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Abstract

Background: Multiple sclerosis (MS) is a chronic, immune-mediated neurodegenerative
disorder of the central nervous system (CNS). While current MS therapies target the inflammatory
processes, no treatment explicitly targets mitochondrial dysfunction and resulting axonal loss.
Therefore, the aim of this study was to determine whether idebenone inhibits mitochondrial
dysfunction and accumulation of disability in primary progressive MS (PPMS) and to enhance
understanding of pathogenic mechanisms of PPMS progression using cerebrospinal fluid (CSF)
biomarkers.

Methods: The double-blind, placebo-controlled Phase I/11 clinical trial of 1debenone in patients
with Primary Progressive MS (IPPoMS; NCT00950248) was an adaptively designed, baseline-
versus-treatment, placebo-controlled, CSF-biomarker-supported trial. Based on interim analysis
of the 1-year pre-treatment data, change in the area under the curve of Combinatorial Weight-
Adjusted Disability Score (CombiWISE) became the primary outcome, with >80% power to
detect 240% efficacy with 28 patients/arm treated for 2 years in baseline versus treatment
paradigm. Changes in traditional disability scales and in brain ventricular volume were secondary
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outcomes. Exploratory outcomes included CSF biomarkers of mitochondrial dysfunction (Growth/
differentiation factor 15 [GDF15] and lactate), axonal damage (neurofilament light chain [NFL]),
innate immunity (sCD14), blood brain barrier leakage (albumin quotient) and retinal nerve fiber
layer thinning.

Results: Idebenone was well tolerated but did not inhibit disability progression or CNS tissue
destruction. Concentrations of GDF15, secreted predominantly by astrocytes and choroid plexus
epithelium in vitro, increased after exposure to mitochondrial toxin rotenone, validating the ability
of this biomarker to measure intrathecal mitochondrial damage. CSF GDF15 levels correlated
strongly with age and MS patients had CSF levels of GDF15 significantly above age-adjusted
healthy volunteers, with highest levels measured in PPMS. Idebenone did not change CSF GDF15
levels.

Conclusion: Mitochondrial dysfunction exceeding normal aging reflected by age-adjusted CSF
GDF15 is present in the majority of PPMS patients, but it is not inhibited by idebenone.

Keywords

Idebenone; Primary progressive multiple sclerosis; GDF15; Mitochondrial dysfunction; Clinical
trail

Introduction

Weak efficacy of immune-targeting disease-modifying treatments (DMTS) in progressive
multiple sclerosis (MS) suggests that the immune system may not be the sole or even

the main driver of central nervous system (CNS) destruction in late stages of MS.

Many alternative, neuro-degenerative mechanisms have been described on pathology of
progressive MS, with perhaps the strongest evidence implicating mitochondrial dysfunction
(Lassmann et al., 2012). With the inability to measure these putative pathogenic processes
in living MS patients, it is unknown which one of them associates with MS severity and
which may represent an epiphenomenon. Additionally, while progressive MS has been
divided into primary-progressive (PPMS) and secondary-progressive MS ([SPMS], preceded
by relapsing-remitting [RRMS] stage), it was unclear whether SPMS and PPMS represent
pathophysiologically distinct diseases.

Consequently, we sought to develop and validate biomarkers of potentially pathogenic
intrathecal processes such as inflammation, mitochondrial dysfunction or neuronal loss, and
to identify molecular differences between clinical MS subtypes. Achieving this goal required
access to large numbers of longitudinal cerebrospinal fluid (CSF) samples collected from
deeply-phenotyped progressive MS subjects. Thus, we devised in parallel two adaptive,
randomized, CSF biomarker-supported, placebo-controlled clinical trials in progressive MS
to establish SPMS and PPMS cohorts for comparative analysis, while providing patients
with a possibility of direct clinical benefit of interventional trials, since there were no
FDA-approved treatments for progressive MS at that time.

The first trial, “The double-blind combination of Rituximab by IntraVenous and IntraThecAl
injection versus placebo in patients with Low-Inflammatory SEcondary progressive MS”
(RIVITALISE; NCT01212094) tested the hypothesis that intrathecal B cells support
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compartmentalization of inflammation to CNS through tertiary lymphoid follicles and thus
contribute to disability progression. The RIVITALISE trial was terminated prematurely
after the pre-determined interim analysis showed insufficient depletion of intrathecal B
cells (Komori et al., 2016 ). The second trial, “The double-blind, placebo-controlled

Phase I/11 clinical trial of Idebenone in patients with Primary Progressive MS” (IPPoMS;
NCT00950248) is reported here.

Idebenone (2,3-dimethoxy-5-methyl-6-(10-hydroxydecyl)-1,4-benzoquinone) is a synthetic
quinone similar to the naturally occurring coenzyme Q10 (CoQ10) differing by the
presence of a shorter, less lipophilic tail responsible for its distinct physicochemical
properties. CoQ10 is a lipophilic constituent of the mitochondrial electron-transport chain
(ETC). Dysfunctional ECT generates reactive oxygen species (ROS), such as highly
reactive semiquinones, at complexes | and I11 that in turn oxidize ECT components,
initiating a vicious circle of mitochondrial damage. Cellular response to resulting

oxidative injury increases expression of “detoxifying enzymes”, such as cytosolic NAD
(P)H:quinine oxidoreductases (NQO1 and NQO2). NQOs substitute the production of
reactive semiquinones with relatively stable hydroquinones (Haefeli et al., 2011). While
lipophilic CoQ10 cannot access this cytosolic detox system, more hydrophilic idebenone
can shuttle electrons between the dysfunctional ECT in the mitochondrial membrane and
cytosolic NQO1. The NQO1-reduced idebenone can then bring electrons downstream

of dysfunctional complex I, partially restoring adenosine triphosphate (ATP) production
(Haefeli et al., 2011) and decreasing mitochondrial damage (Suno and Nagaoka, 1989). This
mechanism explains efficacy of idebenone in Leber’s hereditary optic neuropathy, a genetic
dysfunction of ECT complex | (Klopstock et al., 2011).

MS-associated demyelination leads to increased ATP demand in demyelinated axons
(Mahad et al., 2009, Zambonin et al., 2011). Presumably, when the increased energy
demand exceeds efficiency of ATP generation (which decreases in physiological aging),
mitochondrial dysfunction, especially of the complex I, ensues (Campbell et al., 2012,
Campbell et al., 2011, Dutta et al., 2006). As expected, this upregulates expression of
NQOs in MS lesions (van Horssen et al., 2006), providing an opportunity for therapeutic
effect of idebenone in MS. Consequently, the IPPOMS trial tested the hypothesis that
mitochondrial dysfunction contributes to neuronal damage in PPMS and idebenone,
through its mitochondria-protective function, will partially ameliorate disability progression
in PPMS patients. This hypothesis has effectively three parts: 1. That mitochondrial
dysfunction, in excess of natural aging is associated with PPMS; 2. That idebenone

at least partially ameliorates this mitochondrial dysfunction and 3. That the idebenone-
driven improvement of mitochondrial function will slow down disability progression in
PPMS. An integral part of the trial was identification/validation of CSF biomarker(s) of
mitochondrial dysfunction applicable to MS and investigation whether idebenone treatment
exerts discernable effect on such intrathecal biomarker(s).

The traditional, although not very sensitive biomarker of mitochondrial dysfunction is
elevated lactate in biological fluids. More recently, growth/differentiation factor 15 (GDF15)
has been proposed as a more sensitive biomarker of mitochondrial respiratory chain
dysfunction in the peripheral blood in a spectrum of metabolic mitochondrial disorders
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(Koene et al., 2015, Montero et al., 2016, Poulsen et al., 2020) as well as neurodegenerative
diseases of the CNS, including MS (Miyaue et al., 2020, Nohara et al., 2019). However, the
role of GDF15 in CSF as a biomarker of intrathecal mitochondrial dysfunction has not been
determined and therefore it has become an exploratory outcome of this study along with
sCD14, previously identified as a marker of intrathecal activation of myeloid lineage, both
on cellular level (Han et al., 2014) and as a soluble biomarker (Komori et al., 2015). We also
measured change in CSF NFL as a marker of axonal damage and albumin quotient as marker
of subtle blood brain barrier dysfunction.

Methods

Patients

Patients were prospectively enrolled at the National Institutes of Health (NIH), Bethesda,
USA. The eligibility criteria included diagnosis of PPMS according to 2005 McDonald’s
criteria (Polman et al., 2005), age range 18-65 (inclusive), Expanded Disability Status Scale
(EDSS) range of 1-7, ability to provide informed consent, commitment to use birth control
if able to become pregnant, not receiving any immunomodulatory/immunosuppressive
therapies for at least 3 months before enrollment, and no exposure to idebenone, CoQ10,

or other dietary supplements for at least 1 month before enrollment in the study. Exclusion
criteria included clinically significant medical disorders that could cause CNS tissue damage
or limit its repair, a history of hypersensitivity reaction to idebenone or CoQ10, pregnancy,
abnormal baseline blood tests, and immunosuppressive therapies. The study was approved
by the Scientific review committee of the National Institute of Neurological Disorders and
Stroke (NINDS), by Combined Neuroscience Institutional Review Board of the NIH and
monitored by an independent Data and Safety Monitoring Board (DSMB). All patients
provided a written informed consent.

2.2. Trial design

IPPOMS was a randomized Phase I/11 safety/efficacy baseline-versus-treatment trial with
an adaptive trial design (Fig 1A): one-year pre-treatment baseline, followed by two-year
double-blind, treatment phase randomized into a daily dose of 2250mg of idebenone (3

x 750mg per day) and placebo. The block stratified (block of two) 1:1 randomization
with age as a single condition (50 < age = 50) was performed by the NIH pharmacy that
released the randomization code to the investigators after the trial completion and locking
of the data. Patients were followed every 6 months by neurological, neuroimaging, and
research biomarker/immunological evaluation (Fig 1A). An Investigational New Drug (IND;
#104,895) for idebenone was obtained from the Food and Drug Administration (FDA)
with the principal investigator acting as IND sponsor. Santhera Pharmaceuticals provided
idebenone for the study free of charge, under collaborative agreement with NIH/NINDS.

2.3. Trial endpoints

The primary outcome was the treatment-induced change in disability progression, assessed
with the Area Under the Curve (AUC) of Combinatorial, Weight-adjusted disability

score (CombiWISE) (Kosa et al., 2016). For more details on primary outcome, see
Supplementary Data. Secondary outcomes included progression of enlargement of brain
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ventricular volume, progression in EDSS-plus (Cadavid et al., 2017), progression of lower
extremity disability assessed by 25FW (Schwid et al., 1997), progression of upper extremity/
fine motor movements disability assessed by 9-hole peg test (9HPT) (Goodkin et al.,

1988), progression of neurological disability assessed by Scripps Neurological Rating Scale
(SNRS) (Sipe et al., 1984), and progression of neurological disability assessed by EDSS
(Kurtzke, 1983). Exploratory outcomes included progression of retinal nerve fiber layer
(RNFL) thinning detected by optical coherence tomography (OCT), progression in cognitive
dysfunction assessed by Symbol Digit Modalities Test (SDMT) (Smith, 1982), progression
of neurological disability assessed by Multiple Sclerosis Functional Composite (MSFC)
(Fischer et al., 1999), and therapy-induced changes in CSF albumin quotient, sCD14,
lactate, GDF15, and neurofilament light chain (NFL). The primary safety endpoints included
premature discontinuation of study treatment, serious adverse events (SAE), and all adverse
events (AE).

For additional Methods see Supplementary Data.

3. Results

3.1

Patients

Between November 1, 2009 and July 23, 2015, 85 patients were assessed for eligibility
and enrolled into the IPPoMS trial (Fig 1B), with 77 patients randomized into a daily dose
of 2250mg (3 x 750mg per day) idebenone (N=39) or placebo (N=38). Out of those, 38
patients in the idebenone group and 35 patients in the placebo group, underwent at least
one follow-up visit in the double-blind phase (Table 1). All demographic and baseline
characteristics were balanced between trial groups. 33 patients in idebenone group and

33 patients in placebo group completed the two-year double-blind phase. The one-year
baseline follow-up on 85 enrolled patients amounted to 88.6 patient years, averaging 1.04
(standard deviation [SD] = 0.17) years. The average duration of the double-blind phase
was 1.80 (SD=0.46) years for the 39 patients randomized to idebenone and 1.81 (SD=0.49)
years for the 38 patients randomized to placebo, constituting 70.01 and 68.73 patient years,
respectively (Table 2).

3.2. Safety and tolerability

There were 115 AEs recorded during the pre-treatment phase in 40 patients (47.1% of

the Pre-treatment Safety Population [PSP]), out of those 26 represented SAEs in 12
patients (14.1% of the PSP) (Supplementary Table 2). The most frequent AEs during the
pre-treatment phase were falls (8.2% of the PSP) and urinary tract infections (UTls, 7.1%
of the PSP). In the Safety Population (SP) there were 108 AEs in the idebenone group
(N=39) that occurred during the double-blind phase in 26 patients, representing 66.7%

of the population. Out of those, 35 were classified as SAESs and occurred in 11 patients
(28.2% of the population). In the placebo arm of the SP (N=38), there were 99 AEs that
occurred in 21 patients (55.3% of population). 39 of those occurring in 10 patients (26.3%
of the population) were classifies as SEAs. There were two deaths in the placebo arm;
one occurred in a patient following stroke, bowel obstruction, pneumonia, and sepsis. The
second death was related to cholelithiasis. The most frequent AEs in the SP were falls
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(12.8% and 13.2% of the idebenone and placebo SPs, respectively), and UTIs (7.7% and
10.5% of the idebenone and placebo SP, respectively). There was no statistically significant
difference in occurrence and severity of AEs between the treatment groups indicating that a
daily dose of 2250mg idebenone was well tolerated.

Primary endpoint results

The primary endpoint of the trial was the effect of idebenone compared to placebo on the
disability progression using AUC of CombiWISE (Fig 2A) in the baseline-versus-treatment
paradigm. CombiWISE was assessed every 6 months: months =12, —6, and 0 during the
pre-treatment baseline and months 0, 6, 12, 18, and 24 during the double-blind phase (Fig
2B). The mean change of CombiWISE AUC between baseline and double-blind phase

in the idebenone group was —0.13 (SD=2.17) and it did not reach statistical significance
(p=0.77); the mean change of CombiWISE AUC within the placebo group was -1.04
(SD=2.87), reaching p-value of 0.03 (Fig 2C); providing evidence for measurable placebo
effect. Between-group difference of CombiWISE AUCs tested using the Analysis of
Covariance (ANCOVA) method (with baseline AUC, baseline CombiWISE, and baseline
age as covariates) estimated a treatment difference of 0.15 (95% Confidence Interval

[CI]: —0.75-1.05) between idebenone and placebo and didn’t reach statistical significance
(p=0.74) (Fig 2D). The lack of statistically significant inhibition of disease progression as
measured by CombiWISE was also confirmed using the piecewise linear mixed-effect model
(Supplementary Table 3).

3.4. Secondary endpoints results

All components of CombiWISE (EDSS, SNRS, 25FW, and 9HPT) were also tested for
efficacy of idebenone in inhibiting disease progression using a piecewise linear mixed-
effects model that estimated the slopes for the baseline and treatment phases. There was

no statistically significant difference in slopes of disease progression between baseline

and double-blind phase in either placebo or idebenone group, nor was there a significant
difference in slopes of disease progression during the double-blind phase between idebenone
and placebo group (Fig 3, Supplementary Table 3).

An analysis of ventricular volume AUCs showed no statistically significant difference in
enlargement of ventricular volume between idebenone and placebo (average difference
between baseline and treatment phase AUC of —244 [SD=1094.9] and 35.4 [SD=1091.1],
respectively, Fig 4). The lack of statistically significant inhibition of ventricular volume
enlargement was also confirmed by piecewise linear mixed-effects model (Supplementary
Table 3).

A composite measure EDSS-plus showed no statistically significant difference in median
time to disease progression between idebenone and placebo group (23.1 months [CI: 12.8-
NA] and 23.7 months [CI: 19.8-NA], respectively, [the upper limit of the 95% CI was not
estimated due to small number of patients at risk], Supplementary Figure 1).
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3.5. Exploratory outcomes results

OCT, MSFC, and SDMT analyzed using a piecewise linear mixed-effects model showed

no significant difference in the RNFL outcome or in cognitive abilities measured by

SDMT between baseline and double-blind phase in idebenone and placebo group (Fig 5,
Supplementary Table 3). There was a statistically significant disability progression measured
by MSFC in the idebenone group (p=0.0023), suggesting worsening of disability. This is
likely a result of significantly different baseline slopes (p=0.0448) between idebenone and
placebo group: while there was a negative baseline slope in the placebo group (suggesting
worsening) there was a positive baseline slope in the idebenone group (suggesting
improving). However, there was no statistically significant difference in treatment slopes
between idebenone and placebo.

3.6. Development of GDF15 as a biomarker of intrathecal mitochondrial dysfunction

While GDF15 was proposed as sensitive biomarker of mitochondrial dysfunction in
periphery, this protein plays physiological role in CNS tissue, where it regulates food intake
and energy expenditure in response to metabolic and toxin-induced stress, by activating
neurons localized in the area postrema and nucleus tractus solitarius of the brainstem.
Therefore, we sought to mechanistically confirm that CNS cells release GDF15 to CSF in
response to mitochondrial dysfunction, modelled by in-vitro cultures of primary human CNS
cells and cell lines exposed to mitochondrial toxin, rotenone. In the absence of rotenone, we
observed preferential secretion of GDF15 by primary human astrocytes and choroid plexus
epithelial cells (HCPEpiC), while neurons, CNS-derived endothelial, and microglia cell lines
did not secrete GDF15. Addition of rotenone resulted in increased GDF15 secretion in
astrocytes and HCPEpiC (2.6-fold and 1.7-fold, respectively); no GDF15 secretion was
observed in other tested cell lines (Supplementary Figure 2). Thus, we conclude that
increased CSF levels of GDF15 may reflect overall mitochondrial damage in CNS tissue,
but is unlikely to reflect mitochondrial dysfunction specifically in neurons or demyelinated
axons.

To determine if GDF15 CSF levels are elevated in PPMS subjects in excess of physiological
aging, we assessed CSF GDF15 levels from patient CSF samples across all MS subtypes:
RRMS (N=129), SPMS (N=70), and PPMS (N=116), and healthy volunteers (HV, N=39,
Supplementary Table 4). We observed a strong, statistically significant correlation with

age in all diagnostic categories (Fig 6A). Therefore, we used the linear regression model
from the HV cohort to adjust MS patient data for physiological aging processes. These
age-adjusted residuals of CSF GDF15 levels were significantly higher in progressive MS
subgroups compared to HV, and in PPMS compared to both SPMS and RRMS subgroups
(Fig 6B).

Thus, we conclude that CSF GDF15 levels reflect, at least partially, intrathecal
mitochondrial dysfunction, increase with physiological aging, but after adjusting for normal
aging process, they remain elevated in progressive MS, especially in PPMS subtype. This
validates utility of CSF GDF15 as a pharmacodynamic marker of intrathecal mitochondrial
dysfunction in IPPOMS trial.
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3.7. CSF biomarker results

To mechanistically explore intrathecal effects of idebenone, we measured CSF biomarkers
of mitochondrial damage (i.e., GDF15 and lactate), of activation of myeloid lineage
(sCD14), of subtle blood brain barrier dysfunction (albumin quotient) and of axonal damage
(NFL) at baseline and at month 12 of treatment phase as exploratory outcomes. The
statistical analysis revealed strong effect of age on GDF15, NFL, and sCD14, therefore

age was used a covariate in the ANCOVA analysis. There was a statistically significant
decrease in lactate levels between baseline and double-blind phase in both idebenone and
placebo group. An increase of borderline statistical significance was identified between
baseline and treatment values of albumin quotient (p=0.0319) and GDF15 (p=0.0251) in

the idebenone group, however, the increase in GDF15 disappeared after age adjustment
(Supplementary Figure 3). Moreover, an analysis of only patients with baseline CSF
GDF15 levels exceeding physiological aging (postulating that these patients had intrathecal
mitochondrial dysfunction) resulted in no statistically significant treatment-induced changes.
Statistically significant increase of SCD14 levels between baseline and treatment phase has
been observed in both idebenone and placebo group (p=0.0389 and p=0.0239, respectively).
None of the CSF biomarkers showed statistically significant differences between placebo
and idebenone group in either baseline or treatment phase (Fig 7, Supplementary Table 5).

4. Discussion

The identification of contrast enhancing lesions (CELS) as surrogate marker of MS relapses
allowed rapid screening of immunomodulatory treatments for efficacy in MS, leading to
significant expansion of therapeutic options for RRMS. However, CELSs, relapses, and the
efficacy of these drugs on progression of clinical disability decrease with MS duration and
patients’ age (Filippi et al., 2001, Tremlett et al., 2008, Wolinsky et al., 2000). On average,
immunomodulatory MS drugs have zero efficacy on disability progression measured by
EDSS after mean age of 53 years (Weideman et al., 2017).

Pathologists offered multiple alternative processes that may underlie disability progression
in the absence of formation of new MS lesions: mitochondrial dysfunction linked

to demyelination of axons, associated oxidative stress, endoplasmic reticulum stress,
excitotoxicity and compartmentalized inflammation (Lassmann, 2018). Only interventional
clinical trials may determine which of these processes are truly pathogenic, versus
represent an epiphenomenon. But because we lack sensitive outcomes, these clinical

trials in progressive MS must study large cohorts, making them extremely expensive and
rare. Additionally, without pharmacodynamic readout, our understanding of the effects

of these drugs on disease mechanisms remains limited. Finally, when using insensitive
outcomes, or outcomes susceptible to bias, the success in Phase |1 trials does not

guarantee a validation in Phase 111 studies as recently demonstrated by biotin for the
treatment of progressive MS (Tourbah et al., 2016 ) (https://www.businesswire.com/news/
home/20200310005779/en/MedDay-Reports-Top-Line-Data-Phase-I11-Trial). Therefore, the
goal of our research program on progressive MS, initiated a decade ago, was to deeply
characterize longitudinal cohorts of PPMS and SPMS patients to compare, develop, and
validate sensitive outcomes for Phase Il trials and to collect longitudinal CSF samples to
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gain mechanistic insight into biological processes that correlate with disease progression.
We selected two candidate pathogenic processes to study within investigator-initiated
progressive MS trials: 1. Compartmentalized inflammation (targeted in RIVITALISE trial
(Komori et al., 2016 )) and 2. Intrathecal mitochondrial dysfunction (targeted in IPPOMS
trial).

While idebenone was safe and well-tolerated, the IPPoMS trial did not achieve efficacy on
any of its primary or secondary endpoints, providing high confidence that idebenone does
not inhibit disability progression or CNS tissue destruction in PPMS. One concern may

be raised that IPPOMS used primary outcome (i.e., CombiWISE) that has not been tested
in any clinical trial before. The adaptive part of the protocol demonstrated unequivocally
(Kosa et al., 2016) that the published power calculation for brain atrophy measured by
Structural Image Evaluation, using Normalization, of Atrophy (SIENA) in SPMS (Altmann
et al., 2009) is overly optimistic. This conclusion is fully supported by recent report of
MS-SMART clinical trial (De Angelis et al., 2020) that reported much smaller progression
of brain atrophy over two years, measured by SIENA in the placebo arm (i.e., —=1.29% +/-
1.1 SD; n = 99) in comparison to the original publication by Altman et al (i.e., =2.47% +/-
1.57 SD; n= 28) (Altmann et al., 2009). In fact, the progression of brain atrophy observed
over 2-year follow up in MS- SMART trial is fully compatible with our measurements
from IPPOMS one year pre-treatment baseline (Kosa et al., 2016). Using brain atrophy,

or any outcome other than CombiWISE would require cohort size that greatly exceeded
possibilities of the investigator-initiated, single center trial. Nevertheless, following facts
make us confident about validity of CombiWISE outcome: 1. The analyses of 58 measured
outcomes in the baseline phase of the IPPOMS protocol were pre-determined in the protocol
and CombiWISE was a clear winner (Kosa et al., 2016); 2. CombiWISE was developed
using strictly data-driven approach and its ability to measure disease progression was
validated in two independent cohorts of progressive MS patients. In fact, both placebo

and idebenone treatment arms demonstrated continued, measurable disability progression
on CombiWISE (Fig 2B) during the two years of follow-up, supporting high sensitivity

of this clinical outcome. 3. Comparison of CombiWISE with EDSS in 303 MS patients
demonstrated excellent correlation (i.e., Rho = 0.9805, p<0.0001) (Kosa et al., 2016).
Finally, the fact that we observed no therapeutic effect of idebenone, not even a trend,

on any traditional clinical, MRI or CSF NFL outcomes, strongly supports our conclusion
that the results of the primary outcome are valid and that idebenone exerts no therapeutic
benefit in PPMS.

Why is idebenone ineffective? Is it because our PPMS cohort lacked evidence of intrathecal
mitochondrial dysfunction or because idebenone exerted no discernable effect on such
intrathecal process? The CSF biomarkers provide some mechanistic insight: The lack of
efficacy on NFL (even a trend of efficacy) is consistent with the observed lack of efficacy

on disability progression and brain atrophy. In both idebenone and placebo groups, we
measured comparable, statistically significant increases in CSF sCD14 and decreases in CSF
lactate over two years of follow-up. Thus, we conclude that these effects are not related

to treatment. Increase in sCD14, a biomarker expressed only on the surface of monocytes,
macrophages and microglia, that was previously associated with progressive MS likely
reflects increased activation of these cells during MS progression (Komori et al., 2015).
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The decrease in CSF lactate levels is counterintuitive. Because we are not aware of other
published data that would support decrease in CSF lactate levels during MS evolution,

we should keep in mind that this result may be false positive, perhaps due to undisclosed
changes in measurement methodology by NIH clinical laboratory. Alternatively, as CSF
lactate can be produced by activated immune cells and by astrocytes and oligodendrocytes as
an alternative food source for axons in the form of “lactate shuttle” (Philips and Rothstein,
2017), decrease in CSF lactate levels may be due to decreased production of lactate by these
alternative lactate sources during MS evolution. This hypothesis should be tested in future
studies.

We put enormous effort to attempt to validate CSF GDF15 as a surrogate marker of MS-
associated mitochondrial dysfunction. We observed results that support this concept: 1.
Increase in GDF15 secretion by CNS cells after treatment with mitochondrial toxin rotenone
in-vitro; 2. Increase in CSF GDF15 levels with natural aging; 3. Increase in HV age-adjusted
CSF GDF15 levels in all stages of MS, with further, statistically significant increase in both
progressive MS subgroups (66—-68% of subjects) in comparison to RRMS (40% of subjects,
Fig 6B). However, remaining results caution the interpretation that GDF15 is unequivocal
biomarker of MS-associated mitochondrial dysfunction. Based on MS pathology studies,
the mitochondrial dysfunction should affect mostly neurons (i.e., demyelinated axons), but
we did not see significant increase in GDF15 secretion from neurons exposed to rotenone;
the cells that significantly increased production of GDF15 in response to rotenone were
astrocytes. This observation supports previously-described glial secretion and neuronal
consumption of GDF15 in mice, where GDF15 exerts trophic support for dopaminergic and
motor neurons (Strelau et al., 2003, Strelau et al., 2009). Thus, although age-related increase
in CSF GDF15 levels, observed both in HV and MS cohorts may represent mitochondrial
dysfunction, it may also reflect age-related neuronal loss and gliosis. If CSF GDF15 is true
biomarker of mitochondrial dysfunction of CNS cells, which our data don’t unequivocally
support, then idebenone not only did not inhibit mitochondrial dysfunction in PPMS, but
may have even slightly exacerbate it based on increase in GDF15 (and albumin quotient)
that reached borderline significance in the idebenone group. Albumin quotient was measured
as a candidate biomarker of subtle blood brain barrier damage, previously associated with
progressive MS. Therefore its increase would also be considered detrimental (LeVine,
2016). Nevertheless, we are extremely cautious about making conclusions from such subtle
changes of borderline significance, as these likely represent Type 1 errors.

Can we speculate why was idebenone ineffective in PPMS? The clinical trials on Leber’s
hereditary optic neuropathy (LHON) (Klopstock et al., 2011, Maresca et al., 2013, Yu-Wai-
Man et al., 2016), a genetic disorder of Complex | ECT affecting mostly young adults show
only weak efficacy and narrow therapeutic window for the ability of idebenone to restore
axonal function after acute demyelinating event; it is likely that most PPMS patients were
outside of this therapeutic window. Second, in LHON studies, idebenone was more effective
in preventing further demyelination, which may not be a frequent event in the older PPMS
population targeted in IPPOMS trial. But perhaps most importantly, both our in-vitro data
and recently published mechanistic data in rodent-derived CNS cells (Jaber et al., 2020)
point to the fact that idebenone can limit mitochondrial dysfunction in astrocytes, but not

in neurons. The genetic defect of LHON affects all CNS cells and astrocytic mitochondrial
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dysfunction may exacerbate neuronal dysfunction in this disease. In contrast, in MS the
mitochondrial dysfunction is secondary to demyelination, and therefore it would not be
expected to affect astrocytes. Unfortunately, this knowledge was not available when IPPoMS
trial was initiated.

Although both RIVITALISE and IPPoMS clinical trials were negative, our experience shows
that incorporating CSF biomarkers to early phases of progressive MS drug development
advances our understanding of MS disease mechanisms and generates clinically useful tools
(Barbour et al., 2017). This fulfils the promise of obtaining generalizable knowledge that
represents the ethical basis of early clinical trials with uncertain outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. IPPoM Strial.
(A) An overview of the IPPoMS trial design consisting of one-year pre-treatment

baseline and 2 years of double-blind treatment phase, schedule of clinical and MRI
evaluations, collection of biological samples, and laboratory safety evaluation procedures.
(B) CONSORT diagram of IPPoMS trial. The Pre-treatment safety population includes all
enrolled patients, Safety population included randomized patients that received at least one
dose of idebenone/placebo, Intention-to-treat population was used to evaluate the effect

of idebenone on the primary outcome and included patients that completed at least one

Mult Scler Relat Disord. Author manuscript; available in PMC 2022 August 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kosa et al.

Page 15

six-month follow-up evaluation after randomization. Completer population includes patients
that finished two years of the double-blind phase of the trial.
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(A) The primary endpoint of the IPPoOMS trial was based on measurements of the Area
Under the Curve (AUC) of CombiWISE scores collected every six months between the
pre-treatment baseline (blue lines and blue-shaded area, month —12 to 0) and treatment
phase (red line and red-shaded area, month 0 — 24). (B) Group data of CombiWISE values
for placebo (top) and idebenone (bottom) show accumulation of disability measured by
CombiWISE in both groups as depicted by medians (red bars) and interquartile ranges (blue
whiskers) at 6 month-visits. (C) The difference in CombiWISE AUC between baseline and
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treatment phase was not statistically significant in either placebo (top) or treatment (bottom)
group and (D) there was no statistical significance and AUC during the treatment phase
between placebo and idebenone group (red bars and blue whiskers represent group median
and interquartile range, respectively). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Secondary endpoint outcomesin |PPoM Strial.
Group data for CombiWISE components EDSS, SNRS, 25FW, and 9HPT in placebo (left)

and idebenone (right) arm measured every 6 months during the 3-year trial. Red bars
represent medians and blue whiskers show interquartile range. EDSS = Expanded Disability
Status Scale, SNRS = Scripps Neurological Disability Scale, 25FW = timed 25 foot walk,
9HPT = 9 hole peg test. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 4. Ventricular volume as a secondary endpoint of IPPOM Strial.
(A) Group data for ventricular volume in placebo (left) and idebenone (right) arm assessed

every 6 months during the 3-year IPPoMS trial. (B) The comparison of calculated AUC
during baseline and treatment phase of the IPPoMS trial in placebo (left) and idebenone
(right) arm. (C) Comparison of AUCs of the treatment phase for ventricular volume between
placebo and idebenone arm shows no statistically significant difference. Red bars represent
medians and blue whiskers show interquartile range. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Mult Scler Relat Disord. Author manuscript; available in PMC 2022 August 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kosa et al. Page 20

placebo idebenone
2 2.
SRS L SR
«3 S 2]
tll’ o] 8 E ¢ o e O
n -4 o -4 o
(o] o 2] fe) (e] o lo]
= -6 o 8 = -6 ® 8 e
S o 8 8 § —o—0 g
-8 -8 o o
1o N=35 o N=38
o 0 0 0 ® g [N T S RN AR I
Visit (month) Visit (month)
80; 80-
» o o e 8 g 3 o
60/ ° 8 60/ 8§ ¢
= =
8 40' 8 40'
° B
20 s o 8 o 20 3 " o i S
o N=3 o N=¥
U I T N NI N I I N AN
Visit (month) Visit (month)
250, 250,
2001 200+ o
! | 8 0
g 150 E 150
& 100] & 100] ‘i—
50- o © © o 50- o o o o
0 ' ' ' _N=35 0 ' . ' _N=38
NG 5 NG Q> ] Q D NS
Visit (month) Visit (month)

Fig. 5. Imaging and clinical exploratory outcomes of | PPoM Strial.
Group data showing disease progression measured by composite scale MSFC, cognitive test

SDMT and OCT outcome RNFL during the 3-year trial in placebo (left) and idebenone
(right) arm. Red bars represent medians and blue whiskers show interquartile range. MSFC
= Multiple Sclerosis Functional Composite, SDMT = Symbol Digit Modality Test, OCT =
Optical Coherence Tomography, RNFL = Retinal Nerve Fiber Layer. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6. Examining associations among age, GDF15 concentration, and diagnoses.
(A) Simple linear regression (red lines) predicting GDF15 from age, separately for HVs and

subjects with RRMS, SPMS, and PPMS. The equation of linear regression line is shown

in all graphs, followed by correlation coefficient and p-value, coefficient of variation, and
number of samples analyzed. (B) Age-adjusted GDF15 values across diagnoses, calculated
from residuals from the HV model. Red horizontal lines represent mean of the group and
red whiskers show 95% confidence interval (CI) of the mean. Blue points represent values
that are above the upper 95% CI of healthy volunteers (HV limit); blue % numbers show
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proportion of subjects above HV limit in each diagnostic group. **** p<0.0001, ** p<0.05,
*p<0.05. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 7. CSF biomarkersas exploratory outcomes of | PPoM Strial.
Baseline versus treatment comparison of albumin quotient, soluble CD14, GDF15,

Neurofilament light chain (NFL), and L-lactate in placebo (left) and idebenone (right)

arm. Red bars represent medians, blue dotted lines represent healthy control cut-offs. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Table 2

Extent of exposure or follow-up.

Duration of follow-up (years) (Pre-treatment phase safety population)

Phase

Pre-treatment

Group Mean SD Min  Median Max N  Patient years

Total 1.04 017 0.3 1.02 171 85 886

Duration of follow-up or extent of exposure (years) (Safety population)

Phase

Pre-treatment

Double-blind

Group Mean SD Min Median Max N  Patient years

Idebenone  1.07 0.13 096 1.02 1.71 39 4159
Placebo 1.05 0.13 090 1.01 169 38 40.04
Idebenone  1.80 046 0.00 1.95 211 39 70.01
Placebo 1.81 049 001 197 209 38 6873
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