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Abstract

Background: Genetic mitochondrial diseases represent a significant challenge to human health. These diseases are
extraordinarily heterogeneous in clinical presentation and genetic origin, and often involve multi-system disease with
severe progressive symptoms. Mitochondrial diseases represent the most common cause of inherited metabolic dis-
orders and one of the most common causes of inherited neurologic diseases, yet no proven therapeutic strategies yet
exist. The basic cell and molecular mechanisms underlying the pathogenesis of mitochondrial diseases have not been
resolved, hampering efforts to develop therapeutic agents.

Main body: In recent pre-clinical work, we have shown that pharmacologic agents targeting the immune system
can prevent disease in the Ndufs4(KO) model of Leigh syndrome, indicating that the immune system plays a causal
role in the pathogenesis of at least this form of mitochondrial disease. Intriguingly, a number of case reports have indi-
cated that immune-targeting therapeutics may be beneficial in the setting of genetic mitochondrial disease. Here, we

summarize clinical and pre-clinical evidence suggesting a key role for the immune system in mediating the patho-
genesis of at least some forms of genetic mitochondrial disease.

Conclusions: Significant clinical and pre-clinical evidence indicates a key role for the immune system as a significant
in the pathogenesis of at least some forms of genetic mitochondrial disease.
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Background

Genetic mitochondrial diseases affect over 1 in 4000
individuals, are the most common cause of inherited
metabolic disorders, and are a major cause of genetic
neurological diseases [1]. Mitochondrial disease can
involve a strikingly diverse array of clinical features
ranging from primarily single organ involvement, as in
Leber’s hereditary optic neuropathy (LHON), to severe
multi-system disorders, such as in Leigh syndrome (LS)
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or mitochondrial encephalomyopathy with lactic acidosis
and stroke-like episodes (MELAS) [2-7].

Mitochondrial diseases are characterized by both
genetic and clinical heterogeneity. Over 350 disease caus-
ing genes have been causally linked to genetic mitochon-
drial disease, including genes in both the mitochondrial
and nuclear genomes [8—12]. The often exceedingly rare
individual genetic causes cluster into clinically defined
syndromes based on symptoms. Accordingly, there is a
great deal of genetic heterogeneity within many individ-
ual mitochondrial diseases; for example, over 75 genes
have been shown to cause LS alone [13-15]. In general,
no clear mechanisms distinguish genes within a given
clinical syndrome from those in other syndromes. Sig-
nificant clinical heterogeneity in disease onset, course,
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and severity is perhaps unsurprising given the com-
plex genetic architecture of mitochondrial diseases, but
genetic differences alone have yet to explain the variant
clinical progression of individual cases.

Mechanistic explanations for the complex pathogen-
esis of individual genetic mitochondrial diseases, and
for the differential pathogenesis of unique syndromes
arising from similar primary mitochondrial defects,
have been elusive, and clinically proven therapeutics are
lacking. Decades of research focused on the primary
molecular sequelae of genetic defects in mitochondrial
components, i.e. reduced electron transport chain capac-
ity or ATP production or increased reactive oxygen spe-
cies production, have yielded a great deal of novel insight
into the inner workings of mitochondria, but have failed
to explain the pathobiology of genetic mitochondrial
disease syndromes, and have provided no meaningful
interventions. Pre-clinical studies in mouse, invertebrate,
and cell models have also identified various putative
approaches to modulating disease in a non-clinical set-
ting including gene therapy, hypoxia, mTOR inhibition
(see below), and NAD redox manipulation, but each is
limited by unclear translational potential and/or lack of
generalizability (in the case of gene therapy, where each
of the >350 genes would require ad hoc approaches) (see
[16-19]). While rescuing primary genetic defects in pre-
clinical models has become possible in recent years, the
lack of clinical therapeutic options is in no small part a
consequence of the fact that the mechanistic pathobiol-
ogy of mitochondrial disease has been poorly studied,
leaving few options for therapeutic targeting. Identifica-
tion of common pathogenic processes downstream of
the primary genetic defects could provide treatments for
genetically distinct forms of mitochondrial disease.

In a recently published study, we demonstrated that
immune cells causally drive CNS lesions in the murine
model of LS, the most common form of pediatric mito-
chondrial disease [20]. LS is a particularly severe form
of mitochondrial disease, with symptoms including cer-
ebellar ataxia, hypotonia, respiratory dysfunction, lactic
acidosis, seizures, and progressive symmetric necrotiz-
ing lesions in the brain stem and cerebellum, which are
a defining feature of the disease. In this study, we demon-
strate that targeting immune cells through high-dose leu-
kocyte-specific inhibitors rescued both central nervous
system degeneration and systemic disease. Taken with
prior studies probing the benefits of mTOR inhibitors
in mitochondrial disease, these data provide strong evi-
dence that the pathogenesis of LS is immune mediated.

The potential importance of these findings for the
treatment and understanding of mitochondrial disease
is clear, and assessment of current knowledge regard-
ing the relationship between immune function and
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mitochondrial disease in human patients is prudent.
Given the ad-hoc management of mitochondrial dis-
ease patients, often as a result of symptom management
during extended workups leading to eventual diagnosis,
there are a number of case-reports of mitochondrial dis-
ease patients being treated with various immune-sup-
pressive interventions. Here, we provide a brief review
of these reports, as well as the pre-clinical evidence from
mice.

Main text

Immune dysfunction in genetic mitochondrial disease
Mitochondrial diseases are remarkably heterogeneous.
Clinically distinct mitochondrial disease syndromes
such as Leigh syndrome and MELAS differ from each
other age of onset, organ system involvement, and spe-
cific disease sequelae, but disease course and individual
symptoms can differ greatly even among patients with
the same diagnosed disorder or causal mutation. Multi-
system mitochondrial disorders are most defined by
neurologic, metabolic, and muscular symptoms, but
mitochondrial defects can impact every organ system,
including the immune system.

Altered immune system function is a well-documented
possible sequalae of genetic mitochondrial dysfunction,
but available data indicate that the nature of immune
system involvement is extremely complex and very
poorly understood. Recent data, detailed below, clearly
demonstrate that aberrant immune activation plays a
key causal role in the pathogenesis of some forms of
genetic mitochondrial disease (discussed below). How-
ever, reduced or impaired immune function is a source
of acute medical distress in mitochondrial disease, and
infections are a major cause of morbidity and mortality in
these patients; many experience recurrent infections and
delayed recovery following infection, and in some stud-
ies sepsis and pneumonia are the most common proximal
causes of death [21-24]. A retrospective study of about
100 ‘definite’ or ‘probable’ mitochondrial disease patients
(patients with diagnosis supported by biochemical or
genetic studies) at Massachusetts General Hospital pro-
vides an overview of the range and severity of immune
symptoms experienced by these patients: ~40% experi-
enced serious or recurring infections, with over 10% suf-
fering from one or more episodes of sepsis or systemic
inflammatory response syndrome (SIRS), while, at the
same time,~40% of these patients experienced atopy
and/or were diagnosed with an autoimmune disease [22].

Many mitochondrial disease patients are evaluated
for immune deficiency during the diagnosis process. In
a recent study, 56% of patients were found to be seron-
egative for antibodies to two or more vaccine prevent-
able diseases, despite more than 80% adherence to the
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recommended vaccination schedule, indicating that
mitochondrial disease patients either fail to develop
immunity following vaccination or are unable to main-
tain immunity [23]. These striking data not only raise
clinically and scientifically significant questions about the
nature of immune system defects in mitochondrial dis-
ease, but also highlight how much we do not yet know
about these disorders.

In addition to reports associating mitochondrial dis-
ease in toto with immune dysfunction, some individ-
ual mitochondrial diseases are clearly associated with
specific immune defects. Low white blood cell counts
(leukopenia) have been reported in multiple forms of
mitochondrial disease. Neutropenia (a type of leukope-
nia) is reported to impact 90% of patients with Barth syn-
drome, for example, which is caused by defects in genes
involved in production of the mitochondria-specific
structural lipid cardiolipin [25, 26]. Specific deficiencies
in CD8+ T-cell and NK cell, which are related to recur-
rent infections, have been reported in a patient with
mitochondrial DNA depletion [27]. In line with these
data, MELAS patients show a depletion of pathogenic
heteroplasmic mutation load in T-cells, consistent with
a ‘purifying’ selection against mutant mtDNA a result
of their altered function [28]. Cytochrome C oxidase
(COX) activity has been shown to influence T-cell func-
tions in a sub-population dependent manner and lead to
immune deficiency, while COX defects in mice impair
B-cell positive selection [29, 30]. Also in mice, mitochon-
drial CIII function has been shown to be important for
antigen-specific T-cell activation and invariant NK cell
development and function [31, 32]. Our aim here is to
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summarize evidence linking immune activity to disease
pathogenesis in genetic mitochondrial disease, so a full
review of immunometabolism and the role of mitochon-
dria in immune system function is beyond our scope;
many high-quality literature reviews expand on these
topics (for some examples, see [33—36]).

Evidence for immune involvement in the pathogenesis

of mitochondrial disease

Clinical evidence—signs of inmune involvement

in non-immune sequela of disease

An array of evidence from case reports and natural his-
tory studies suggests immune involvement in the patho-
genesis of genetic mitochondrial diseases (see Fig. 1,
Table 1).

In LHON, progressive damage and functional com-
promise of the optic nerve results in vision loss. Vascular
abnormalities and swelling can be detected early in dis-
ease. Though direct evidence for immune involvement
in humans is sparse, some data suggests that early-stage
LHON is responsive to corticosteroids [37, 38]. LHON
often presents in patients also diagnosed with MS, with
the dual diagnosis of MS and LHON known as Hard-
ing’s syndrome or LHON-MS [39]. MS is an autoim-
mune disease which is not fully understood, likely has
multiple distinct causes, and is not considered a genetic
mitochondrial disease; however, in MS occurs much
more often with LHON than would occur by chance in
Harding’s syndrome, and in this situation the MS symp-
toms can be putatively causally linked to the mitochon-
drial defect driving the LHON pathology [39, 40]. MS
has been causally linked to inflammation, while evidence

Clinical Evidence of Immune
Involvement in Disease

Neuroinflammation in LS, mitochondrial
leukoencephalopathy, FRDA

LHON/MS coincidence

B-cell hyperplasia in AIFM1
encephalomyelopathy

Gliosis and meningeal CD8(+)
T-cells in POLG1

Inflammatory cytokines in
Barth syndrome, POLG1

Oligoclonal bands in POLG1 CSF

/#/ }\

Immune Stress and Symptoms

Co-incidence of infection and onset

Co-incidence of infection and periods
of deterioration/symptom progression

Symptom co-incidence with infection

Disease Attenuation with
Immune Modulation

IVIG in LS, mitochondrial myopathy,
other forms of GMD

Corticosteroids in MELAS, MNGIE,
MM, mitochondrial leukoencephalopathy

Rapamycins in LS, MELAS

Fig. 1 Clinical evidence of immune-mediated disease pathogenesis in the setting of genetic mitochondrial disease
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Table 1 Clinical studies reporting immune targeting interventions in mitochondrial diseases
Disorder/syndrome Immunomodulatory treatment Reported outcome Citation

Mitochondrial myopathy VIG
Methylprednisolone
Prednisone

Dexamethasone, prednisone
Prednisone

Mitochondrial leukoencephalopathy Methylpredisolone

ND4-related demyelinating syndrome Plasmapheresis, steroids, IVIG

IVIG + steroids
Rituximab + steroids

mtDNA depletion syndrome
DARS2-related demyelinating syndrome

ATP6A-related Leigh syndrome

MELAS Dexamethasone

Prednisolone

Dexamethasone and prednisone

Corticosteroids
Prednisone

Everolimus

Mitochondrial encephalomyopathy Prednisolone

Mitochondrial myopathy with eosinophilia - Corticosteroids

NDUFS4-related Leigh syndrome Everolimus

Plasmapheresis followed by regular IVIG

Significant clinical improvement [71,81,82,85,86]
Significant clinical improvement [81]

Substantial improvement sustained after [82]
steroid cessation
Improvement in exercise tolerance and [85]
muscle strength

Significant clinical recovery; symptom return  [86]
with dose reduction

Significant clinical improvement [56]

Improvement with plasmapheresis, but not ~ [72]
steroids or IVIG

Stabilization of disease [72]

Stablization. Symptoms returned after cessa-  [72]
tion of treatment

Substantial clinical improvement, symptoms ~ [73]
returned when plasmapheresis ceased.
Improvement upon treatment resumption

and with maintenance on regular IVIG

Sustained clinical improvement. Relapse [76]
upon cessation of steroids

Sustained clinical improvement, relapse upon  [77]
dose reduction/cessation

Sustained clinical improvement, relapse upon  [78]
dose reduction/cessation

Sustained clinical improvement [79]
Significant clinical improvement [75]
No response [87]
Improvement (patients post-kidney trans- [88]
plant)

Significant clinical improvement. Relapse [83]
when dose decreased

Improvement. Symptoms relapsed when [84]
steroids ceased, improvement with subse-

quent treatment

Sustained improvement [87]

increasingly supports a role for mitochondrial dysfunc-
tion [41-43]. Harding’s syndrome provides an example of
a disease clearly linked to both mitochondrial defects and
inflammation.

Mitochondrial disease arising from defects in mito-
chondrial apoptosis inducing factor 1 (AIFM1) can cause
a wide range of symptoms including encephalomyopathy,
cerebellar ataxia, peripheral neuropathy, etc. [44-51].
Clinical evidence for immune involvement is minimal
(see pre-clinical section below), but a patient with par-
ticularly severe disease presented with follicular bronchi-
olitis, a rare non-neoplastic B-cell hyperplasia typically
associated with genetic immune defects, acquired immu-
nodeficiencies, or autoimmune disease [44, 52].

In Barth syndrome, while patients experience recurrent
bacterial infections due to neutropenia, they also have
persistently elevated plasma levels of the inflammatory

cytokine interleukin 6 (IL-6), consistent with chronic
inflammation, which are thought to contribute to mus-
cle-wasting [53-55].

Mitochondrial leukoencephalopathy are mitochondrial
disorders with CNS white matter involvement. MRI of
the brains of patients with these disorders reveal white
matter pathology including contrast enhancement and
diffusion restriction consistent with blood brain bar-
rier breakdown and neuroinflammation [56]. Reactive
microgliosis was also observed by histology in a subset
of patients, though there was no evidence of peripheral
immune cells in the CSF.

Evidence for chronic inflammation has also been
reported in patients with mutations in POLGI (encoding
a subunit of the mtDNA polymerase): two case reports
found oligoclonal banding in CSF versus plasma consist-
ent with CSF autoimmunity and typically seen in multiple
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sclerosis, where a causal role for immune involvement is
well accepted [57-61]. Elevated CSF levels of the inflam-
matory cytokines interferon gamma (IFNy), IL-6, and
IL-8 have also been observed in POLGI disease [62].
Brain biopsies of POLGI patients have provided direct
evidence of gliosis and perivascular CD8(+) T-cells in
the meninges [63].

Defects in thymidine kinase 2 (TK2) also impact
mtDNA, leading to a mtDNA depletion syndrome with
progressive myopathy. Transcriptomic analysis of mus-
cle biopsies from TK2 deficiency patients has revealed
increased expression of genes associated with inflamma-
tion [64].

Inflammation appears to play a role in the pathogen-
esis of the mitochondria-associated iron accumulation
disease Friedreich ataxia (FRDA). Microgliosis has been
reported in the dorsal root ganglia of FRDA patients, a
known site of FRDA neuropathology [65]. Microglial
activation has also been reported in FRDA patients in
brain regions associated with neuropathology using PET
scanning for '®F-FEMPA, a high-affinity ligand for the
microglia-specific 18-kDa Translocator protein (TPSO)
(66, 67]. '8 F-FEMPA signal intensity correlates with age
of disease onset, supporting a causal role for neuroin-
flammation in FRDA symptoms [66]. FRDA patients
also show elevated plasma IL-6, and FRDA patient blood
transcriptomic profiles show upregulated innate immune
responses [66, 68].

Clinical evidence—immune targeting interventions

In addition to its use in treating immunoglobulin defi-
ciencies, intravenous immunoglobulin (IVIG) therapy is a
well-documented immune-suppressing therapeutic strat-
egy used in autoimmune disorders such as systemic lupus
erythematosus, antiphospholipid syndrome, Kawasaki
disease, demyelinating diseases, autoimmune neuromus-
cular disease, and scleroderma [69, 70]. In mitochondrial
disease, a patient with a confirmed mitochondrial myo-
pathy was found to have muscle T-cell infiltration upon
biopsy and showed significant clinical improvement after
IVIG therapy [71]. In another case report, three children
with genetically and clinically distinct forms of mito-
chondrial disease were treated with immune targeting
therapies. One responded well to corticosteroids alone,
another stabilized with corticosteroids and the B-cell
depleting drug rituximab, another failed to respond to
corticosteroids but showed marked improvement follow-
ing IVIG [72]. Perhaps most dramatically, an adult-onset
Leigh syndrome patient was given plasmapheresis to
treat a suspected autoimmune disease and experienced
resolution of symptoms prior to the confirmation of a
Leigh syndrome diagnosis, with a known causal homo-
plasmic ATP6A mtDNA variant and characteristic CNS
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lesions [73]. Strikingly, the patient remitted following
therapy, but with IVIG once again showed substantial
improvements in symptoms. The authors concluded sim-
ply that the mechanism of benefit was unknown, but that
ATP6A Leigh syndrome may involve underlying autoim-
mune mechanisms.

Corticosteroids, as mentioned above, also appear to
provide significant, and at times persistent, benefits in
genetically and clinically distinct forms of mitochondrial
disease [74]. These include MELAS [75-79], mitochon-
drial neurogastrointestinal encephalopathy (MNGIE)
[80], mitochondrial myopathy [81], mitochondrial
encephalomyopathy [82, 83], mitochondrial leukoen-
cephalopathy [56], and other forms of mitochondrial
disease [84—86]. The clinical reversal of disease was
so striking in some cases, as in the full reversal of CNS
symptoms in MELAS with subsequent dependency on
corticosteroids to prevent relapse, that authors sug-
gested corticosteroids should be standard treatments in
mitochondrial disease [76]. However, while corticoster-
oids may benefit many forms of mitochondrial disease,
a review of case reports found that they are likely det-
rimental in one form of mitochondrial disease, Kearns-
Sayre syndrome [74]. Whether a different immune
targeting approach would yield benefits, or immune
involvement is not universal in mitochondrial disease,
remains to be determined.

In response to preclinical data from the Ndufs4(KO)
mouse (detailed below), mechanistic target of rapamycin
(mTOR) inhibitors have also recently been tested in small
cohorts of mitochondrial disease patients. Rapamycins
(rapamycin and analogs such as sirolimus, everolimus,
and formulations such as ABI-009/nab-rapamycin) have
immune suppressive actions mechanistically distinct
from corticosteroids and calcineurin inhibitors, and are
FDA approved for use in preventing transplant rejec-
tion and graft versus host disease (Drug Approval Pack-
age: Rapamune (Sirolimus), Application No.: 021083). A
recent trial reported the use of everolimus in two pedi-
atric mitochondrial disease patients reported mixed
responses [87]. A 2 year-old Leigh syndrome patient
homozygous for the known pathogenic ¢.355G > C (pAs-
p119His) mutation in NDUFS4 responded strikingly
well to mTOR inhibition therapy, with a reversal of brain
lesions and striking recovery of gross motor function
which persisted through~20 months of therapy. The
other patient, a 69 month-old MELAS patient with high
heteroplasmy levels of the common m.3243A>G vari-
ant, did not appear to benefit. In a separate study four
post-transplant MELAS patients in terminal decline were
transitioned from calcineurin inhibitors to mTOR inhibi-
tors, and all four showed substantial improvement in
over the following months [88].
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Immunologic stress as a possible catalyst for symptoms

In a survey of high priority questions among mitochon-
drial disease patients and caregivers in the UK, two of
the top 10 questions were ‘what factors could trigger
the start of mitochondrial disease in people who have
a genetic mutation?’ and ‘why are people with the same
genetic mutation affected so differently in mitochondrial
disease?” [89]. While the answer to these questions is
complex, immune functions appear to be one potent con-
tributor to both onset and severity of genetic mitochon-
drial disease.

Mitochondrial disease can present prenatally or at
birth, but in many patients, symptoms do not appear
until later. Adult-onset mitochondrial disease is well-doc-
umented, even in classically pediatric syndromes such as
LS. Even in those with pediatric onset it is notable that
symptoms are frequently absent at birth in many forms
of mitochondrial disease. Disease onset can vary widely
both when comparing different clinically defined mito-
chondrial disease syndromes, as with the generally adult-
onset MELAS versus typically pediatric onset Leigh
syndrome, but also occur between patients with the same
clinical disorder. It is hard to reconcile any post-natal
onset of serious multi-system degenerative disorders
such as LS, particularly in cases of adult-onset disease,
with models where mitochondrial bioenergetics or ROS
directly drive disease pathobiology.

While a robust link has not yet been established, viral
infection and fever have been reported to coincide with
symptom onset in mitochondrial disease [21, 90-95]. For
example, in three unrelated patients with POLG muta-
tions, symptom onset followed infection with human
herpesvirus 6 or Borrelia [96, 97]. These patients all pre-
sented with severe seizures and rapid progressive neuro-
degeneration despite antivirals and antibiotics treatment
and were eventually diagnosed with mitochondrial dis-
ease caused by POLG. Borrelia infection has also been
associated with the onset of disease in a case of LHON
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[98]. A study of 14 pediatric patients with mitochondrial
leukoencephalopathy in India described febrile illness
as the inciting event in 57% of patients [56]. It has been
hypothesized that this link is due to the energetic stress
associated with induction of an immune response [91].
In light of the evidence for an immunologic origin of dis-
ease in LS it seems reasonable that it is the upregulated
immune responses themselves that trigger disease onset.
Testing this possibility will require careful study using
animal models.

Similarly, while genetic mitochondrial diseases are
progressive, the progression of symptoms is not linear—
patients experience periods of relative stability inter-
rupted by periods of deterioration. Reasons for ebbs
and flow in disease are likely complex, but infections
are one important factor. In a study of 130 LS patients
in Europe, 61% of acute exacerbations resulting in hos-
pitalization were found to result from infections [99]. In
another small study it was found that infection appeared
a few days prior to neurodegenerative events in a strik-
ing~70% of cases [21]. Moreover, there was a temporal
delay of about a week between infection and neurode-
generative event—a timeframe the authors note is similar
to that observed in Reye syndrome and suggest could be
related to the induction of inflammatory cytokines or cel-
lular mediators of immunity. These findings are notable
in light of recent findings linking mitochondrial function
to T-cells immune regulatory function in mice (discussed
below).

Finally, it appears possible that some mitochondrial
defects only present when uncovered by an immunologic
insult. In at least one case, mitochondrial leukoencepha-
lopathy which may have been precipitated by infection
appeared reversible after recovery from acute illness—
an infant with a DARS2 mutation experienced dramatic
neurological deterioration after a respiratory tract infec-
tion at 9 months of age but gradually improved several

Evidence for Inmune Mediated
Disease

Neuroinflammation in Ndufs4, TK2,
Aifm1, Gdap, and Mfn2 deficient mice

Hyperactive immune responses in PolG, Mfn2

Severe autoimmune disease in Mgme1
deficient and T-reg specific Ugcsfr1 KO mice

Immune Targeting Interventions

mTOR inhibition in Ndufs4,
TK2, and Aifm1 models

PI3KYy inhibition in the
Ndufs4(KO)

CSF1R inhibition in the Ndufs4(KO)

PKC inhibition in the Ndufs4(KO)

Fig. 2 Evidence for immune involvement in murine models of genetic mitochondrial disease
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months after resolution of the infection until nearly com-
plete recovery by 14 months [100].

Together, these findings support a link between
immune activity and symptom onset and progression in
genetic mitochondrial disease. Though the precise mech-
anisms underpinning this link are yet to be defined, and
may differ by form of mitochondrial disease or immune
stress, some clues exist. For example, there is a substan-
tial body of literature on sepsis demonstrating that the
septic state can cause mitochondrial dysfunction, and
that sepsis-induced mitochondrial dysfunction mediates
some of the pathologic consequences of sepsis including
lactic acidosis and multiple organ failure (see [101-105]
for detailed reviews on this topic). Energetics defects,
ROS, and metabolic decompensation are thought to
be the major pathways involved in this setting. In addi-
tion, some cytokines, including interferon, IL1, CXCL1,
MCP1, IL6, and IL4, have been shown to directly influ-
ence mitochondria and drive mitochondrial dysfunction
in mice or cultured cells [106—108]. Accordingly, multi-
ple, non-mutually exclusive, processes are likely involved
in linking immune activation to symptom onset or wors-
ening in mitochondrial disease.

Pre-clinical studies

Murine models of mitochondrial disease also strongly
support an immune-centric model for the pathogenesis
of genetic mitochondrial disease (Fig. 2):

In 2013 and 2015, we published studies demonstrat-
ing that high-dose oral or injected rapamycin signifi-
cantly delays disease onset and extends survival in the
Ndufs4(KO) mouse model of LS [109-111]. The ben-
efits of mTOR inhibition were found to be independent
of mitochondrial function—mitochondrial respiratory
capacity and ETC CI assembly, stability, and levels were
all unaffected by treatment—but the precise mechanism
underlying the benefits of rapamycin were unresolved at
the time.

In subsequent efforts aimed at defining the role of
mTOR in LS, we tested upstream signaling through PI3K.
Class I phosphoinositide 3-kinases (PI3K) mediate sign-
aling from cell-membrane bound receptors to AKT/
mTOR and exist in forms defined by their catalytic (p110)
subunit: PI3Ka, PI3Kp, PI3KJ, and PI3Ky. Of these, only
inhibition of PI3Ky significantly was found to attenuate
disease, with an effect size identical to that provided by
rapamycin [112]. Critically, PI3Ky is an immune-cell spe-
cific factor, PI3Ky deficiencies lead to immune deficiency
in mice and humans, and PI3Ky inhibitors have been
used in a variety of autoimmune models including lupus
and multiple sclerosis [113, 114].

In light of the PI3Ky results, Ndufs4(KO) mice were
treated with the CSF1R inhibitor pexidartinib/PLX3397.
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CSFIR is involved in hematopoietic cell differentia-
tion into monocytes/macrophages and survival of mac-
rophages, including tissue macrophages and microglia,
and is highly expressed by microglia in inflammatory
conditions [115]. CSFIR inhibition rescued disease,
including both a complete prevention of CNS lesions
and a rescue of peripheral symptoms such as metabolic
dysfunction and cachexia [112]. Very recently, the par-
tial benefits provided by low doses of PLX3397 have
been independently reproduced by another group [116].
Together, these data provide strong evidence that LS is an
immune-mediated disease.

In light of these data, various other studies support a
model where genetic mitochondrial diseases are driven
in part by immune-mediated processes. In a phospho-
proteomic study aimed at probing the role of mTOR in
LS, phosphorylation of the pro-inflammatory protein
kinase C (PKC) and activation of pro-inflammatory PKC
regulated targets, including the NF-kB pathway, was
reduced by rapamycin treatment in the Ndufs4(KO). PKC
inhibitors were found to slightly, but significantly, attenu-
ate disease and extend survival in this model, supporting
a causal role for inflammation [117].

Whether the immune system contributes to the patho-
genesis of other forms of primary genetic mitochondrial
disease remains to be causally assessed, but available data
does seem to support this possibility.

Alopecia, aberrant bone resorption, and hepatic meta-
bolic dysfunction are peripheral symptoms of disease in
the Ndufs4(KO) that have been shown to be driven by
immune cell hyperactivation and macrophage dysfunc-
tion [118].

Treatment of TK2 deficient mouse model of mtDNA
depletion with rapamycin, for example, significantly
increased survival, as was seen in the Ndufs4(KO) [119].
Similarly, the polymerase gamma (PolG) deficient ‘muta-
tor’ mouse model of mtDNA instability has been shown
to have aberrantly hyperactive innate immune responses,
with type-I interferon responses contributing at sig-
nificantly to the phenotype [120]. In a more recent third
model of mtDNA instability, loss of the mitochondrial
genome maintenance exonuclease Mgmel, which causes
adult-onset mitochondrial disease in humans, results in
severe autoimmune disease with prominent inflamma-
tory renal disease [121]. Infiltrating T- and B-cells were
present in these renal lesions, and elevated levels of cir-
culating blood IL-6, TNFa, IL-10, and IL-2 indicating
systemic inflammation.

In the Aifm1 deficient Harlequin mouse model of mito-
chondrial disease, mice develop overt microgliosis with
elevated levels of the proinflammatory cytokines TNFa
and IL-1P in brain regions impacted by disease, reminis-
cent of Ndufs4(KO) cortical neuropathology but without
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the characteristic symmetric lesions [112, 122, 123].
Importantly, mTOR activity was found to be hyperac-
tive, and rapamycin rescued grip strength and metabolic
defects, supporting a role for mTOR in mitochondrial
disease beyond Ndufs4(KO) [122]. Similarly, evidence
gathered using the Ndufs4 deficiency as a model of optic
neuropathy resulting from ETC CI dysfunction revealed
that loss of retinal ganglion cells is at least partially driven
by inflammation and responsive to mTOR inhibition
[124].

Charcot-Marie-Tooth (CMT) disease is the most com-
mon inherited neuropathy. While the disease is both
clinically and genetically diverse, some cases of CMT
have been causally linked to genes encoding mitochon-
dria proteins, including mitofusion 2 (MFN2) and gan-
glioside-induced differentiation-associated protein 1
(GDAPI) [125]. Mice lacking Gdap(-/-) develop astrocy-
tosis and microgliosis in the spinal cord, with increased
expression of pro-inflammatory TNF-a and Cxcl10 [126].
Mice heterozygous for a disease-causing Mfn2 mutation
also present with microgliosis in the optic nerves and
in the lumbar spinal cord [127]. When immunologically
challenged with LPS, these mice have a greater increase
in serum TNFa and IL-6, and an exacerbated immune
response in the lumbar spinal cord and optic nerve after
LPS challenge, compared to control animals [127].

Pre-clinical evidence that immunologic stress is a catalyst

for symptoms

Few animal studies have tested the relationship between
immune activation and symptoms in mitochondrial dis-
ease, though available data clearly supports a causal link.
One important recent study aimed at directly assessing
the bioenergetic costs of infection demonstrated that
viral infection leads to metabolic decompensation and
mitochondrial hepatopathy in hepatocyte specific Cox10
knockout mice [128]. Moreover, metabolic dysfunction
could be induced in cultured CoxI10 knockout hepato-
cytes by TNFa at concentrations with no impact on con-
trol cells, while virus-induced hepatotoxicity in vivo was
ameliorated by the TNFa receptor inhibitor etanercept.
These data demonstrate one mechanism for immune-
mediated mitochondrial disease symptom onset precipi-
tated by infection. It remains to be seen whether TNFa
plays a prominent role in other sequelae of genetic mito-
chondrial dysfunction, and if additional cytokines are
involved.

Mitochondria and immune regulation in mice

While these findings have highlighted the importance
of immune cell actions in the pathogenesis of primary
genetic mitochondrial disorders, evidence from basic
research in immune cell regulation by mitochondrial
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metabolism has made this link ever clearer. For example,
a naturally occurring mouse mtDNA variant in mzt-Atp8
has been found to control susceptibility to disease in two
different models of autoimmune skin disease [129]. Per-
haps most striking, cell-specific deletion of the mitochon-
drial disease associated ETC CIII component encoding
Ugqcsrfl restricted to regulatory T-cells has been found
to blunt regulatory T-cell suppressive function to such a
severe degree that mice die from rampant autoimmunity
within weeks of birth [130]. Notably, regulatory T-cells
were present at normal levels, demonstrating that mito-
chondrial dysfunction in these cells led to severe defects
in function without simply causing their depletion.

Mitochondrial origins and sources of autoreactivity
Mitochondria are highly immunogenic through several
distinct pathways, including potent innate immune path-
ways. Mitochondria arose during eukaryotic evolution as
an endosymbiotic intracellular organelle with bacterial
origins. This bacterial origin has resulted in eukaryotic
organisms relying on mitochondria as a critically impor-
tant intracellular organelle which, somewhat remarkably,
happens to have retained multiple components that are
sensed as foreign if aberrantly released.

Mitochondrial DNA, RNA, and proteins can all be
recognized as foreign, pathogenic, material. Sensing
pathways include detection of mitochondria-derived
nucleotides, including mtDNA, by TLR9, which recog-
nizes unmethylated CpG dinucleotides found in bac-
terial DNA; sensing of mitochondrial encoded RNA
transcripts by TLR’s, evolved to sense viral or bacte-
rial RNA; sensing of mtDNA by the intracellular cGAS-
STING-IRF3-dependent pathway; and disruption of the
mitochondrial outer membrane associated mitochon-
drial antiviral signaling protein, MAVS, which mediates
extra- and intra- cellular pathogen RNA sensing through
complex, mitochondrial ROS and morphology related,
events [131-133].

Mitochondrial proteins can also activate innate
immune pathways. Formylated methionine is an amino
acid present in pathogens and mitochondria, and extra-
mitochondrial formylated peptides can induce innate
immune responses through formyl-peptide receptors
(FPRs). While protective against pathogens, FPR sign-
aling mediates tissue inflammation and pathology in
settings of ischemia—reperfusion, celiac disease, and pul-
monary chemical insults, and have been shown to con-
tribute to neurodegenerative disease [134, 135].

Worthy of a separate lengthy discussion (see reviews
[136—139]), these pathways provide ample rationale for
further study. Their roles, if any, in genetic mitochondrial
disease remain largely unexplored.
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Outstanding questions and future considerations
A role for the immune system in causally contributing to
the pathogenesis of at least a subset of genetic mitochon-
drial diseases appears increasingly likely as various roles
for mitochondria in immune function and autoimmun-
ity are resolved. However, a number of critical questions
remain unanswered, and immune-based interventions,
particularly those which are untargeted in nature, carry
serious caveats and limitations.

In particular, the clinical studies and data discussed
here are predominately case reports, which are con-
sidered weak evidence for clinical practice [140]. Case
report data must also be interpreted carefully in light of
the fact that fluctuations in lesions (by MRI) and clinical
status have been documented in Leigh syndrome in the
absence of any intervention [99, 141, 142]. While there
are significant barriers to performing well-controlled
clinical trials in the setting of ultra-rare genetic diseases,
these challenges should not mask the limitations of case
reports of observational studies.

None of the discussed pre-clinical therapeutics or
clinical immune-targeting therapeutics are approved for
use in treating genetic mitochondrial disease. As non-
clinicians, we make no effort to advocate for any of the
described treatments. Rather, our point in this review is
to provide an assessment of current evidence suggesting
that immune-mediated processes play a causal role in the
pathogenesis of mitochondrial disease. Significant fur-
ther work is needed to elucidate the precise mechanisms
linking mitochondrial dysfunction, immune dysregula-
tion, and pathology. Efforts to understand the basic biol-
ogy of mitochondrial disease may lead to more targeted
intervention strategies, while future trials may determine
that approaches such as plasmapheresis, a minimally
invasive and well-tolerated non-FDA regulated proce-
dure, may prove beneficial in some acute settings.

Conclusions

In the context of mitochondrial disease, the critical role
of mitochondria as modulators of immunity has been a
remarkably underappreciated role of these organelles,
with the focus on bioenergetics and ROS dominat-
ing attempts at therapeutic intervention. A 2012 review
concluded that there was no evidence to support the
use of amy vitamin or cofactor in treating mitochon-
drial disease [143]. Ten years later, solid evidence sup-
porting these approaches is still elusive. Given the
failure of antioxidants, nutritional supplements, and
pharmacologic approaches to increasing energetic out-
put to meaningfully alter disease course in either ani-
mal models or human clinical trials, it is clear that new
approaches should be explored [144]. The data reviewed
here strongly suggest that the role of the immune system
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in mitochondrial disease warrants substantially greater
attention.

While we have focused our discussion here on genetic
mitochondrial diseases, the findings in this field are likely
to be relevant to other forms of disease where mito-
chondrial dysfunction plays a causal role. In addition to
primary genetic disorders, mitochondrial dysfunction
is involved in pathology in the setting of environmental
exposures, complex multigenic diseases/traits, and age-
related disease [145, 146]. Environmental exposures to
known mitochondrial toxins, such as the mitochondrial
complex I toxins rotenone and annonacin, are associated
Parkinson’s disease, Alzheimer’s disease, and progres-
sive supranuclear palsy [147, 148]. Complex multigenic
traits include diseases where many genetic loci influence
disease, but through individually weak effects often best
demonstrate by genome-wide association studies [145].
Age-related disease clearly linked to both mitochon-
drial function and immune activity include Parkinson’s,
Alzheimer’s, and Multiple Sclerosis, which was briefly
mentioned above. While beyond our scope here, we sus-
pect that defining the interplay between immune system
activity and mitochondrial function in these diseases will
be critical to understanding their pathogenesis. Studies in
genetic mitochondrial disease is likely to yield important
insight relevant to each of these settings.
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