Mol Ther.
2019;27:2018-2037.

45. Di Meo I, Marchet S, Lamperti C, Zeviani M, Viscomi C.
AAV9-based gene therapy partially ameliorates the clinical
phenotype of a mouse model of Leigh syndrome. Gene Ther.
2017;24:661-667.

46. Foust KD, Nurre E, Montgomery CL, Hernandez A,
Chan CM, Kaspar BK. Intravascular AAV9 preferentially tar-
gets neonatal neurons and adult astrocytes. Nat Biotechnol.
2009;27:59-65.

KESHAVAN ET AL. 171

 15732665, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12699 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



47. Buck TM, Wijnholds J. Recombinant adeno-associated viral
vectors (rAAV)-vector elements in ocular gene therapy clini-
cal trials and transgene expression and bioactivity assays. Int J
Mol Sci. 2020;21:4197.

48. Hirsch ML, Green L, Porteus MH, Samulski RJ. Self-
complementary AAV mediates gene targeting and enhances
endonuclease delivery for double-strand break repair. Gene
Ther. 2010;17:1175-1180.

49. Pereira CV, Peralta S, Arguello T, Bacman SR, Diaz F,
Moraes CT. Myopathy reversion in mice after restauration
of mitochondrial complex I. EMBO Mol Med. 2020;12:
e10674.

50. Ling Q, Rioux M, Hu Y, Lee MJ, Gray SJ. Adeno-associated
viral vector serotype 9-based gene replacement therapy for
SURF1-related Leigh syndrome. Mol Ther Methods Clin Dev.
2021;23:158-168.

51. Cabrera-Perez R, Vila-Julia F, Hirano M, Mingozzi F, Torres-
Torronteras J, Marti R. Alpha-1-antitrypsin promoter
improves the efficacy of an adeno-associated virus vector for
the treatment of mitochondrial neurogastrointestinal ence-
phalomyopathy. Hum Gene Ther. 2019;30:985-998.

52. Lopez-Gomez C, Sanchez-Quintero MJ, Lee EJ, et al. Syner-
gistic deoxynucleoside and gene therapies for thymidine
kinase 2 deficiency. Ann Neurol. 2021;90:640-652.

53. Bottani E, Giordano C, Civiletto G, et al. AAV-mediated liver-
specific MPV17 expression restores mtDNA levels and
prevents diet-induced liver failure. Mol Ther. 2014;22:10-17.

54. Sarzi E, Seveno M, Piro-Mégy C, et al. OPA1 gene therapy pre-
vents retinal ganglion cell loss in a dominant optic atrophy
mouse model. Sci Rep. 2018;8:2468.

55. Bouaita A, Augustin S, Lechauve C, et al. Downregulation of
apoptosis-inducing factor in Harlequin mice induces progres-
sive and severe optic atrophy which is durably prevented by
AAV2-AIF1 gene therapy. Brain. 2012;135:35-52.

56. Flierl A, Chen Y, Coskun PE, Samulski RJ, Wallace DC.
Adeno-associated virus-mediated gene transfer of the
heart/muscle adenine nucleotide translocator (ANT) in
mouse. Gene Ther. 2005;12:570-578.

57. Di Meo I, Auricchio A, Lamperti C, Burlina A, Viscomi C,
Zeviani M. Effective AAV-mediated gene therapy in a mouse
model of ethylmalonic encephalopathy. EMBO Mol Med.
2012;4:1008-1014.

58. Yang L, Slone J, Li Z, et al. Systemic administration of AAV-
Slc25a46 mitigates mitochondrial neuropathy in Slc25a46-/- mice.
HumMol Genet. 2020;29:649-661.

59. Wang S, Li Y, Xu Y, et al. AAV gene therapy prevents and
reverses heart failure in a murine knockout model of Barth
syndrome. Circ Res. 2020;126:1024-1039.

60. Benit P, Goncalves S, Dassa EP, Briere JJ, Rustin P. The vari-
ability of the harlequin mouse phenotype resembles that of
human mitochondrial-complex I-deficiency syndromes. PLoS
One. 2008;3:e3208.

61. Bano D, Prehn JHM. Apoptosis-inducing factor (AIF) in phys-
iology and disease: the tale of a repented natural born killer.
EBioMedicine. 2018;30:29-37.

62. Cwerman-Thibault H, Lechauve C, Malko-Baverel V, et al.
Neuroglobin effectively halts vision loss in Harlequin mice at
an advanced stage of optic nerve degeneration. Neurobiol Dis.
2021;159:105483.

63. Viscomi C, Spinazzola A, Maggioni M, et al. Early-onset liver
mtDNA depletion and late-onset proteinuric nephropathy in
Mpv17 knockout mice. Hum Mol Genet. 2009;18:12-26.

64. Benit P, Slama A, Cartault F, et al. Mutant NDUFS3 subunit
of mitochondrial complex I causes Leigh syndrome. J Med
Genet. 2004;41:14-17.

65. Kruse SE, Watt WC, Marcinek DJ, Kapur RP, Schenkman KA,
Palmiter RD. Mice with mitochondrial complex I deficiency
develop a fatal encephalomyopathy. Cell Metab. 2008;7:312-320.

66. Akman HO, Dorado B, L�opez LC, et al. Thymidine kinase
2 (H126N) knockin mice show the essential role of balanced
deoxynucleotide pools for mitochondrial DNA maintenance.
Hum Mol Genet. 2008;17:2433-2440.

67. Lopez LC, Akman HO, Garcia-Cazorla A, et al. Unbalanced
deoxynucleotide pools cause mitochondrial DNA instability in
thymidine phosphorylase-deficient mice. Hum Mol Genet.
2009;18:714-722.

68. Torres-Torronteras J, Viscomi C, Cabrera-Pérez R, et al. Gene
therapy using a liver-targeted AAV vector restores nucleoside
and nucleotide homeostasis in a murine model of MNGIE.
Mol Ther. 2014;22:901-907.

69. Torres-Torronteras J, Cabrera-Pérez R, Vila-Julià F, et al.
Long-term sustained effect of liver-targeted adeno-associated
virus gene therapy for mitochondrial neurogastrointestinal
encephalomyopathy. Hum Gene Ther. 2018;29:708-718.

70. Vila-Julia F, Cabrera-Perez R, Camara Y, et al. Efficacy of
adeno-associated virus gene therapy in a MNGIE murine
model enhanced by chronic exposure to nucleosides. EBioMe-
dicine. 2020;62:103133.

71. Deepa SS, Pharaoh G, Kinter M, et al. Lifelong reduction in com-
plex IV induces tissue-specific metabolic effects but does not
reduce lifespan or healthspan in mice. Aging Cell. 2018;17:e12769.

72. Lechauve C, Augustin S, Cwerman-Thibault H, et al. Neuro-
globin involvement in respiratory chain function and retinal
ganglion cell integrity. Biochim Biophys Acta. 2012;1823:2261-
2273.

73. Yuan J, Zhang Y, Liu H, et al. Seven-year follow-up of gene
therapy for Leber's hereditary optic neuropathy. Ophthalmol-
ogy. 2020;127:1125-1127.

74. Feuer WJ, Schiffman JC, Davis JL, et al. Gene therapy for
Leber hereditary optic neuropathy: initial results. Ophthalmol-
ogy. 2016;123:558-570.

75. Guy J, Feuer WJ, Davis JL, et al. Gene therapy for Leber
hereditary optic neuropathy: low- and medium-dose visual
results. Ophthalmology. 2017;124:1621-1634.

76. Vignal C, Uretsky S, Fitoussi S, et al. Safety of rAAV2/2-ND4
gene therapy for Leber hereditary optic neuropathy. Ophthal-
mology. 2018;125:945-947.

77. Yu-Wai-Man P, Newman NJ, Carelli V, et al. Bilateral visual
improvement with unilateral gene therapy injection for Leber
hereditary optic neuropathy. Sci Transl Med. 2020;12:
eaaz7423.

78. Newman NJ, Yu-Wai-Man P, Carelli V, et al. Efficacy and
safety of intravitreal gene therapy for Leber hereditary optic
neuropathy treated within 6 months of disease onset. Oph-
thalmology. 2021;128:649-660.

79. Newman NJ, Yu-Wai-Man P, Subramanian PS, et al. Random-
ized trial of bilateral gene therapy injection for m.11778G>A
MT-ND4 Leber optic neuropathy. Brain. 2023;146:1328-1341.

172 KESHAVAN ET AL.

 15732665, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12699 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



80. Biousse V, Newman NJ, Yu-Wai-Man P, et al. Long-term follow-
up after unilateral intravitreal gene therapy for Leber hereditary
optic neuropathy: the RESTORE study. J Neuroophthalmol. 2021;
41:309-315.

81. Yu-Wai-Man P, Chinnery PF. Leber hereditary optic neuropathy.
In: Adam MP, Mirzaa GM, Pagon RA, et al., eds. GeneReviews
((R)). University of Washington; 1993.

82. Calkins DJ, Yu-Wai-Man P, Newman NJ, et al. Biodistribution
of intravitreal (lenadogene) nolparvovec gene therapy in non-
human primates. Mol Ther Methods Clin Dev. 2021;23:
307-318.

83. Vignal-Clermont C, Yu-Wai-Man P, Newman NJ, et al. Safety
of lenadogene nolparvovec gene therapy over 5 years in
189 patients with Leber hereditary optic neuropathy.
Am J Ophthalmol. 2023;249:108-125.

84. Temin HM, Mizutani S. RNA-dependent DNA polymerase in
virions of Rous sarcoma virus. Nature. 1970;226:1211-1213.

85. Schucht R, Coroadinha AS, Zanta-Boussif MA, et al. A new
generation of retroviral producer cells: predictable and stable
virus production by Flp-mediated site-specific integration of
retroviral vectors. Mol Ther. 2006;14:285-292.

86. Bowerman B, Brown PO, Bishop JM, Varmus HE. A nucleo-
protein complex mediates the integration of retroviral DNA.
Genes Dev. 1989;3:469-478.

87. Frimpong K, Spector SA. Cotransduction of nondividing cells
using lentiviral vectors. Gene Ther. 2000;7:1562-1569.

88. Naldini L, Blömer U, Gallay P, et al. In vivo gene delivery and
stable transduction of nondividing cells by a lentiviral vector.
Science. 1996;272:263-267.

89. Beard BC, Keyser KA, Trobridge GD, et al. Unique integration
profiles in a canine model of long-term repopulating cells
transduced with gammaretrovirus, lentivirus, or foamy virus.
Hum Gene Ther. 2007;18:423-434.

90. Ikawa Y, Uchiyama T, Jagadeesh GJ, Candotti F. The long ter-
minal repeat negative control region is a critical element for
insertional oncogenesis after gene transfer into hematopoietic
progenitors with Moloney murine leukemia viral vectors.
Gene Ther. 2016;23:815-818.

91. Fumagalli F, Calbi V, Natali Sora MG, et al. Lentiviral
haematopoietic stem-cell gene therapy for early-onset
metachromatic leukodystrophy: long-term results from a
non-randomised, open-label, phase 1/2 trial and expanded
access. Lancet. 2022;399:372-383.

92. Torres-Torronteras J, G�omez A, Eixarch H, et al. Hematopoi-
etic gene therapy restores thymidine phosphorylase activity in
a cell culture and a murine model of MNGIE. Gene Ther.
2011;18:795-806.

93. Torres-Torronteras J, Cabrera-Pérez R, Barba I, et al.
Long-term restoration of thymidine phosphorylase func-
tion and nucleoside homeostasis using hematopoietic gene
therapy in a murine model of mitochondrial neurogas-
trointestinal encephalomyopathy. Hum Gene Ther. 2016;
27:656-667.

94. Yadak R, Cabrera-Pérez R, Torres-Torronteras J, et al. Preclin-
ical efficacy and safety evaluation of hematopoietic stem cell
gene therapy in a mouse model of MNGIE. Mol Ther Methods
Clin Dev. 2018;8:152-165.

95. Perez-Quintero AL, Szurek B. A decade decoded: spies and
hackers in the history of TAL effectors research. Annu Rev
Phytopathol. 2019;57:459-481.

96. Peeva V, Blei D, Trombly G, et al. Linear mitochondrial DNA
is rapidly degraded by components of the replication machin-
ery. Nat Commun. 2018;9:1727.

97. Bacman SR, Williams SL, Pinto M, Peralta S, Moraes CT. Spe-
cific elimination of mutant mitochondrial genomes in patient-
derived cells by mitoTALENs. Nat Med. 2013;19:1111-1113.

98. Reddy P, Ocampo A, Suzuki K, et al. Selective elimination of
mitochondrial mutations in the germline by genome editing.
Cell. 2015;161:459-469.

99. Pereira CV, Bacman SR, Arguello T, et al. mitoTev-TALE: a
monomeric DNA editing enzyme to reduce mutant mitochon-
drial DNA levels. EMBO Mol Med. 2018;10:e8084.

100. Kauppila JHK, Baines HL, Bratic A, et al. A phenotype-driven
approach to generate mouse models with pathogenic mtDNA
mutations causing mitochondrial disease. Cell Rep. 2016;16:
2980-2990.

101. Bacman SR, Kauppila JHK, Pereira CV, et al. MitoTALEN
reduces mutant mtDNA load and restores tRNA(Ala) levels in
a mouse model of heteroplasmic mtDNA mutation. Nat Med.
2018;24:1696-1700.

102. Minczuk M, Papworth MA, Miller JC, Murphy MP,
Klug A. Development of a single-chain, quasi-dimeric
zinc-finger nuclease for the selective degradation of
mutated human mitochondrial DNA. Nucleic Acids Res.
2008;36:3926-3938.

103. Gammage PA, Gaude E, van Haute L, et al. Near-complete
elimination of mutant mtDNA by iterative or dynamic dose-
controlled treatment with mtZFNs. Nucleic Acids Res. 2016;44:
7804-7816.

104. Gammage PA, Rorbach J, Vincent AI, Rebar EJ, Minczuk M.
Mitochondrially targeted ZFNs for selective degradation of
pathogenic mitochondrial genomes bearing large-scale dele-
tions or point mutations. EMBO Mol Med. 2014;6:458-466.

105. Gammage PA, Viscomi C, Simard ML, et al. Genome editing
in mitochondria corrects a pathogenic mtDNA mutation
in vivo. Nat Med. 2018;24:1691-1695.

106. Zekonyte U, Bacman SR, Smith J, et al. Mitochondrial tar-
geted meganuclease as a platform to eliminate mutant
mtDNA in vivo. Nat Commun. 2021;12:3210.

107. Gammage PA, Moraes CT, Minczuk M. Mitochondrial
genome engineering: the revolution may not be CRISPR-Ized.
Trends Genet. 2018;34:101-110.

108. Schmiderer L, Yudovich D, Oburoglu L, Hjort M, Larsson J.
Site-specific CRISPR-based mitochondrial DNA manipulation
is limited by gRNA import. Sci Rep. 2022;12:18687.

109. Sladen PE, Perdigao PRL, Salsbury G, et al. CRISPR-Cas9 cor-
rection of OPA1 c.1334G>A: p.R445H restores mitochondrial
homeostasis in dominant optic atrophy patient-derived iPSCs.
Mol Ther Nucleic Acids. 2021;26:432-443.

110. Pares M, Fornaguera C, Vila-Julia F, et al. Preclinical assess-
ment of a gene-editing approach in a mouse model of mito-
chondrial neurogastrointestinal encephalomyopathy. Hum
Gene Ther. 2021;32:1210-1223.

111. Mok BY, de Moraes MH, Zeng J, et al. A bacterial cytidine
deaminase toxin enables CRISPR-free mitochondrial base
editing. Nature. 2020;583:631-637.

112. Silva-Pinheiro P, Nash PA, van Haute L, Mutti CD, Turner K,
Minczuk M. In vivo mitochondrial base editing via adeno-
associated viral delivery to mouse post-mitotic tissue. Nat
Commun. 2022;13:750.

KESHAVAN ET AL. 173

 15732665, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12699 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



113. Lee H, Lee S, Baek G, et al. Mitochondrial DNA editing in
mice with DddA-TALE fusion deaminases. Nat Commun.
2021;12:1190.

114. Lee S, Lee H, Baek G, et al. Enhanced mitochondrial DNA
editing in mice using nuclear-exported TALE-linked deami-
nases and nucleases. Genome Biol. 2022;23:211.

115. Silva-Pinheiro P, Mutti CD, van Haute L, et al. A library of
base editors for the precise ablation of all protein-coding
genes in the mouse mitochondrial genome. Nat Biomed Eng.
2023;7:692-703.

116. Mok BY, Kotrys AV, Raguram A, Huang TP, Mootha VK,
Liu DR. CRISPR-free base editors with enhanced activity and
expanded targeting scope in mitochondrial and nuclear DNA.
Nat Biotechnol. 2022;40:1378-1387.

117. Lim K, Cho SI, Kim JS. Nuclear and mitochondrial DNA edit-
ing in human cells with zinc finger deaminases. Nat Commun.
2022;13:366.

118. Willis JCW, Silva-Pinheiro P, Widdup L, Minczuk M, Liu DR.
Compact zinc finger base editors that edit mitochondrial or
nuclear DNA in vitro and in vivo. Nat Commun. 2022;13:7204.

119. Cho SI, Lee S, Mok YG, et al. Targeted A-to-G base editing in
human mitochondrial DNA with programmable deaminases.
Cell. 2022;185:1764-1776.e12.

120. Gray SJ, Matagne V, Bachaboina L, Yadav S, Ojeda SR,
Samulski RJ. Preclinical differences of intravascular AAV9
delivery to neurons and glia: a comparative study of adult
mice and nonhuman primates. Mol Ther. 2011;19:1058-1069.

121. Foust KD, Wang X, McGovern VL, et al. Rescue of the spinal
muscular atrophy phenotype in a mouse model by early post-
natal delivery of SMN. Nat Biotechnol. 2010;28:271-274.

122. Mendell JR, al-Zaidy SA, Lehman KJ, et al. Five-year exten-
sion results of the phase 1 START trial of onasemnogene abe-
parvovec in spinal muscular atrophy. JAMA Neurol. 2021;78:
834-841.

123. Deverman BE, Pravdo PL, Simpson BP, et al. Cre-dependent
selection yields AAV variants for widespread gene transfer to
the adult brain. Nat Biotechnol. 2016;34:204-209.

124. Silva-Pinheiro P, Cerutti R, Luna-Sanchez M, Zeviani M,
Viscomi C. A single intravenous injection of AAV-PHP.
B-hNDUFS4 ameliorates the phenotype of Ndufs4 (-/-) mice.
Mol Ther Methods Clin Dev. 2020;17:1071-1078.

125. Mathiesen SN, Lock JL, Schoderboeck L, Abraham WC,
Hughes SM. CNS transduction benefits of AAV-PHP.eB over
AAV9 are dependent on administration route and mouse
strain. Mol Ther Methods Clin Dev. 2020;19:447-458.

126. Hordeaux J, Wang Q, Katz N, Buza EL, Bell P, Wilson JM.
The neurotropic properties of AAV-PHP.B are limited to
C57BL/6J mice. Mol Ther. 2018;26:664-668.

127. Beharry A, Gong Y, Kim JC, et al. The AAV9 variant capsid
AAV-F mediates widespread transgene expression in nonhu-
man primate spinal cord after intrathecal administration.
Hum Gene Ther. 2022;33:61-75.

128. Goertsen D, Flytzanis NC, Goeden N, et al. AAV capsid vari-
ants with brain-wide transgene expression and decreased liver
targeting after intravenous delivery in mouse and marmoset.
Nat Neurosci. 2022;25:106-115.

129. FDA. Approved cellular and gene therapy products. Office of
Tissues and Advanced Therapies (OTAT).

130. (FDA) FaDA, Cellular T, and Gene therapies advisory com-
mittee. Briefing Document Meeting. Vol 70. FDA; 2021:68-69.

131. Shinohara Y, Konno A, Nitta K, et al. Effects of neutralizing
antibody production on AAV-PHP.B-mediated transduction of
the mouse central nervous system. Mol Neurobiol. 2019;56:
4203-4214.

132. Hinderer C, Bell P, Katz N, et al. Evaluation of intrathecal
routes of administration for adeno-associated viral vectors in
large animals. Hum Gene Ther. 2018;29:15-24.

133. Haurigot V, Marc�o S, Ribera A, et al. Whole body correction
of mucopolysaccharidosis IIIA by intracerebrospinal fluid
gene therapy. J Clin Invest. 2013;123:3254-3271.

134. Samaranch L, Bringas J, Pivirotto P, Sebastian WS,
Forsayeth J, Bankiewicz K. Cerebellomedullary cistern deliv-
ery for AAV-based gene therapy: a technical note for nonhu-
man primates. Hum Gene Ther Methods. 2016;27:13-16.

135. Meyer K, Ferraiuolo L, Schmelzer L, et al. Improving single
injection CSF delivery of AAV9-mediated gene therapy for
SMA: a dose-response study in mice and nonhuman primates.
Mol Ther. 2015;23:477-487.

136. Bey K, Deniaud J, Dubreil L, et al. Intra-CSF AAV9 and
AAVrh10 administration in nonhuman primates: promising
routes and vectors for which neurological diseases? Mol Ther
Methods Clin Dev. 2020;17:771-784.

137. Mitchell NL, Russell KN, Wellby MP, et al. Longitudinal
in vivo monitoring of the CNS demonstrates the efficacy of
gene therapy in a sheep model of CLN5 Batten disease. Mol
Ther. 2018;26:2366-2378.

138. Ciron C, Cressant A, Roux F, et al. Human alpha-iduronidase
gene transfer mediated by adeno-associated virus types 1, 2,
and 5 in the brain of nonhuman primates: vector diffusion
and biodistribution. Hum Gene Ther. 2009;20:350-360.

139. Worgall S, Sondhi D, Hackett NR, et al. Treatment of late
infantile neuronal ceroid lipofuscinosis by CNS administra-
tion of a serotype 2 adeno-associated virus expressing CLN2
cDNA. Hum Gene Ther. 2008;19:463-474.

140. Ellinwood NM, Ausseil J, Desmaris N, et al. Safe, efficient,
and reproducible gene therapy of the brain in the dog models
of Sanfilippo and Hurler syndromes. Mol Ther. 2011;19:
251-259.

141. Mingozzi F, Meulenberg JJ, Hui DJ, et al. AAV-1-mediated
gene transfer to skeletal muscle in humans results in dose-
dependent activation of capsid-specific T cells. Blood. 2009;
114:2077-2086.

142. Feldman AG, Parsons JA, Dutmer CM, et al. Subacute liver
failure following gene replacement therapy for spinal muscu-
lar atrophy type 1. J Pediatr. 2020;225:252-258.e1.

143. Pfizer. Pfizer's new phase 1b results of gene therapy in ambu-
latory boys with Duchenne muscular dystrophy (DMD) sup-
port advancement into pivotal phase 3 study. 2020.

144. Shieh PB, Bönnemann CG, Müller-Felber W, et al. Re: “mov-
ing forward after two deaths in a gene therapy trial of myo-
tubular myopathy” by Wilson and Flotte. Hum Gene Ther.
2020;31:787.

145. Kruzik A, Fetahagic D, Hartlieb B, et al. Prevalence of anti-
adeno-associated virus immune responses in international
cohorts of healthy donors. Mol Ther Methods Clin Dev. 2019;
14:126-133.

146. Veron P, Leborgne C, Monteilhet V, et al. Humoral and cellu-
lar capsid-specific immune responses to adeno-associated
virus type 1 in randomized healthy donors. J Immunol. 2012;
188:6418-6424.

174 KESHAVAN ET AL.

 15732665, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12699 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



147. Miesbach W, Meijer K, Coppens M, et al. Gene therapy with
adeno-associated virus vector 5-human factor IX in adults
with hemophilia B. Blood. 2018;131:1022-1031.

148. Pizzamiglio C, Vernon HJ, Hanna MG, Pitceathly RD. Design-
ing clinical trials for rare diseases: unique challenges and
opportunities. Nat Rev Methods Primers. 2022;2:s43586-022-
00100-2.

149. Lillie EO, Patay B, Diamant J, Issell B, Topol EJ, Schork NJ.
The n-of-1 clinical trial: the ultimate strategy for individualiz-
ing medicine? Per Med. 2011;8:161-173.

150. Nesbitt V, Pitceathly RDS, Turnbull DM, et al. The UK MRC
mitochondrial disease patient cohort study: clinical pheno-
types associated with the m.3243A>G mutation—implications
for diagnosis and management. J Neurol Neurosurg Psychiatry.
2013;84:936-938.

151. FDA. Considerations for the design of early-phase clinical
trials of cellular and gene therapy products. 6-8.

152. Goldstein A, Rahman S. Seeking impact: Global perspectives
on outcome measure selection for translational and clinical
research for primary mitochondrial disorders. J Inherit Metab
Dis. 2021;44:343-357.

153. Mancuso M, McFarland R, Klopstock T, et al. International
Workshop: Outcome measures and clinical trial readiness in
primary mitochondrial myopathies in children and adults.
Consensus recommendations. 16-18 November 2016, Rome,
Italy. Neuromuscul Disord. 2017;27:1126-1137.

154. Lehtonen JM, Auranen M, Darin N, et al. Diagnostic value of
serum biomarkers FGF21 and GDF15 compared to muscle sam-
ple in mitochondrial disease. J Inherit Metab Dis. 2021;44:469-480.

155. Phoenix C, Schaefer AM, Elson JL, et al. A scale to monitor
progression and treatment of mitochondrial disease in chil-
dren. Neuromuscul Disord. 2006;16:814-820.

How to cite this article: Keshavan N,
Minczuk M, Viscomi C, Rahman S. Gene therapy
for mitochondrial disorders. J Inherit Metab Dis.
2024;47(1):145‐175. doi:10.1002/jimd.12699

KESHAVAN ET AL. 175

 15732665, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12699 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:doi/10.1002/jimd.12699

	Gene therapy for mitochondrial disorders
	1  INTRODUCTION
	1.1  Mitochondrial function and dysfunction
	1.2  Primary mitochondrial disorders
	1.3  Genetic therapies

	2  METHODS
	2.1  Literature search terms

	3  GENE THERAPY APPROACHES
	3.1  Non-viral strategies
	3.2  AAV strategies for mitochondrial disorders due to nuclear gene defects
	3.3  AAV strategies for mitochondrial disorders due to mtDNA gene defects
	3.4  Lentiviral strategies
	3.5  Destruction of mutant mtDNA to treat mtDNA disorders
	3.5.1  Transcription activator-like effector nucleases
	3.5.2  Zinc finger nucleases
	3.5.3  Meganucleases

	3.6  Gene editing for mitochondrial diseases
	3.6.1  CRISPR-Cas9 gene editing
	3.6.2  CRISPR-free gene editing

	3.7  Challenges of clinical translation of gene therapy for mitochondrial disorders
	3.8  Achieving adequate organ transduction
	3.8.1  Current experience using IV AAV9 gene therapy to transduce the CNS
	3.8.2  Alternative AAV serotypes
	3.8.3  Alternative routes of gene transfer to target the CNS

	3.9  Safety considerations
	3.10  Clinical trial design
	3.11  Establishing trial outcome measures and clinical trial readiness
	3.12  Recruitment of trial participants

	4  FINAL CONSIDERATIONS
	5  CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	INFORMED CONSENT AND ANIMAL RIGHTS
	REFERENCES


