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Mitochondrial diseases are extremely heterogeneous
genetic conditions characterized by faulty oxidative
phosphorylation (OXPHOS). OXPHOS deficiency can
be the result of mutation in mtDNA genes, encoding
either proteins (13 subunits of the mitochondrial
complexes I, III, IV and V) or the tRNA and rRNA
components of the in situ mtDNA translation. The
remaining mitochondrial disease genes are in the
nucleus, encoding proteins with a huge variety of
functions, from structural subunits of the mitochon-
drial complexes, to factors involved in their formation
and regulation, components of the mtDNA replication
and expression machinery, biosynthetic enzymes for
the biosynthesis or incorporation of prosthetic
groups, components of the mitochondrial quality
control and proteostasis, enzymes involved in the

clearance of toxic compounds, factors involved in the
formation of the lipid milieu, etc. These different
functions represent potential targets for ‘general’
therapeutic interventions, as they may be adapted
to a number of different mitochondrial conditions.
This is in contrast with ‘tailored’, personalized ther-
apeutic approaches, such as gene therapy, cell ther-
apy and organ replacement, that can be useful only
for individual conditions. This review will present the
most recent concepts emerged from preclinical work
and the attempts to translate them into the clinics.
The common notion that mitochondrial disorders
have no cure is currently challenged by a massive
effort of scientists and clinicians, and we do expect
that thanks to this intensive investigation work and
tangible results for the development of strategies
amenable to the treatment of patients with these
tremendously difficult conditions are not so far away.

Keywords: AAV, antioxidants, autophagy, experi-
mental therapy, mitochondrial biogenesis, mito-
chondrial disease.

Experimental therapeutic strategies

In the last 30 years, remarkable progress has been
made towards a substantial elucidation of the
essential mechanisms causing mitochondrial dis-
orders, as well as the pathways controlling bio-
genesis of and signalling from mitochondria. The
increasing knowledge mechanistic aspects of mito-
chondrial disease have allowed to propose numer-
ous therapeutic approaches aimed at combating
these conditions that have been tested in suitable
cells and animals. These include strategies that
could in principle be used to treat several diseases
(which we previously called ‘generalist’ [1]) as well
as treatments specific for a single disease (‘disease-
tailored’ strategies) (Table 1). Table 2 summarizes
the ongoing clinical trials cited in the following
sections.

The following discussion will cover the state of the
art of both preclinical and clinical therapies for
mitochondrial diseases. The approaches based on
mitochondrial replacement therapy, that is those
aiming at replacing mitochondria carrying mtDNA
mutations with healthy mtDNA molecules in early-
stage embryos or in maternal oocytes, for which
numerous excellent reviews have been recently
published (see for instance [2]), will not be covered
here.

The development of mitochondrial medicine

Mitochondria are complex organelles, character-
ized by the presence of an outer and an inner
membrane (OMM and IMM), the latter presenting
serial invaginations denominated mitochondrial
cristae, where respiratory chain (RC) complexes
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Table 1  Therapeutic strategies

General (i.e. fighting common mechanisms)

Specific (e.g. AAV gene therapy)

v Less specific
v Off-target effects
v Wide applicability

v Cost effective

Achieved by

® Activating mitochondrial and MRC biogenesis

® Acting on mitodynamics>autophagy>apoptosis

® Correcting mtDNA mutations post-transcriptionally

v Tailored for specific diseases
v Potentially highly effective
v Limited to a few conditions

v Expensive

Achieved by

® Delivering proteins involved in detoxification
® Gene replacement in specific tissues

® Stabilizing mutant proteins

(complexes I to IV) and the mitochondrial ATP
synthase (complex V, cV) are localized. Mitochon-
dria oxidatively extract the energy stored in nutri-
ents, converting it into two main different forms,
heat and ATP, the energy currency of the cell,
through respiration, which uses molecular oxygen
as a sink on which electrons oxidatively stripped off
nutrients converge, to form water. This process is
carried out by the first four complexes of the
respiratory chain (RC). The electron flow carried
out by redox reactions in the different RC com-
plexes, and ultimately reducing molecular oxygen
into water, is coupled in the electron flow carried
out by cl, cIIl and cIV (or cytochrome c oxidase) by
the translocation of protons from the inner mito-
chondrial compartment, called the mitochondrial
matrix, MM, through the IMM, into the intermem-
brane space (IMM). This asymmetric distribution of
positively charged protons creates a membrane
potential (AP) composed of a chemical (ApH) and an
electrostatic (A}) components, that have the char-
acteristic of a capacitor, and provide the chemios-
motic and electronmotive forces that are exploited
to eventually phosphorylate ADP + Pi into ATP,
operated by complex, or mitochondrial ATP syn-
thase. The entire process is known as oxidative
phosphorylation (OXPHOS). In summary, respira-
tion, that is oxidation of reduced shuttle molecules
by oxygen, is carried out by four multiheteromeric
RC complexes, cI-cIV, that transfer electrons from
NADH and FADH,, reduced by extraction of reduc-
ing equivalent from nutrients by intermediate
metabolism, mainly sugars and fatty acids, to
molecular oxygen. The electron flow is coupled
with the translocation of protons across the IMM
operated by complexes I, IIl and IV. This generates
an electrochemical gradient, that stores energy

similar to a capacitor, which is then exploited by
complex V (or ATP synthase) to synthesize ATP
from ADP and Pi [3].

Mitochondria contain a double-stranded circular
DNA molecule (mtDNA) of 16.5 Kb in mammals.
Mammalian mtDNA, present in multiple copies in
each mitochondrion, encodes 13 subunits of the
RC complexes I, III, IV and also ATP synthase
(complex V), 22 tRNAs, and 2 rRNA genes, which
constitute the RNA apparatus necessary for the
in situ translation of the 13 mtDNA-encoded pro-
tein subunits. The four subunits of complex II are
all encoded from nucleus-encoded genes. In nor-
mal conditions, the vast majority of mtDNA mole-
cules are all identical to each other (a condition
called homoplasmy), although low levels of mutant
mtDNA molecules are detected in all the subjects
by ultradeep sequencing techniques, and may
increase in specific areas of certain tissues such
as the brain during ageing [4]. Contrariwise,
pathogenic mtDNA mutations often coexist in sub-
stantial amounts with wild-type mtDNA molecules
(a condition called heteroplasmy) [5].

The approximately 1500 proteins forming the rest
of the mitochondrial proteome are encoded by
nuclear genes. These protein products are trans-
lated in the cytosol and finally targeted to and
imported into the organelles by an active process
largely operated by the respiration-dependent
membrane potential (AP). These proteins partici-
pate in a large number of essential biological
pathways, including mtDNA replication, transcrip-
tion and translation, formation assembly and
functional and structural regulation of the respi-
ratory chain complexes, fission-fusion of the

666  © 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine

Journal of Internal Medicine, 2020, 287; 665-684



lani

iscomi & M. Zev

."M New therapies for mitocondrial diseases / C. V

896CL9€0LON
/moys /A03's]

(12901
‘Arejpaisy ‘Aydony

‘ondo) Ayyedoinan J[qereay juanied

eL[eotury/ /:sdiy 0T0SD PBAUH ondQ Areypaio 19Ga] SINSRY ON s[qe[reay Q[8UISTO10SD dvd
(19481H) SATT20TX
0'T cAPANTd
-TAVYOS jo uonoafur
:Bnuq|(y8tH) 8A01201X
+'C CAPANTd
-TAVYOS jo uonoafur
:Bnuq|(paw) 84 6201X Ayyedoinay ondo
18°S CAYANTd-CAVVOS ATeypaIoH s,19997]
Jo uonoafur :3nig Jo Aderay], ausn
08€T9TTOLON [(m0) BA 690TX8T"T I0J J0JO9A STLIIA
/moys /A03'sT S9)e1S PajIu) ‘EPLIO[Y ‘TUIery TAPANTd-CAVVOS Ayredoinap ondo Q[qeresy P9)EIO0SSB-0UapPY
e reorur)/ /:sduy ‘TWETAl JO AJISIOATU() ‘9ININSU] 94 JIouwed wodseq Jo uonoafur :Bniq Areypaiay S,J9q97] SIINSay] ON Sunmiroay ue jo Apmg K1oyes
wop3uTy PayIu( ‘UOPUOT I9JeaID)
‘uopuor] ‘TeyrdsoH 9AH spleyIoo|uemre], ‘rodre],
‘reardsoy Terauan) sueialop redrejjuredg ‘pLpen
‘Tefen A uourey orrejisioaru() TejrdsoH|Arel] “euSojog
“eordojoanaN BOTUID DO BuSo[og Ip 2Yyor30[oInaN
9ZURIOG [P 0yINIS] SOOYI[PouRIY ‘SiTEd
‘S1SUIA 2zUmMQ T ONHO[WNIS[PY JU2D Juan
SINYUSAIZ ITB}ISIIAIU()[S918IS PAIU) ‘99SSoUUI],
‘SIAYSEN ‘@MInsu] 947 IIqIpuBA[sarels pajrun
‘eruealAsuuad “eryd[operyd ‘9o1a1ag A30100uQ
TeINoQ - AMINSU] AT STIIM[S91BIS PN ‘S[I0X MON
‘S[I0X MAN ‘TEUIS JUNOJA J& SUIDIPIA JO [00YOS UYed] Tea) 1 03 dn 10y
|[serers parrun ‘spesnyoessey ‘uolsoq ‘Arewniguy uoneIny $AN U}
Tef pue oAF $)19SNUOBSSEN[SIIEIS Paju ‘erdIoon 03} an( sjoafqng
‘eyueqly ‘Orury Arowy oy, - 91edyi[esH Arowsy NOHT Ul 0T0SD
+CSE6CE0LON [sorelg pajrun ‘opeIo[o) ‘eroiny ‘I2jud) 24H YIEH Jo wonalur LA
/moys /A03'sT OPEBIO[0Y) JO AJISIOATUN[S9)B)S PalIu “eruIofired) oqaoeld Ayyedoinay ondo J[qereay Sunmroax Texarerg jo Apnis
e reorury/ /:sduy ‘euspesed ‘euspesed YO I9Iua) 24 Ausyoq :3nIg|o10SH P1RURD Arejrpaioy I19qo] S)INs9ay ON jou ‘9ATIOY Kyoyeg % Aoeoyyd 1
TN SU0TBO0T SUOTIUIATIIU] suonIpuo)  SIMNsIY Apnis smels apLL  Yuey

(2ybiy) bar 1201X 0°'T AN Td-CAVYOS Jo uoydalur :bnip| puv (ybiy) bag1201X +'¢ cAyANTd
-CAVYos Jo uonoalur :brup|(pap) ba 6201X 18°S cAbANId-CAVYOS Jo uonoalur :brup| (mo7) ba 6201X81 T carANTd-CAVVOS Jo uoyoalur :bnuq g ajgel

667

© 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine

Journal of Internal Medicine, 2020, 287; 665684



lani

iscomi & M. Zev

."M New therapies for mitocondrial diseases / C. V

1L9L2S9C0LON
/moys /A03 ST
'L [eorurD/ /:sdny

+0T90+€0.LON
/moys /r03 ST
'L [eorurD/ /:sdny

1L0S6TE0LON
/moys /A03'sT
eLLL[edIUID / /:sdpy

wopSury payIuN ‘UOPUOT
‘snuy, uonyepunod SHN TeddsoH 94H SP[eyYIoON
|&rey1 “euSojog “errerjog orepadsQ ‘eor3ojoInan
BOIUID DO ‘Budojog Ip SYOISO[0INSN 9ZUSI0S
([P 01MIS] SOOY[|AUBWISY ‘Yoruny ‘Oynynsug
-Ineg-YoLIpaLl] ‘Yoruny jo Arsiaatup ‘A30[oInaN
Jjo jusunreda(ledouety ‘sured 93UIA-9zZUIN) SIp
a13oiowTeydQ,p Iorrelidsoy [euoneN 213u)ISurp
-ozumg) sap o13o1owreydQ,p I91eIdsoH TeuonenN
anua[sajels paltu ‘erueAjdsuusd ‘erydioperiyd
‘£ISISATU() UOSISJL sewoy], ‘Teyrdsoy
9AH SIIM ‘soreroossy orSojowreyyydQ oInaN
[soye)s polun “e18109D ‘BIUENY QUIOIPIIN JO [00YOS
Aypsiaatun Arowry ‘A3ojowreyiydQ jo jusuriredaq
[seyerg paytun “erurogre) ‘sop8uy so ‘sofpSuy
SO “BIUIOJITED JO AJISIDATU( ‘IOJUR) 2AH Ausyoq
wop3ury] pajun
‘uopuo J9)earn ‘uopuo] ‘TeydsoH 24H SPIRYIOON
|Are31 “eulojog ‘errefjog orepadsQlAueurIon ‘Yorunijy
AMINSU[-INeg-YOLIPILL] /USYOUNIN TEIISIoATUN
Iop WINS{IUIy] NN'IPoUeIY ‘Sred ‘SISUIA 2zump) s
ONHOIsore}g pajiun ‘“eruealdsuusd “erqdeperyd
‘Qymnsu] oA SIIIM[S2)eIS Pajuf “ers1oan
‘eyueny ‘TendsoH Aysioatun Arowy|sajels pairun
“eTuIOjI[ED ‘eudpesed ‘YO I9Iue) 94 Auayoq
wop3ury pajiu( ‘UopuUOT I9)eaIn)
‘uopuor] ‘TeyrdsoH 243 spreyIoop|ureds “euoreoreq
‘eunay 9p ererep Insuj|Ael] ‘ouei ‘S[eyEy Ues
orepadsQ|ATe3] “eulojog ‘errefjog orepadsQleouery
‘sLred ‘sj8urp azumng) soT ONHO/eoueI ‘s1a8uy
‘s1o3uy,p NHOIS9IBIS Paltuf ‘Sexa], ‘U0ISNOH
‘I9JUR) A AMV(s91elS PajIuf) ‘BIUBAASUUR]
‘erydepe[iyd ‘9ynsu] okF S[IIM[sorers
paltu ‘s)esnyoessey ‘Uolsog ‘Arewriyu] Ieq pue
A7 spesNYOBSSE[Sa1L)IS PIIU ‘BISI00N) ‘BIURNY
‘TeyrdsoH Ays1oarun) AIowg[serels pajiuf ‘eruIoje)
‘euspesed ‘uspesed VIO 19IUa) 94F Ausyoq

uonoafuy reanIAB U]
weys 2013

loT0SD :Testdojorg

uonoafug
TeanjiAenU] Weys

:19Y30|0T0SD onUID

(sO¥d) sewodno

pajrodai-jusaned I9y30

19qoT ‘Arejrparoy
‘Aydony ‘ondo

(199971

‘Areyrpaiey ‘Aydony

‘ondQ) Ayyedoiman
ondQ ArejrpaioH Ioqo]

Ayyedoinan
ondo AreyparoH 19qo]

S}MSaY

seH pajerdwo)

aqe[reay

SINSAY ON Sunmroay

a1qe[reay

SINSY ON Sunmioay

uonemn
AN 243 0} oang
NOHT Ul }95sUQ
wWoI SYIUON
9 0} dn SSO7T UOISIA
Jo jusunjeal],
2y} 10} 0T0SD

Jo Apmyg AoeoyyH 9

dn-morjoq urrey
-3uoT ASYHAATY
pue gNOsHA S

Ansidoy
NOHT ALI'TVHYI 14

TN

Suores0

SUONJUIATOIU

suonpuo)

s)nsay Aprig snyels

opLL  uey

(panuyuo)) g a|qeL

© 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine

Journal of Internal Medicine, 2020, 287; 665-684

668



."M New therapies for mitocondrial diseases / C. Viscomi & M. Zeviani

Table 2 (Continued)

URL

Locations

Interventions

Conditions

Study Results

Status

Title

Rank
7

https://ClinicalTria

Doheny Eye Center, University of California, Los

Biological: GS010|

Optic, Atrophy,

Has Results

Completed

Efficacy Study of

Is.gov/show/
NCT02652780

Angeles, Los Angeles, California, United States|

Device: Sham

Hereditary, Leber

GS010 for

Department of Ophthalmology, Emory University

Intravitreal Injection

Treatment of

School of Medicine, Atlanta, Georgia, United States|

Vision Loss From 7

Neuro Ophthalmologic Associates, Wills Eye

Months to 1 Year

Hospital, Thomas Jefferson University,

From Onset in

Philadelphia, Pennsylvania, United States|Centre

LHON Due to the

National Hospitalier d’Ophtalmologie des Quinze-

ND4 Mutation
(REVERSE)

Vingt, Paris, France|Department of Neurology,

University of Munich, Friedrich-Baur-Institute,

Munich, Germany|IRCCS Istituto delle Scienze

Neurologiche di Bologna, UOC Clinica Neurologica,

Ospedale Bellaria, Bologna, Italy|Moorfields Eye

Hospital NHS Foundation Trust, London, United

Kingdom

mitochondrial network, signalling and execution
mechanisms (e.g. ROS production and apoptosis),
scavenging of toxic compounds, and many other
relevant metabolic functions, as diverse as fatty
acid oxidation, biosynthesis of pyrimidines,
haeme, Fe-S clusters, etc [3].

Primary mitochondrial diseases are due to patho-
genic mutations in either mitochondrial or nuclear
genomes (Table 3). Mutations in mtDNA include
homo- or heteroplasmic point mutations and
large-scale rearrangements, which are always
heteroplasmic since the deleted mtDNA portion
invariably contains one or more tRNA species
essential for mtDNA translation. Heteroplasmic
point mutations lead to rather well-established
syndromes, such as mitochondrial encephalomy-
opathy with lactic acidosis and stroke-like epi-
sodes (MELAS) [6], myoclonic epilepsy with ragged
red fibres (MERRF) [7], neurogenic weakness,
ataxia and retinitis pigmentosa (NARP) [8], and
Leigh syndrome (LS). The main condition associ-
ated with homoplasmic mtDNA mutations is
Leber’s hereditary optic neuropathy (LHON) [9].
Rearrangements (single deletions or duplications)
of mtDNA are responsible for sporadic progressive
external ophthalmoplegia (PEO) [10], Kearns-Sayre
syndrome (KSS) [10] and Pearson’s syndrome [11].

Nuclear mutations affect a large number of genes
directly or indirectly related to the respiratory
chain, encoding (i) structural subunits of the
respiratory chain complexes; (ii) factors involved
in the assembly of the respiratory complexes, in the
biosynthesis of their prosthetic groups, or in their
structural and functional regulation; (iii) proteins
involved in mtDNA replication and maintenance of
its integrity and abundance in different tissues; (iv)
components of the mtDNA transcription and trans-
lation machineries; (v) proteins involved in execu-
tion pathways, such as autophagy/mitophagy,
quality control of proteostasis, mitochondrial
dynamics and apoptotic signals stemming from
abnormal mitochondria; and (vi) a miscellaneous
category of genes however participating in
OXPHOS homeostasis [12].

As a consequence, mitochondrial diseases are
extremely heterogeneous clinically, biochemically
and genetically. This is a severe obstacle that
hampers the possibility to collect homogeneous
and sufficiently numerous cohorts of patients, in
order to provide unequivocal evidence about the
efficacy (or inefficacy) of a given treatment.

© 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on hehalf of Association for Publication of The Journal of Internal Medicine 669
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Table 3  Genetic classification of OXPHOS mitochondrial diseases

Defects of Mitochondrial DNA

® Protein synthesis genes (rRNAs, tRNAs)
® Protein-encoding OXPHOS subunit genes
® Large deletions

Nuclear DNA mutations

Protein-encoding OXPHOS subunit genes
OXPHOS assembly factors

Factors affecting mtDNA maintenance
Mitochondrial protein synthesis genes
Biosynthetic enzymes for lipids or cofactors
Genes involved in mitochondrial dynamics
Genes involved in mitochondrial biogenesis
Genes involved in mitochondrial detoxification
Others

Pratein tranglation & stability

Marphology & inheritonce
Respiratary chain & OXPHOS

Protein imgort & sorting

Specialized functions (645) General functions (633)

Generalist strategies
Activation of mitochondrial biogenesis

Given the pivotal role of mitochondria in energy
conversion processes, a rather obvious conse-
quence of mitochondrial dysfunction is the reduced
synthesis of ATP. Interventions aimed at increasing
mitochondrial content are thus expected to promote
some improvement in mitochondrial diseases by
increasing the number of ATP-synthesizing units.
Peroxisome proliferator-activated receptor-gamma
1 (PGC1) o is a transcriptional coactivator of a
number of transcription factors, including the
nuclear respiratory factors (NRF1 and NRF2), and
the peroxisomal proliferator activator receptors
(PPAR) o, B and y. NRF1 and NRF2 control the
transcripts levels of OXPHOS-related genes,
whereas PPARs those of genes related to fatty acid
oxidation. PGCla is post-translationally activated
by phosphorylation carried out by the AMP-depen-
dent kinase (AMPK) or by deacetylation operated by
the nuclear deacetylase Sirtuin 1 (Sirtl) (Figure 1).
Both AMPK and Sirtl activities can be pharmaco-
logically modulated and exploited to activate PGC1la
[13]. AMPK is activated by AMP or analogue com-
pounds, signalling a symmetric reduction of ATP
supply, whereas Sirtl is activated by its own sub-
strate NAD".

We and others used either the AMP analogue
AICAR to stimulate AMPK or the NAD" precursor
nicotinamide riboside (NR) to activate Sirtl [14-16].
In both cases, amelioration of the clinical pheno-
type, particularly motor endurance and coordina-
tion, was observed in recombinant mouse models
of mitochondrial disease. Alternative approaches to
increase Sirtl activity, based on the inhibition of a
major NAD' consumer, poly(ADP-ribosyl)-poly-
merase 1 (PARP1), effectively improved the clinical
phenotype in the same mouse models. Also, the
pan-PPAR agonist bezafibrate has been proposed
to activate PGC1la but the results are more contro-
versial [16-18].

Other compounds have been used to stimulate
mitochondrial biogenesis in cell and animal models
of mitochondrial disfunction, including resveratrol
([19,20]) and retinoic acid ([21]), again with con-
troversial results.

Translation into the clinic

Three clinical trials are currently ongoing using
bezafibrate (NCT02398201); nicotinamide riboside
(NCT03432871) and niacin, another precursor of
NAD" (NCT03973203). For none of these, the
outcome has been disclosed, although those with

670  © 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine
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Fig. 1 PGCIlo-dependent mitochondrial biogenesis path-
way

bezafibrate and niacin have now been completed
and the results are expected soon.

Targeting mTORCI

mTOR (mechanistic target of rapamycin) is a
cytosolic Ser/Thr kinase belonging to the family

Rapamycin

1

mTORCA1

|

Clearance of
damaged
mitochondria

|
e

+—— Mitochondrial myopathy ——

of PI3K-related kinases (PIKK) [22]. It interacts with
several proteins forming two different complexes:
mTORC1 is formed by three main components,
that is mTOR, Raptor (regulatory protein associ-
ated with mTOR) and mLST8 (mammalian lethal
with Sec13 protein 8), whereas mTORC2 contains
Rictor (rapamycin-insensitive companion of mTOR)
instead of Raptor. These two complexes regulate
different cellular processes. mTORC1 plays essen-
tial roles in a vast number of cellular metabolic
(mainly anabolic) pathways, including activation of
protein translation, immune response, nucleotide
and lipid synthesis, and glucose metabolism, and,
in parallel, inhibition of catabolic pathways, such
as autophagy and lysosomal biogenesis. mTORC1
is activated by availability of amino acids and other
nutrients, and it essentially modulates cell meta-
bolism towards activation of anabolic pathways. In
contrast, mTORC2 controls cell proliferation and
survival as well as cytoskeleton remodelling. In
2013, Johnson and colleagues published the
results of a study showing that strong and pro-
longed inhibition of mMTORC1 by rapamycin inhib-
ited cytosolic translation and markedly prolonged
the lifespan of a mouse with early neurodegener-
ation similar to Leigh disease, the Ndufs4”/~

Rilmenidine

Clearance of
damaged
mitochondria

Fig. 2 Differential effects of rapamycin, which increases both autophagy and lysosomal biogenesis and rilmenidine,

which increases only autophagy, on mitochondrial myopathies
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Fig. 3 Regulation of hypoxic response. VHL, Von Hippel-Lindau Factor; PH, prolyl hydroxylases; Ub, ubiquitin; and HRE,
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mouse, which lacks the 18 kDa accessory cl sub-
unit NDUFS4 [23].

A rather large number of studies on different in vivo
and cellular models confirmed this result, includ-
ing (i) a muscle-specific Cox15 knockout mouse
[24], (ii) a ND2-deficient Drosophila model of LS
[25], (iii) iPSCs-derived neurons carrying a muta-
tion in the MT-ATP6 gene [26], (iv) the CoQ-
deficient mouse B6.Pdss2"¥*4 (v) the gas-1(fc21)
nematodes [27], carrying a homozygous mutation
in the complex I NDUFS2 subunit homologue, (vi)
the Deletor mouse and (vi) the Tk2 knock-in mouse
model (Tk2712%%) [28]. However, the mechanism by
which rapamycin has beneficial effects in mito-
chondrial disease models is highly debated. Sev-
eral mechanisms have been hypothesized,
including translation inhibition, activation of
FGF21 and GDF21 and of the mitochondrial
unfolded response, metabolic remodelling, includ-
ing the one carbon metabolism, and activation of
autophagy. The latter is indeed increased by
rapamycin-exposed clV-deficient COX15 muscle
KO mice, but the concomitant activation of lysoso-
mal biogenesis by increased nuclear migration of
the TFEB transcription factor seems essential for
the effectiveness of rapamycin, contrary to the no
effect of other autophagy inhibitors such as ril-
menidine (Figure 2). TFEB is phosphorylated by
mTORC1, and this impedes it to migrate to the
nucleus and activate its transcription programme.
Thus, inhibition of mTORC1 by rapamycin is likely
to promote TFEB nuclear localization and perform
a synergistic action on both autophagy and lyso-
somal clearance of defective mitochondria [28].

Notably, rapamycin was ineffective in a Cog9~?39%
knock-in mouse, possibly due to the lack of neu-
roinflammation induced by microglia, the limited
capacity to trigger autophagy in this model due to
lysosomal impairment. Interestingly, rapamycin
upregulated the transcription of several metabolic
pathways, including lipid, amino acid and nucleo-
tide metabolism in liver and, to a lesser extent, in
brain. These changes were reflected in parallel
changes in the corresponding metabolites. How-
ever, they failed to improve the phenotype of the
Coq9~?3?* mice, likely because of the absence of a
functional CoQ-junction [29,30].

Translation into the clinic

Following the preclinical evidence, four MELAS
patients were treated with everolimus, a rapamycin
analogue, following kidney transplant [31]. Pri-
mary fibroblasts derived from these patients
showed improved mitochondrial morphology,
membrane potential and replicative capacity.
Blood markers showed reduced oxidative damage
but no decrease of heteroplasmy levels.

In another study, two children, one affected by
MELAS and one by Leigh disease, have been
treated with everolimus [32].

The Leigh syndrome patient was a girl carrying a
homozygous missense mutation in NDUFS4 and
started treatment (2-4 gr/day) at 23 months of age.
Six months after starting the treatment, improve-
ment by brain MRI consisted of reduction of the
bilateral signal hyperintensity in thalami and
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brainstem. After 19 months of treatment, she was
walking independently with a slightly ataxic gait,
she spoke in sentences, and she no longer required
tracheostomy and gastrostomy. MRI did not
improve further, but the clinical scales continued
to improve up to 47 months. In contrast, the
MELAS patient was a boy, who started the treat-
ment at 69 months, did not show any improvement
in the brain MRI and continued to deteriorate until
he passed away at 79 months of age.

An open-label phase 2a study to evaluate the
safety, tolerability and clinical activity of ABI-009
(the rapalogue Nab-sirolimus) in Patients with
genetically confirmed Leigh or Leigh-like Syndrome
is currently ongoing but not yet recruiting
(NCT03747328).

Overall, the available data support the idea that
rapamycin may be effective in several mitochon-
drial disorders. Both mouse and human studies
suggest that the specific gene affected or gender-
specific effects should be carefully evaluated. It is
currently unknown whether the immunosuppres-
sive effect of mTORC1 inhibitors can be detrimen-
tal for mitochondrial patients in the long term.

Hypoxia

A CRISPR/Cas9 screening identified the Von Hip-
pel-Lindau (VHL) factor as the most effective sup-
pressor of antimycin induced mitochondrial
dysfunction [33], opening the possibility to use
this pathway to treat mitochondrial diseases. VHL
is a ubiquitin ligase that recognizes and targets for
degradation the hydroxylated forms of the hypoxia-
induced transcription factors (HIFs) during the
hypoxic response [34] (Figure 3). The same team
followed up the original paper in order to explore
this concept in vivo and to dissect the mechanism
by which hypoxia acts. In a first study, chronic
normobaric hypoxic conditions (11% O,) starting at
30 days were shown to arrest the clinical progres-
sion of the Ndufs4/~ mice, with the median lifespan
increasing from 58 to 270 days. This effect was
accompanied by marked rescue of the neuropatho-
logical lesions in olfactory bulbs, cerebellum and
brainstem of Ndufs4/~ mice. Notably, hyperoxia
(55% O5) had the opposite effect and worsened all
the parameters mentioned above [33]. Less drastic
hypoxic conditions (17% O5) or alternation of
hypoxia and normoxia had no beneficial effects
on the phenotype of Ndufs4/~ mice [33]. Finally,
return to normoxic conditions rapidly reversed the

beneficial effects described above, whilst switching
to hypoxia after the onset of the symptoms reversed
the brain lesions [35]. Very recently, the same
research group showed that this effect is mediated
by the alleviation of brain hyperoxia, a conse-
quence of reduced respiration, rather than by
activation of the hypoxic genetic program. Accord-
ingly, the authors showed that other interventions
aimed at reducing oxygen partial pressure in the
brain, namely exposure to nonlethal concentration
of carbon monoxide and severe anaemia, have
similar beneficial effect [36]. These interesting
findings, however, do not fully address whether
ROS may play a role in the development of the
disease and partly contradict the observation that
the genetic activation of the hypoxic response
protected against respiration defects [37].

Antioxidants

Reactive oxygen species (ROS) are normal by-
products of respiration generated at several sites
in the matrix and intermembrane space, including
complex I FMN moiety, complex III ubiquinone-
binding sites, glycerol 3-phosphate dehydroge-
nase, the electron transferring flavoprotein:Q oxi-
doreductase (ETFQOR) involved in the terminal
phases of oxidation of both fatty acids and
branched-chain amino acids, and pyruvate and
2-oxoglutarate dehydrogenases [38].

ROS, for instance the superoxide anion (0,%) and
most of all the hydroxyl radical (‘OH), are highly
reactive molecules, whose production is increased
in the presence of respiratory chain dysfunction,
ageing [39] or specific OXPHOS defects [40], and
may damage key cell components, including pro-
teins, lipids and nucleic acids.

Cells have evolved highly efficient antioxidant
defences to prevent oxidative damage. For instance,
0,2 is rapidly converted into the much less harmful
and more stable hydrogen peroxide (H,O5) by the
mitochondrial manganese superoxide dismutase
(SOD2) [41]. HyO5 is then converted to water by
mitochondrial glutathione peroxidases (GPX) or
peroxiredoxins (PRX) or can diffuse to the cytosol,
where it has important signalling functions by
oxidizing protein thiol residues. In turn, cytosolic
GPXs and PRXs and peroxisomal catalase tightly
regulate H,O, levels by converting it into water [41].

Based on these observations, antioxidants have
been proposed in the therapy of mitochondrial
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diseases, and several compounds with antioxidant
properties are or have been used in the clinical
practice as well as in experimental setups.

KH176 is a compound found by systematic screen-
ing of a cell library that works both as an antiox-
idant and as a redox modulator by activating the
thioredoxin/peroxiredoxin system [42]. In the
Ndufs4”~ mouse, KH176 administration improved
rotarod performance and gait abnormalities with
retention of the microstructural organization in
some areas of the brain; KH176 treatment was
neither able to reduce or prevent the severe brain
pathology, nor had it tangible effects on the onset
or severity of the disease, as measured by pheno-
typic scoring or lifespan [43]. However, recent data
showed a slight, but significant, increase in the
lifespan and amelioration of some gait and motor
parameters in KH176-treated Ndufs4-/- mice [44].

N-acetyl cysteine (NAC) and vitamin E were able to
rescue the phenotype of gas-1(fc21) in mutant
nematodes, carrying a mutation in the orthologue
of complex I 49 KDa subunit (NDUFS2) [44]. CoQ,
lipoate, orotate and vitamin C partially prolonged
the lifespan of the same model [44]. These results
were possibly due to a reduction of oxidative stress
without correction of the underlying mitochondrial
defect [44]. In another series of experiment, probu-
col rescued zebrafish developmental delay induced
by rotenone inhibition of complex I and oligomycin-
dependent complex V inhibition, but failed to
rescue complex IV inhibition by azide [45]. The
reasons for the different outcome with the complex
IV inhibitor are not known.

Finally, NAC and ascorbate were shown to decrease
ROS production in fibroblasts with a mutation in
COX4-1 subunit [46].

Translation into the clinic

In spite of these controversial data, antioxidants
remain central in clinical practice, and several
antioxidant-based clinical trials have been com-
pleted or are ongoing.

In a double-blind, randomized, placebo-controlled,
phase 1 study (NCT02544217). KH176 was shown
to be well tolerated up to single doses of 800 mg
and multiple doses of 400 mg b.i.d. and had a
pharmacokinetic profile supportive for a twice daily
dosage. Only at high doses, KH176 caused clini-
cally relevant QTc prolongation [46]. A phase 2a
clinical trial (KHENERGY, NTC0290400)

investigated tolerability, safety, pharmacokinetics,
pharmacodynamics, and efficacy of twice daily oral
100 mg KH176 for 28 days in 18 adult m.3243A>G
patients without cardiovascular involvement. No
significant improvements in gait parameters or
other motor outcome measures were observed in
this 28 days study. Beneficial effects on mood and
alertness as measured by the BDI, HADS and TAP,
were observed [46], supporting a phase 2b study ,
which is currently ongoing (KHENERGYZE,
NCT04165239: see https://clinicaltrials.gov/ct2/
show/NCT04165239).

Idebenone is a compound structurally related to
CoQ and is the first drug approved by EMA
(European Medicines Agency) for the therapy of
Leber’s Hereditary Optic Neuropathy (LHON), with
an indication for the treatment in patients with
acute, subacute or dynamic clinical course,
whereas it was not recommended for the treatment
for chronic patients [49].

Several idebenone-based clinical trials have been
carried out, including (i) NCT00887562 on MELAS,
in which the primary end-point did not reach
statistical significance, and (ii) NCT00747487 on
LHON, in which the primary end-point did not
reach statistical significance, whilst the secondary
outcomes significantly differed in a subgroup of
patients with discordant visual acuity at baseline.

RTA408 (omaveloxone) is an oleanane triterpenoid
compound activating nuclear factor erythroid-
derived 2-related factor 2 (Nrf2), a master regulator
of the antioxidant response, which is suppressed in
Friedreich’s ataxia. A randomized, double-blind
phase 2 study on FRDA patients (NCT02255435)
provided evidence of good tolerability of the com-
pound administered at 160mg/day over three
months, with minor adverse effects and improved
neurological abilities assessed by modified Friedre-
ich’s Ataxia Rating Scale [50]. A second trial
(NCT02255422) with the same compound on mito-
chondrial myopathy has been completed but the
results are not yet available.

EPI-743 is an antioxidant compound, which has
been widely tested in several clinical trials on
different diseases. However, either the trial has
been suspended or the results not published.
These include the following: (i) NCT01370447 on
mitochondrial respiratory chain diseases, active
not recruiting; (ii) NCT01642056 on mitochondrial
disorders; (iiij NCT02104336 on Pearson’s
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syndrome, discontinued; (iv) NCT02352896 on
Leigh disease, completed with no published
results; and (v) NCT01962363 on Friedreich’s
ataxia, completed with no published results.

Finally, two clinical trials were carried out with
thioctic (lipoic) acid (NCT00004770) and curcumin
(NCT00528151 on LHON patients with 11778
mutation). In both cases, the studies have been
completed, but the results are not available.

From the above discussion, the necessity
emerges to improve the quality of both preclin-
ical data supporting the clinical studies, which,
with the exceptions of KH176 and idebenone,
are almost completely lacking, and the need for
a more systematic and accessible policy to
report the results.

Finally, it has become increasingly clear in recent
years that ROS have also crucial signalling func-
tions in a number of pathways [51], and there is
evidence that interfering with these can have harm-
ful consequences for the cell, as outlined in the next
session.

Bypass of electron transfer chain defects

Alternative oxidase (AOX) and NADH reductase
(Ndil) are single-peptide enzymes present in yeast,
plants and lower eukaryotes as alternative compo-
nents of the respiratory chain. These xenoproteins
have been expressed in cellular and Drosophila
models to bypass the block of the RC due to defects
in specific complexes. The rationale for using these
nonproton pumping enzymes is the restoration of
the electron flow, thus decreasing the accumula-
tion of potentially harmful reduced intermediates
and ROS production and increasing ATP produc-
tion by allowing proton pumping at the nonaffected
RC complexes. Ndil, which in the yeast Saccha-
romyces cerevisiae replaces complex I, by transfer-
ring electrons from NADH to CoQ, has been
expressed to bypass cl defects in cells and flies,
but not yet in mammalian systems [52,53]. AOX,
which in various organisms transfers electrons
from CoQ to molecular oxygen, without pumping
protons, may then bypass clll and cIV defects
[54,55]. A transgenic mouse moderately expressing
AOX has been produced and did not show any
obvious clinical abnormality [56]. Two recent stud-
ies explored the possibility to bypass clIl or cIV
defects in mouse models of mitochondrial disease,
leading to starkly different results. AOX was able to

markedly prolong the lifespan of the cllI-defective
Bes1P-578% knock-in mouse model of GRACILE
syndrome, preventing renal tubular atrophy and
cerebral astrogliosis, but not liver disease. In
addition, ultrastructure of cardiac mitochondria,
respiration rate and transcriptome and metabolo-
mic signatures were normalized by AOX, with no
effect on ROS production [57].

In contrast, when crossed to skeletal muscle-speci-
fic Cox15 knockout, AOX led to an unexpected
worsening of the myopathic phenotype, which was
associated with markedly reduced ROS production
via RET, possibly impairing a compensatory mech-
anism controlling mitochondrial biogenesis and
satellite cell differentiation [58].

Several aspects remain to be investigated in order
to clarify the possibility of using AOX to bypass clII
and IV defects. The different outcomes may be due
to different disease mechanisms underlying the
specific defects, or to the different organs involved
or to the specific Ciona intestinalis AOX used in
these studies. Numerous AOX from different organ-
isms have been studied in detail and have different
kinetic and structural profiles that should be more
(or less) favourable in the potential therapy of
mitochondrial dysfunction.

Targeting mitochondrial dynamics and shape

Mitochondria are highly dynamic organelles. Their
shape and mass are finely tuned by the activity of
pro-fusion proteins, such as mitofusin 1 (MFN1),
MFN2 (acting in the OMM) and optic atrophy
protein 1 (OPA1, acting in the IMM)), as well as
pro-fission proteins, such as dynamin-related
protein 1 (DRP1) and mitochondrial fission 1
protein (FIS1) [59,60]. Mutations in these genes
lead to disease in humans. Heterozygous domi-
nant mutations in OPAI are associated with
autosomal dominant optic atrophy [61], whereas
dominant mutations in MFN2 cause Charcot—
Marie-Tooth disease type 2A [62].

Deletion of Mfnl and MfnZ2 in the skeletal muscle of
the POLGP?°" mutator mouse leads to striking
worsening of the clinical conditions, due to accu-
mulation of mtDNA mutations. These results sug-
gest that mtDNA integrity is protected by the
physiological balance between mitochondrial fis-
sion and fusion, possibly promoting the continu-
ous mixing and complementation of different
mtDNA pools [63].
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Brain:
scAAV9; PHP.B

Retina:
AAV2

Heart:
AAV9; AAV9.45

Liver:
AAV8

Skeletal Muscle:
AAV9

Fig. 4 AAV serotypes used in mouse models of mitochondrial diseases

In 2013, Cogliati et al. demonstrated that moderate
overexpression of Opal increased the efficiency of
the respiratory chain by regulating the structural
and functional organization of the respiratory
complexes into supercomplexes [64].

We reported that moderate overexpression of Opal
was beneficial in models of mitochondrial
encephalopathy and myopathy by stabilizing the
defective complexes and supercomplexes [65]. More
recent data produced in our laboratory suggest that
Opal overexpression can also prevent kidney focal
glomerulosclerosis observed in Mpvl17 KO mice
(Luna-Sanchez et al, manuscript in preparation,
2019). In addition, moderate Opal overexpression
proved to be beneficial in several other conditions
characterized by altered mitochondrial morphology,
including denervation-induced muscle atrophy, liver
damage and ischaemic brain damage [66].

Alternative strategies aimed at modifying mito-
chondria fission/fusion have been suggested. By
using a computational approach, Rocha and col-
leagues were able to identify a small molecule
acting as an allosteric activator of Mfn2, thus
promoting fusion, and showed this compound
effectively ameliorates mitochondrial abnormalities
in cell lines carrying various mutations in MFN2
and normalizes axonal mitochondrial trafficking in
sciatic nerves of MFN2 Thr105Met mice, a model of
CMT?2A [67]. Future work to assess their efficacy in
models of OXPHOS deficiencies is warranted.

Translation into the clinic

Several clinical trials are currently ongoing on
primary mitochondrial disease, primary mitochon-
drial myopathy and LHON using elamipretide, a
Szeto and Schiller tripeptide able to enter cells and
accumulate in mitochondria, possibly by binding
cardiolipin. Cardiolipin is a phospholipid of the
inner mitochondrial membrane where it plays a
key role in regulating RC activities and structure
and shaping mitochondrial cristae [68]. Although
elamipretide seems to correct mitochondrial ultra-
structure in cells with altered mitochondrial mor-
phology, its mechanism is still poorly understood
and no evidence that it may be effective in primary
mitochondrial dysfunction has been provided.
Only for one of the clinical trials on elamipretide
(NCT02367014), the results have recently been
published, being aimed at providing evidence for
safety and initial efficacy assessment on mitochon-
drial myopathy patients [69]. Elamipretide showed
substantially favourable safety profile and
improved the 6-minute walking test in the treated
group compared with the placebo group.

Dietary manipulations

Dietary measures have been attempted on cellular
and in vivo models, as well as on mitochondrial
patients.

Ketogenic high-fat, low-carbohydrate diet (KD) was
used to stimulate mitochondrial beta-oxidation,

676  © 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine

Journal of Internal Medicine, 2020, 287; 665-684



."M New therapies for mitocondrial diseases / C. Viscomi & M. Zeviani

thus increasing the production of ketones, which
can be used by several tissues as an alternative
energy source. Ketone bodies are a source of acetyl-
CoA, thus entering the TCA cycle and increasing
the biosynthesis of succinate, which feeds the
respiratory chain via complex II. In addition, high
ketone levels have been shown to increase
OXPHOS genes expression via a starvation-like
response, which involves the same players control-
ling mitochondrial biogenesis, such as SIRTI,
AMPK and PGC-1a [70]. It is worth mentioning
here that succinate synthesis can be stimulated by
using compounds such as triheptanoin, an
anaplerosis-stimulating compound causing the
rapid increase of plasma C4- and C5-ketone bod-
ies. These are precursors of propionyl-CoA that is
then converted into succinyl-CoA.

In cybrids carrying a heteroplasmic mtDNA dele-
tion, KD reduced the mutation load [71], and in the
deletor mouse, a model carrying a mutant copy of
the helicase Twinkle, it slowed the progression of
the myopathic phenotype [72]. In contrast, KD
worsened the mitochondrial defect in vivo in the
Mpv177" mouse model [73].

A high-fat diet (HFD) had protective effects on
fibroblasts with clI deficiency and delayed the
neurological symptoms of the Harlequin mouse,
which carries a homozygous mutation in AIFM1,
encoding the mitochondrial apoptosis-inducing
factor, and is characterized by clI deficiency
[74].

Translation into the clinic

A modified Atkins KD was administered to five
patients with mitochondrial myopathy and pro-
gressive external ophthalmoplegia with single or
multiple deletions [75]. All of them developed
rhabdomyolysis, with severe damage to muscle
fibres, determining the termination of the study
after only two weeks. Notably, two years later, the
same patients showed an increase in muscle
strength, suggesting that the damage induced
by the diet had stimulated muscle repair by
satellite cells, which, for unknown reasons, are
virtually free from mtDNA deleted molecules.

Low glucose medium was shown to reduce the
accumulation of cl-subassemblies and to
increase respiration along with mitochondrial
content [76], but the mechanistic details are not
known.

Accordingly, triheptanoin treatment markedly
improved the cardiomyopathy in VLCAD-deficient
patients and the myopathy of CPT2 deficient
patients [77,78].

Endurance training

Endurance training is meant to activate the core
components of the mitochondrial biogenesis sys-
tem, including PGC-1a and AMPK. On this ground,
it was shown to delay ageing in mice [79,80], and to
be beneficial in the mtDNA mutator mice, where it
rescued the progeroid phenotype associated with
this mouse model [79]. Intriguingly, the beneficial
effects were not limited to skeletal muscle but also
involved other organs, including the brain. How-
ever, other people have not been able to replicate
this result.

Translation into the clinic

Exercise seems to be beneficial in some mitochon-
drial disease patients [81,82]. Aerobic endurance
training increased mitochondrial mass through the
stimulation of mitochondrial biogenesis, which
may lead to increased mitochondrial enzyme activ-
ities and muscle strength.

In another trial on patients with mitochondrial
DNA mutations, endurance training was beneficial
and safe [80,81].

Overall, the data suggest that combination of
progressive endurance with resistance exercise
may be beneficial in mitochondrial patients [85].

Disease-tailored strategies
Supplementation of nucleotides

MtDNA instability is related to defects either in the
machinery controlling mtDNA replication or in the
enzymes involved in the de novo or salvage path-
way for nucleotides biosynthesis [86], which cause
imbalanced nucleotide pools. Clinically, the dis-
eases related to mtDNA instability present as a
spectrum of heterogeneous disorders, including
severe infantile hepatocerebral, encephalopathy or
myopathy disorders, childhood onset myopathy or
adult onset PEO.

The supplementation of the missing or insufficient
dNTP can bypass the biosynthetic block and
restore the deoxynucleotides triphosphate (dNTP)
pools.
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Oral molecular bypass therapy with deoxypyrim-
idine monophosphates (ACMP and dTMP) or sub-
strate enhancement therapy with deoxypyrimidine
nucleosides (dC and dT) increased the levels of
mtDNA copy number, as well as the mitochondrial
RC activities in the thymidine kinase Tk2 2%V
mice. Thymidine kinase is the mitochondrial
enzyme that phosphorylates pyrimidine deoxynu-
cleosides into deoxynucleotides that can then be
used for mtDNA synthesis. This treatment resulted
in a dose-dependent prolongation of the lifespan
[87,88]. However, the efficacy of this therapy in the
long term has recently been questioned by using
Tk2 KO mice, because of the progressively reduced
bioavailability of dThd and dCtd after early post-
natal life [89].

Similar approaches were used for other disease
models. Deoxyguanosine improved mtDNA deple-
tion in human fibroblasts with mutations in
DGUOK, the gene encoding the mitochondrial
deoxyguanosine kinase, which phosphorylates
purines to the corresponding nucleotides in the
mitochondrial nucleotides salvage pathway [90].
Supplementation with pyrimidine and purine
nucleosides corrected ethidium bromide-induced
mtDNA depletion in human fibroblasts carrying
mutations in RRM2B, the P53-dependent subunit
of riboside reductase, the enzyme converting
ribonucleosides into deoxyribonucleosides. How-
ever, the corresponding monophosphate nucleo-
tides did not correct mtDNA depletion in RRM2B
deficient human myoblasts [91,92]. Finally, deoxy-
cytidine or tetrahydrouridine corrected mtDNA
depletion in a Tymp/ Upp1 double knockout mouse
model of MNGIE disease. Similarly, deoxycytidine
and tetrahydrouridine were also able to prevent
mtDNA depletion in a cell model of the same
syndrome [92].

Translation into the clinic

The results of an open-label study in which
deoxynucleoside monophosphates and deoxynu-
cleoside were administered for compassionate use
to 16 TK2-deficient patients were recently reported.
Children with severe disease presented a marked
amelioration of the clinical conditions compared
with the ominous natural history of the disease,
including prolonged survival and improvement of
motor abilities. In patients with later onset of the
disease, clinical outcome measures were improved
as well. Out of 8, 3 nonambulatory patients recov-
ered the ability to walk. Out of 5, 4 patients with

enteric nutrition discontinued the use of feeding
tube. Out of 9, 1 patient who required mechanical
ventilation became able to breathe independently.
Diarrhoea was the most common side effect but did
not require discontinuation of the therapy [93].

Supplementation of CoQ

Primary coenzyme Q deficiency, due to mutations
in the genes encoding the enzymes of the CoQ
biosynthetic pathway [94], is a striking example of
the huge variability of mitochondrial diseases. The
clinical outcomes include encephalomyopathy,
multisystem disease, cerebellar ataxia, isolated
myopathy and nephrotic syndrome [95].

Some 4-hydroxybenzoate B (HB) analogues have
been proposed as potential bypass molecules with
higher bioavailability than CoQ. These water-sol-
uble CoQ head precursors would bypass enzymatic
steps disrupted by mutations in COQ genes, but
their efficacy may differ depending on the stability
of the CoQ biosynthetic complex. Recent examples
are vanillic acid (VA) and 3,4-dihydroxybenzoate
(3,4-dHB), which are able to bypass COQ6 and
COQ9 mutations [96], or 2,4-dHB for COQ7 defects
[97)).

Translation into the clinic

CoQ supplementation at high doses is effective in
treating both primary and secondary CoQ deficien-
cies [98]. However, for unknown reasons only 20%
of the patients responded to CoQ;o supplementa-
tion [99]. Obstacles to tissutal CoQ;o delivery may
be caused by its high molecular weight and high
hydrophobicity, but at high doses, dietary supple-
mentation increases CoQio levels in all tissues,
including heart and brain, especially with certain
formulations [10,101]. In addition, studies in cel-
lular models suggest that the slow pharmacokinet-
ics of CoQ;p can be a reason for the variable
responses observed in patients, but additional
investigation is needed to clarify this issue.

AAV-based gene therapy

Gene therapy consists in the expression of genes
either as wild-type form of a missing or mutated
gene or of other therapeutic genes (e.g. alternative
oxidases and reductases) by using appropriate
cellular or viral vectors. Adeno-associated viral
vectors (AAVs) are currently at the forefront of
human gene therapy because of the favourable

678  © 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine

Journal of Internal Medicine, 2020, 287; 665-684



."M New therapies for mitocondrial diseases / C. Viscomi & M. Zeviani

safety profile and the availability of several tissue-
specific serotypes (Figure 4). However, the limited
cloning capacity and the intrinsic difficulty in
achieving therapeutic expression levels in several
tissues limit their applicability to disease due to
mutations in small genes and possibly involving a
single organ.

In the context of mitochondrial diseases, AAVs
have been used to deliver therapeutic genes in
several mouse models of mitochondrial disorders,
including the models for ADOA [12], MNGIE [13],
EE [14] and Leigh syndrome [15].

Although MNGIE and EE are very different dis-
eases, they are both characterized by accumula-
tion of high levels of toxic compounds, pyrimidine
nucleotides for the first, hydrogen sulphide for the
latter [16]. Hepatotropic AAVS vectors were used in
the mouse models of both diseases to re-express
the missing gene in the liver, the main filtering
organ in the body, leading to scavenging of the toxic
compound from the bloodstream and peripheral
organs. This approach triggered the idea that a
similar effect could be achieved in EE [17] and
MNGIE [18] patients by using liver transplant, thus
bypassing all the regulations needed to implement
a clinical trial with AAVs. It should also be noted
that pre-existing liver disease, as occasionally
observed in MNGIE [18] and other diseases, may
prevent the use of AAVs, since cellular damage may
interfere with viral entry into the cells. Notably,
liver transplant has also been used as a therapy for
other mitochondrial diseases with hepatopathy,
such as Alpers’ disease, at early stages [19,110],
although the neurological derangement was not
prevented.

We recently showed that the phenotype of Ndufs4”
mice could be partially rescued by human NDUFS4
only when the AAV9 vector was simultaneously
administered systemically and intracranially. This
highlights the potential, but also the challenges of
targeting several organs in multisystem disorders,
and the brain in particular, which is protected by
the blood-brain barrier (BBB) [15]. In fact, the
AAV9 serotype did not efficiently cross the BBB
and mainly targeted glial cells when injected
intracranially in newborn mice. Interestingly, new
engineered serotypes, such as PHP.B, raised great
hopes because of their extremely high efficiency in
crossing the BBB [111]. Unfortunately, PHP.B is of
limited usefulness for translation into -clinics
because of its liver toxicity observed in nonhuman

primates and its reliance for crossing the BBB on
the presence of Lyb6a, a glycosylphosphatidylinos-
itol (GPI) protein, which is absent in primates
[112]. However, preliminary results from our lab-
oratory on the use of PHP.B on Ndufs4”’~ mice
confirm the potential benefits of brain-tailored
AAV-based gene therapy for mitochondrial, and
potentially for other, diseases (Viscomi et al,
unpublished) and indicate that future efforts
should be put in developing new tools for this goal.

AAV can also be used to deliver other therapeutic
genes to the affected organs. The most important
example on this matter is the use of molecular scissors
(i.e. dimeric endonucleases such as Fokl) to selectively
destroy mutated mtDNA, preserving wild-type mole-
cules. Both mitochondrial targeted (mt)TALENs and
mtZFNs were shown to be able to reduce the hetero-
plasmicload in several cellular models with mutations
in mtDNA [113-115], and in vivo in the same mouse
models carrying a heteroplasmic mutation in the MT-
tRNA-Ala gene [116,117].

It is worth noting here that the CRISPR/Cas9
system, which has great potential for the manipu-
lation of the nuclear genome, cannot be applied to
mtDNA due the impossibility of importing RNAs
(such as the guided RNAs which are integral
components of the Cas9 nucleoprotein) into mam-
malian mitochondria [118].

Translation into the clinic

There are several AAV-based clinical trials regis-
tered for LHON disease and one has been com-
pleted using allotopic expression of ND4, that is
expression of mtDNA-encoded protein from the
nucleus. Although there is weak evidence that
allotopically expressed mtDNA-encoded subunits
can enter into mitochondria and can be inserted
into respiratory complexes, Guy et al. reported
amelioration of visual acuity in the injected eyes
[119]. An alternative explanation to this clinical
effect could be the presence of a secondary muta-
tion in mtDNA and a spontaneous recovery that is
often observed especially in the m.11778G> A
mutation [120].

Another study using a single dose (5x10° vg/
0.05mL) of rAAV2-ND4 on 9 patients
(NTC01267422) [121] reported no adverse effects.
In 6/9 patients, visual acuity improved, and visual
field was enlarged nine months after treatment,
whilst other parameters were unchanged.

© 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on hehalf of Association for Publication of The Journal of Internal Medicine 679

Journal of Internal Medicine, 2020, 287; 665684



."M New therapies for mitocondrial diseases / C. Viscomi & M. Zeviani

An  open-label phase I/II  clinical trial
(NCT02064569) investigated both safety and pre-
liminary efficacy of a rAAV2/2-ND4 in 4 dose-
escalation cohorts (9 x 10°, 3 x 10'°, 9 x 10'°,
1.8 x 10'! vector genomes/eye). The treatment
proved to be overall safe with only mild to moderate
adverse effects, such as increase in ocular pres-
sure, ocular pain and vitritis. A clinically relevant
improvement in the best corrected visual acuity
(i.e. the best vision achievable with the help of
correction) was observed in the treated eyes in 6/14
patients. In parallel, a between-eye difference in the
change of visual acuity from the baseline was
observed in a subset of patients with disease
duration of less than 2 years. A phase 3 study is
currently ongoing on patients with vision loss for
less than 6 months and between 7 months and
1 year (NCT03406104). So far the results of this
study have been only disclosed on the sponsor
website (https:/ /www.businesswire.com/news/
home/20180619006555/en/GenSight-Biologics-
Key-Opinion-Leaders-Highlight-GS010), who reported
a preservation of the retinal ganglion cell macular
volume and nerve thickness and an improvement
in contrast sensitivity of the treated vs. sham-
treated eyes. No difference was observed in high-
contrast visual acuity. According to the sponsor,
the intervention was more effective on young
patients with vision loss duration of less than
9 months. These results are promising but await
confirmation through a peer-reviewed publication.

In spite of the difficulties related to the extremely
high production costs and regulatory require-
ments, new stamina for the AAV-based gene ther-
apy has been triggered by the positive results of a
clinical trial on spinal muscular atrophy using
AAV9, showing remarkable amelioration of the
treated patients compared with the natural history
of the disease. It remains anyway challenging to
address the safety concerns and comply with all
the regulations as every single vector has to be
treated as a new therapeutic agent.

Conclusions

Mitochondrial diseases raise very peculiar chal-
lenges to the development of effective therapies. A
first challenge is the extreme heterogeneity of these
diseases, partly due to the huge number of genes,
each involved in specific diseases, partly to the
intrinsic variability of mitochondrial genetics, in
which the same mutation in mtDNA can lead to
different phenotypes, even within the same family.

A second problem is that mitochondrial diseases
often present as multisystem disorders affecting
several organs and correcting the defect in all of
them is still challenging and may imply several
complementary approaches.

Third, the brain, which is often affected in mito-
chondrial disorders, is protected by the blood—
brain barrier, which prevents most of the drugs
from reaching this organ. This is particularly
important for the development of AAV-based gene
therapy approaches. As new serotypes become
available, new hopes and, as we saw, new chal-
lenges arise.

Finally, a defect in ATP production is often the
primary consequence of mitochondrial dysfunc-
tion, but, in many cases, this is accompanied by
other consequences. Experimental work over the
last 10 years has shown that several of these
consequences can be at least partially corrected
by pharmacological interventions, but it is difficult
to anticipate a single intervention able to rescue all
of them.

We think that a radical cure for these diseases will
probably come only from gene therapy. The results
obtained on other diseases, such as spinal-muscle
atrophy [121], are very encouraging from this point
of view. Mitochondrial gene therapy poses addi-
tional problems, including the fact that (i) mito-
chondria are surrounded by a double membrane,
(ii) mitochondrial diseases are often multisystemic,
making it difficult to reach the high titres required
to target a majority of cells in all the affected
organs, (iii) mammalian mitochondrial DNA has no
recombination systems, preventing the use of
homologous recombination-based approaches, (iv)
mitochondria cannot import nucleic acids, pre-
venting the use of CRISPR/Cas9-based tech-
niques, and (v) last but not least, mtDNA is
polyplasmic, that is present in multiple copies (up
to 200000 in mature oocytes) instead of the diploid
or haploid organization of nuclear genes, which
implies an extremely high number of genomes to be
targeted in each cell to produce a tangible effect. In
spite of these problems, the recent development of
approaches to shift mtDNA heteroplasmy levels
using ZFNs or TALENs opened great therapeutic
opportunities. However, a regulatory simplification
is needed in order to move towards the clinical
application. Under the current regulations by EMA
and/or FDA, each single ZFN or TALEN, as well as
each AAV-targeted therapeutic nuclear gene, is
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considered as a new drug and would require a
number of safety and toxicological assessments,
with extremely high costs.

A final cure for mitochondrial diseases has still to
come, but the exciting progresses in the field
during the last decade give the realistic hope that
a solution will be available in the near future.
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