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Abstract

Leigh syndrome and MELAS (mitochondrial encephalomyopathy, lactic acido-
sis, and stroke-like episodes) are two of the most frequent pediatric mitochon-
drial diseases. Both cause severe morbidity and neither have effective treatment.
Inhibiting the mammalian target of rapamycin (mTOR) pathway has been
shown in model mice of Leigh syndrome to extend lifespan and attenuate both
the clinical and pathological progression of disease. Based on this observation,
we treated two children with everolimus, a rapamycin analogue. The child with
Leigh syndrome showed sustained benefit, while the child with MELAS failed to
respond and died of progressive disease. We discuss possible mechanisms
underlying these disparate responses to mTOR inhibition.
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Introduction

Mitochondrial encephalomyopathies cause significant dis-
ability and early death." A Ndufs4-knockout mouse model
simulates Leigh syndrome with biochemical defects affect-
ing assembly of complex I in the respiratory chain and
clinical findings of neurodegeneration, impaired motor
skills, growth retardation and weight loss.” Treating the
Ndufs4 (KO) mice with rapamycin, an mTOR-inhibitor,
extended lifespan by 50-114 days. In addition, treated
mice showed improved performance on several outcome
measures and did not develop astrocyte activation or glial
marker reactivity, present in untreated knockout mice.?
The authors of this study tried to identify downstream
mechanisms associated with attenuation of mitochondrial
disease. They found that treatment with rapamycin
increased macroautophagy, decreased glycolytic interme-
diates, and rescued many of the metabolomics defects
seen in untreated knockout mice. They found no evidence
of reduced neuroinflammation, no decrease in oxidative
stress markers, and no rescue of mitochondrial respiratory

chain function. Complex I assembly and stability were
unaltered by treatment with rapamycin.

Similarly, treatment of kidney transplant recipients suf-
fering from MELAS was associated with clinical improve-
ment following the introduction of mTOR inhibitors.”
Four adult patients with MELAS/MIDD syndrome were
switched from calcineurin inhibitors to mTOR inhibitors
for post-transplant immunosuppression. Cultured skin
fibroblasts derived from these patients demonstrated
hyperactive mTOR activity that attenuated with treat-
ment. Rapamycin rescued mitochondrial morphology,
membrane potential, and replicative capacity. The
patients’ serum studies after switching to mTOR inhibi-
tors suggested decreased muscle protein breakdown as
well as a decrease in oxidative stress markers. Of note,
despite clinical improvement, the leukocyte heteroplasmy
levels in these patients remained unaltered after treatment
with mTOR inhibitors.

Side effects of rapamycin include impaired wound heal-
ing, immunosuppression, and hyperlipidemia. Everolimus,
approved by the FDA in 2010 for the treatment of
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subependymal giant cell astrocytomas (SEGAs) associated
with tuberous sclerosis, is better tolerated than rapamy-
cin.* The encouraging results of the Ndufs4 (KO) study
prompted us to explore everolimus as a possible treat-
ment for children with Leigh syndrome and with MELAS.

Methods

After obtaining Institutional Review Board approval and
parental consent, the patients were started on everolimus
4.5 mg/m°/day, given by mouth or gastrostomy tube.
Serum everolimus levels were measured by gas phase lig-
uid chromatography/mass spectrometry, targeting a
trough level of 5-10 ng/mL. The drug was withheld for
grade 3—4 toxicities, and then resumed at a lower dose.

The patients were assessed using the Gross Motor
Function Measure-88 (GMFM-88), a standardized out-
come measure designed to assess change in gross motor
function over time in children. The GMFM-88 assesses a
spectrum of gross motor activities including the following
five dimensions: (1) Lying and rolling (17 items), (2) Sit-
ting (20-items), (3) Crawling and kneeling (14-items), (4)
Standing (13-items), and (5) Walking, running, and
jumping (24-items). Each item is scored on a 4-point
scale with a maximum total raw score of 256 points. The
test measures motor skills of an individual at or below
the level of a typically developing 5-year-old child.” Brain
MRI imaging was repeated to monitor disease status.

Case Reports

Patient A, a girl with Leigh syndrome, was born at term, sat at
6 months, crawled at 9 months and stood and cruised by
10 months. At 11 months, she was hypotonic and tired
rapidly while crawling. Shortly thereafter, she had a seizure,
required intensive care unit (ICU) admission, mechanical
ventilation, and tracheostomy for respiratory failure. Initial
serum lactate was 2.7 mmol/L and CSF lactate was 1.8 mmol/
L. An MRI at age 1 year showed hyperintense T2-signal foci
bilaterally in the thalami, cerebral peduncles, pons, and
medulla. There was a large lactate peak on MR-spectroscopy
(Fig. 1). Skeletal muscle biopsy showed mild nonspecific myo-
fiber atrophy, more prominent in a subset of type 2 fibers,
and variably increased sarcolemmal accumulations of material
consistent with glycogen. There were no classic ragged-red or
ragged-blue fibers, although, this is not surprising as young
children with mitochondrial disease often have normal muscle
biopsy results at diagnosis. As a general rule, nuclear gene
mutations and mitochondrial coding gene mutations lack
ragged-red fibers on muscle biopsy. Ragged-red fibers classi-
cally and typically result from mitochondrial DNA synthetic
gene mutations. There were no strongly succinate
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Figure 1. Patient A, MRl and MRS at diagnosis: (A) FLAIR axial image
confirm the abnormality in the midbrain at the level of the cerebral
peduncles. (B) Axial diffusion image show abnormal bilateral
symmetric signal in the cerebral peduncles. (C) Single voxel
spectroscopy at the level of the lower pons demonstrates a dominant
lactate peak at 1.3 ppm and significantly diminished N- acetyl
aspartate peak (NAA).

dehydrogenase-reactive blood vessels (SSVs) or alterations in
cytochrome ¢ oxidase (COX) staining.®

Molecular genetic testing revealed a homozygous mis-
sense pathogenic variant in NDUFS4 (c.355G>C, pAs-
p119His), shown previously to cause Leigh Syndrome.
The parents were heterozygous for this mutation. Imaging
4 months later revealed an increase in the brainstem sig-
nal abnormality, concordant with her clinical deteriora-
tion and the natural history of Leigh syndrome.” By age
2 years, she was no longer able to stand, crawl or cruise
and required a tracheostomy and gastrostomy. Her
GMFM-88 total score was 48.8%.

Patient B, a boy with severe, early-onset MELAS, was
born at 31 weeks gestation. His mother had diabetes mel-
litus and carried the mtDNA mutation, m.3243A>G, asso-
ciated with MELAS. He initially had some difficulty with
feeding but was discharged at 11 days now able to eat by
mouth. Although he had poor head control that later
improved, he met gross motor milestones on time for
rolling over, sitting, pulling to stand, and walking. He
again had feeding difficulty at age 18 months associated
with gastroesophageal reflux. Words emerged during the
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second year of life and he was talking in full sentences by
age 3 years. In nursery school he had difficulties with
coordination and socializing with peers.

At age 4 years, he suffered a seizure and a brain MRI
showed a stroke-like lesion in the right temporal lobe.
Serum studies revealed lactic acidosis and a lactate/pyru-
vate ratio of 40.4, suggesting a defect in oxidative phos-
phorylation. He did not have CSF studies. Mitochondrial
genome analysis of leukocytes showed a pathogenic vari-
ant in MT-TL1, m.3243A>G, with heteroplasmy of 78%,
consistent with early onset MELAS. At age 66 months, he
was hypotonic, lethargic, epileptic, and gastrostomy-de-
pendent. He sat with poor balance but was unable to
stand or walk. The GMFM-88 score was 11.8%.

Results

Patient A began everolimus by gastrostomy at age
23 months. The 2 mg daily dose was gradually increased
to 4 mg. The dose was decreased because of hypertriglyc-
eridemia that resolved with fenofibrate. Her trough levels
during treatment ranged from 2.3 ng/mL to 34.8 ng/mlL,
with periodic adjustments to maintain a trough level goal
of 5-10 ng/mL. Six months after initiating treatment,

Figure 2. (A) FLAIR and (B) DWI imaging of Patient A post-treatment
shows resolution of lesions seen on previous studies.
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brain MRI showed improvement with reduction of the
signal hyperintensity in the bilateral thalami and brain-
stem (Fig. 2). After 19 months of treatment, she was
walking independently with a slightly ataxic gait, speaking
in sentences, and no longer requiring tracheostomy or
gastrostomy. The GMFM-88 score improved to 83.8% at
age 44 months. Twenty-two months after starting treat-
ment, MRI remained improved except for a new abnor-
mal signal focus in the medulla. However, clinically she
had continued to improve and, by age 47 months, the
GMFM-88 score had increased to 84.5%.

Patient B began everolimus at age 69 months. The daily
dose of 2.5 mg was gradually increased to a maximum dose
of 4 mg. Periodic dose adjustments were necessary because
of elevated serum trough levels, with levels ranging from
0.7 ng/mL to 39.7 ng/mL. One episode of stomatitis
resolved after interrupting treatment for 5 days. He did not
have hypertriglyceridemia. The MRI at diagnosis showed
mild volume loss and ventricular dilatation as well as diffuse
abnormalities of cortex, thalami, and putamen consistent
with early-onset MELAS." His condition continued to dete-
riorate and an MRI, prior to his death at age 79 months,

demonstrated progression of disease (Fig. 3).

Figure 3. Patient B initial MRI: (A) FLAIR axial image confirm the
abnormal signal in the putamen and the right superior lateral
temporal lobe. (B) Diffusion weighted axial image shows abnormal
diffusion signal in the inferior putaminal region, abnormal signal is
also noted in the right lateral superior temporal lobe. Patient B MRI
just prior to his death: (C) FLAIR axial image shows interval
progression of diffuse volume loss and development of extensive
abnormal signal in swollen cortex in multiple vascular distribution as
well as in the bilateral thalamic nuclei. (D) Diffusion image show
patchy scattered abnormal diffusion signal in the cortex and putamen.
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Discussion

There are several proposed theories based on Drosophila,®
yeast,” and mammalian models® to explain the mechanism
of action of mTOR inhibition as a potentially effective treat-
ment for mitochondrial disease. These findings build on
previous studies showing that caloric restriction extended
life span by partially inhibiting the protein complex
mTORCIL." There are several proposed theories regarding
why mTOR inhibition may be beneficial in mitochondrial
disease. These theories include improved clearance of defec-
tive mitochondria through mitophagy and increasing lysoso-
mal biogenesis,'*'? and improvement in respiratory chain
function. Other possible mechanisms are changes in meta-
bolism via utilization of alternative energy reserves, such as
amino acids and lipids, or enhanced glycolysis® thus circum-
venting the defect in oxidative phosphorylation."> A study
of rapamycin therapy in an induced pluripotent stem cell-
based disease model of m.8993T>G maternally inherited
Leigh syndrome (MILS) showed that reduction in mTOR
activity results in a rise of ATP levels from a presumed
decrease in the energy-consuming process of protein pro-
duction."

Our experience with these two children suggests that
some, but not all, patients with mitochondrial disease will
respond to treatment with mTOR inhibitors. Identifying
factors that distinguish responders from nonresponders
should allow us to maximize the therapeutic benefits by
targeting the responder subgroup while minimizing the
potential risks by sparing the nonresponder subgroup.
The response may not be disease-specific since Patient A,
with an autosomal recessive form of Leigh syndrome, and
the four reported kidney transplant patients, with a
maternally inherited form of mitochondrial disease,
MELAS, improved while Patient B, also with MELAS,
continued to deteriorate. Therefore, the stage, progression
and severity of disease may be responsible for some of the
variability in response.

Despite having the same MELAS mutation as patient B
(m.3243 A>G), the four kidney transplant recipients were
adults with a less severe phenotype at treatment initiation.
Leukocytes from the kidney transplant patients showed
low leukocyte heteroplasmy (10-15%, 10-15%, 15-20%,
and <5%), compared to our Patient B with 78% hetero-
plasmy in leukocytes.'> Nevertheless, it is known that
leukocyte heteroplasmy does not correlate with neurologi-
cal severity, and the percentage of mutant mtDNA in
blood declines with age despite progression of disease. At
this time, there is no reliable biomarker of mitochondrial
disease severity. The kidney transplant patients with
MELAS showed hyperactive fibroblast mTOR activity that
was attenuated with mTOR inhibitors, correlating with
clinical improvement® raising the possibilities that
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fibroblast mTOR activity may be informative as a disease
biomarker or predictor of response to mTOR inhibition.
In contrast, heteroplasmy levels remained unchanged,
indicating that these percentages cannot be used as a reli-
able biomarker of disease progression.

The type of gene mutation, nuclear-encoded versus
mitochondrial-encoded, also may influence the response.
Patient A, with a nuclear-encoded mutation, responded
well despite being severely affected at treatment initiation
while Patient B, with a mitochondrial-encoded mutation,
responded poorly. Patient B also presented much earlier
than most MELAS patients consistent with a severe phe-
notype. Gender also may be a possible reason for the dif-
ferent responses of our two patients because it has been
shown that females respond more robustly to caloric
restriction and inhibition of mTOR."

Further studies are required to assess which children
with diverse mitochondrial disorders will respond to
mTOR inhibitors, and what factors will predict clinical
outcome. Measuring mTOR activity in cultured fibrob-
lasts might help differentiate between responders and
nonresponders. Everolimus and rapamycin both appear to
be effective, and everolimus has a superior safety profile;
but rapamycin should be considered as an alternative
therapeutic agent in patients who fail to respond to ever-
olimus. Notable limitations of this study include the small
sample size, lack of fibroblast analysis and limited follow-
up of lactate levels in blood, CSF, or brain.

Conclusion

Treatment with mTOR inhibitors may be effective in
some mitochondrial disorders, but the factors that predict
a good outcome remain unclear. In our limited experi-
ence with two children, treatment was generally well tol-
erated over an extended interval. Patient A improved
clinically and radiographically concordant with improve-
ment seen in model mice with Leigh syndrome. The clini-
cal course of Patient B, in contrast, followed the known
natural history of severe, early-onset MELAS culminating
in neurological worsening and early death. Further
research is needed to determine the mechanism(s) of
action underlying the therapeutic effects of mTOR inhibi-
tion. These studies hopefully will lead to critically impor-
tant guidelines governing the use of these promising
therapeutic agents for currently untreatable childhood
mitochondrial diseases while mitigating any possible toxic
consequences.
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