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Abstract

Although mitochondrial disease research in general is robust, adequate treatment of these life-
threatening conditions has lagged, partly because of a persistence of clinical anecdotes as
substitutes for scientifically and ethically rigorous clinical trials. Here | summarize the key lessons
learned from some of the “first generation” of randomized controlled trials for genetic
mitochondrial diseases and suggest how future trials may benefit from both past experience and
exciting new resources available for patient-oriented research and training in this field.
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1. What is the problem?

The ubiquitous mitochondrion is one of the most exhaustively studied components of animal
cells. These pleotropic organelles are unquestionably vital to the welfare of the host; indeed,
research over the last 30 years has linked mitochondrial dysfunction to a continuously
growing spectrum of acquired and congenital disorders (Chinnery et al. 2002; DiMauro S et
al. 2006; Gvozdjakova 2008) and to the inexorable decline of various functions associated
with aging (Balaban et al. 2005; Finkel et al. 2009; Lenaz et al. 2006). The elucidation of the
mitochondrial DNA (mtDNA) genome (Anderson et al. 1981) and the subsequent discovery
of disease-causing mutations in mtDNA (Holt et al. 1988; Wallace et al. 1988) heralded an
explosion of mitochondrially-oriented research, including rapid advances in the diagnosis,
pathogenesis and epidemiology of genetic mitochondrial diseases.

However, distillation of mitochondria-related research is telling. A review conducted on
February 11, 2011 of PubMed citations listed 140,577 under the category “mitochondria”
(Fig. 1); of those, 29,641 (0.2%) were classified as pertaining to “mitochondrial disease” and
75 reported results of clinical trials (5x1079%). Forty-three (57%) of these published trials
were randomized controlled trials (RCTs) that were double-blinded and most compared
active treatment to placebo. However, only 10 of the RCTs (13%), representing 7x10°% of
all citations, were conducted in patients with congenital causes of mitochondrial disease due
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to proven enzymatic and/or molecular genetic defects in the pyruvate dehydrogenase
complex (PDC) or in one or more respiratory chain complexes or in subjects with
histological or immunochemical criteria consistent with “mitochondrial cytopathy.” All
studies were single-center trials that evaluated dichloroacetate (DCA,; 3 studies) (Duncan et
al. 2004; Kaufmann et al. 2006; Stacpoole et al. 2006), a naturally occurring molecule
(vitamin, cofactor or food; 5 studies) (Glover et al. 2010; Klopstock et al. 2000; Kornblum
et al. 2005; Liet et al. 2003; Tarnopolsky et al. 1997) or a mixture of nutraceuticals (1 study)
(Rodriguez et al. 2007). Five trials reported a positive effect of treatment on one or more
clinical or biochemical primary endpoints (Duncan et al. 2004; Glover et al. 2010;
Rodriguez et al. 2007; Stacpoole et al. 2006; Tarnopolsky et al. 1997). When specified,
funding for these trials came from peer-reviewed, extramural grants and/or from private
foundations. No publication listed support for the trial from pharmaceutical or
biotechnology industry sources, except for one trial in which a nutritional supplement was
provided by the manufacturer. None of the trials involving DCA was preceded by meetings
with the Food and Drug Administration (FDA) and none resulted in the filing of a New
Drug Application. Not included among these studies is an ongoing multicenter, randomized,
placebo-controlled trial of coenzyme Q1 that is supported by the Orphan Products Division
of the FDA and by the product manufacturer (Tishcon Corp.) (Kurtz 2008). Thus, an
infinitesimal proportion of peer-reviewed publications on mitochondria relates to
randomized controlled trials (RCTs) and the diversity of therapeutic interventions employed
in these trials is alarmingly small. Why is this so?

2. Analysis of the problem

It could reasonably be argued that the relative paucity of RCTs involving genetic
mitochondrial diseases reflects the fact that late-phase interventional trials for any disease
rests on a deep foundation of laboratory- and clinically-oriented investigation of the disease
and putative therapies. This process may span decades, often terminating prematurely
because of unanticipated toxicity, inefficacy, or both. However, it is instructive to consider
lessons learned from the genesis, implementation and outcome of some of the few RCTs that
have focused on genetic mitochondrial diseases, lest ignorance beget repetition.

2. 1. Dichloroacetate

DCA is the only small molecule xenobiotic that has entered into phase 3 clinical trials for
genetic mitochondrial diseases. It faced several significant obstacles at the beginning of its
clinical development (Stacpoole 1989). First, DCA holds an almost unique position at the
interface of environmental health and allopathic medicine that has raised serious questions
about its safety to humans. It has long been considered a potential health hazard by
environmental toxicologists, owing to its ubiquity in our biosphere as a byproduct of water
chlorination and as a metabolite of certain industrial solvents, such as the Superfund
chemical trichloroethylene (Stacpoole 2011). Moreover, doses 10 thousand-fold higher than
those to which humans receive from environmental exposure have been administered when
DCA has been used for therapeutic purposes. Yet, doses similar to those employed clinically
have been associated with serious end-organ toxicity, including liver cancer and peripheral
neuropathy, in various animal species (Stacpoole et al. 1998). Second, although DCA is a
synthetic chemical, its structural simplicity and long history of laboratory-based
pharmacodynamic research made discovery patents based on its synthesis impossible,
thereby severely limiting interest by industry. Consequently, almost all its pharmaceutical
development has occurred in university settings and RCTs involving DCA have been
supported exclusively by federal or foundation grants and by investigator INDs.

DCA was not initially “targeted” for use in mitochondrial diseases, although the
mitochondrion is the cellular target of its dynamic action. The drug is a prototypic inhibitor
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of pyruvate dehydrogenase kinase, thereby activating the pyruvate dehydrogenase complex
(PDC) and stimulating oxidative phosphorylation in mammalian cells (Stacpoole 1989).
Following the first description of its use in a child with congenital lactic acidosis (Coude et
al. 1978), DCA became the subject of many case reports describing beneficial effects from
its acute or chronic administration to patients with genetic mitochondrial diseases (Stacpoole
et al. 1997).

1: The DCA/CLA Clinical Trial

Based on these encouraging anecdotes, a multicenter, 5-year, double-blind, placebo-
controlled, crossover trial was submitted to the National Institutes of Health in the early
1990s, in which quality of life (QOL), various functional neurological and neurobehavioral
tests and blood and cerebral spinal fluid lactate comprised the major outcome measures of
efficacy and safety. The study population included children with congenital lactic acidosis
(CLA) due to biochemically or genetically proven defects in the PDC or in one or more
complexes of the respiratory chain, or a pathological mutation in nNDNA or mtDNA. This
was to be the first controlled trial of any therapy for congenital lactic acidosis and received
strong encouragement from the Director of the Institute from which funding was sought. A
Special Emphasis Panel of peer reviewers conducted an all-day site visit at the principal
investigator’s institution. The proposal received a score of 230, which at the time, placed it
in the “Very Good” (aka, unfundable) range. Specific criticisms included the unnecessary
application of formal nerve conduction testing, in lieu of clinical neurological examination,
to detect DCA neurotoxicity (at that time, the high prevalence of peripheral neuropathy in
genetic mitochondrial diseases was underappreciated); the questionable applicability of
neurological outcome measures to the population in question (there were no previously
validated QOL or neurobehavioral tools for congenital lactic acidosis); and the absence of
survival as a primary outcome measure.

The proposal was revised to include a parallel design, thereby allowing survival to be
included as an endpoint. However, this design change significantly expanded the requisite
number of randomized subjects and the number of study sites and increased the cost of the
trial three-fold (from about $5 million to over $15 million). Other modifications in the
application attempted to address the reviewers’ concerns regarding the outcome measures,
while defending the retention of nerve conduction testing. A repeat site visit was held that
included virtually all the original reviewers. The score improved less than 10 points, with
complaints about the size of the budget and insufficient movement on improving the clinical
neurological outcome measures. The second revision generated a review by teleconference
between reviewers and a few key investigators, without significant changes in the outcome.

At this point, almost three years had elapsed since the first application was submitted, and
the multicenter collaborative group disbanded. However, investigators at two centers
persisted, secured a small grant from the Muscular Dystrophy Association, incorporated the
toxicological assessments (including nerve conduction testing) for the trial into a successful
Superfund Program Project grant at the principal investigator’s institution and, subsequently,
secured a 3-year grant from the FDA’s Orphan Products Division to undertake a single-
center, phase 3 parallel trial, with the collaborating center functioning as a key diagnostic
resource.

By far the most ironical consequence of this protracted exercise was that the principal
investigator was contacted on five separate occasions between site visits by some of the NIH
reviewers to request “compassionate use” DCA for their own patients. In retrospect, one
may interpret such actions charitably as being consistent with the state-of-the-art at that
time, namely, an over-reliance on anecdote and a naiveté, laced with suspicion, of the
strategic importance of controlled clinical trials in advancing the treatment of pediatric
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mitochondrial diseases. However, the impact of this unfortunate behavior was further
magnified by the coincident implementation of an open label trial of DCA in a similar
heterogeneous group of mitochondrial disease patients at another institution (Barshop et al.
2004).

The demise of the multicenter collaboration and the head-to-head competition with an open-
label study made patient recruitment and retention to the so-called DCA/CLA Clinical Trial
challenging. Maintaining the trial’s visibility to both the lay and professional communities
required the continuous engagement of advocacy groups, such as the United Mitochondrial
Disease Foundation (UMDF), the National Organization for Rare Diseases (NORD) and
Exceptional Parent (EP). However, a major potential bottleneck was in transporting patients
and accompanying family members across hundreds or thousands of miles for quarterly
visits to the General Clinical Research Center at the University of Florida in Gainesville,
which is serviced by a small, regional airport. Thus, an alliance between the investigative
team and Mercy Medical Airlift (MMA) became an essential component of the study’s
success. Founded in 1972 (Rhodes 2008), MMA began as a nationwide charitable private
pilots’ association to provide free transportation of patients to specialized treatment centers;
however, it had not previously been engaged in facilitating travel for clinical trials. Through
its subsidiary, Angel Flight of Florida, MMA provided several hundred thousand dollars in
in-kind support to enable free round-trip transportation of patients throughout the U.S. for
the duration of the trial.

Many lessons were learned from conducting the first phase 3 pediatric drug trial for genetic
mitochondrial diseases (Stacpoole et al. 2006) (Table 1). Investigators failed to anticipate
the response of their peers to the potential evolution in the standard of care of mitochondrial
disease patients, from reliance on personal, but untested, treatment preference, to a double-
blind, placebo-controlled trial. Restricting the trial to a single center was a major limitation
for at least three reasons: 1) despite MMA’s efforts, it created logistical hardships for
families of participants; 2) it diffused the nascent — and at that time unprecedented — network
of mitochondrial disease specialists that had contributed to the initial stimulus for the trial;
and 3) it would have decreased enthusiasm by the FDA, had a New Drug Application been
submitted with results from only one study site. Nevertheless, the experience provided
investigators with new knowledge about how to develop critical infrastructure to organize
and sustain an RCT, including strategies for enabling patient transport, developing study
venues and maintaining ongoing communication with such oversight groups as Institutional
Review Boards, Data Safety and Monitoring Boards and the FDA. Moreover, it encouraged
collaborators to reach consensus about the potentially contentious issues of clinical and
biochemical diagnostic and inclusion criteria. Furthermore, it brought to the forefront certain
major obstacles that future trials would face in choosing validated primary endpoints to
determine clinical efficacy and safety. Such assessment tools had to be sufficiently
straightforward and robust to be relevant to a patient population known for its clinical
heterogeneity and to be applicable at multiple centers. Finally, the trial taught the
importance of entrepreneurism in seeking assistance with funding, publicity and patient
transportation.

2: The DCA/MELAS Clinical Trial

Shortly after the DCA/CLA Clinical Trial commenced, investigators at Columbia
University, in collaboration with those at the University of Florida, secured funding through
a Program Project grant from the National Institute of Child Health and Human
Development (NICHD) to initiate a phase 3 clinical trial of DCA in patients with the
syndrome of mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes
(MELAS), due to the common A3243G point mutation in mtDNA (Kaufmann et al. 2006).
This was also a single-center trial in which patients received the same oral dose of DCA and
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dosing interval as did patients in the Florida trial. However, despite certain similarities, there
were important differences between these studies both in design and, particularly, in
outcome (Table 2).

The DCA/CLA trial showed no differences in adverse effects between treatment groups
(Stacpoole et al. 2006), a finding that permitted continuation of open label DCA in a
majority of participants for several years beyond the placebo-controlled period (Stacpoole et
al. 2008). In striking contrast, the MELAS trial was stopped prematurely because of new
onset or exacerbation of pre-existing peripheral neuropathy in patients receiving DCA
(Kaufmann et al. 2006). This cast a pall over the drug’s future as a therapeutic agent for
chronic administration, but begged questions regarding the marked difference in
susceptibility to DCA toxicity between the two patient populations. Six of the 43
participants in the Florida trial had MELAS, implying the underlying disease was not
accountable for the variance in response to treatment. However, upon further examination of
the kinetics of DCA in each population, a significant inverse relationship was found between
subject age and rate of plasma clearance of the drug, a finding that was replicated in rats
(Shroads et al. 2008). Furthermore, employing a rat model of DCA peripheral neuropathy,
animal age was found to correlate inversely with onset of toxicity (Calcutt et al. 2009).

The DCA/MELAS trial was instructive because it served to highlight two well-recorded but
frequently ignored tenets of clinical pharmacology: 1) the importance of patient
demographics in predicting response to a therapeutic intervention and 2) the non-linear
relationship between body weight and body surface area with development (Table 2). Had
the relationship between age and toxicity not been elucidated, the therapeutic potential of
DCA for mitochondrial and other chronic diseases (c.f. Stacpoole 2011) might have suffered
a premature obituary. Application of the principal of allometric dose scaling should also be
considered in future trials, particularly involving adults, to mitigate over-dosing and toxicity.

2. 4. Coenzyme Qjg

It is axiomatic that patients with suspected or proven genetic mitochondrial disease will self-
administer and/or have recommended to them by their physician some mixture of over-the-
counter commercial preparations of vitamins, cofactors or other nutritional supplements.

The administration of these compounds has been rationalized by the unproven hope that they
might stimulate residual enzyme activity or circumvent the enzyme defect. Carnitine,
creatinine, thiamine, biotin, lipoate, riboflavin, coenzyme Q1 (CoQ1g), tocophenol and
vitamin K plus ascorbate have been the most commonly used agents (Kerr 1995). However,
clear benefit has been reported in only a very few individuals.

CoQjp may be expected to benefit children with disorders of the mitochondrial respiratory
chain by several mechanisms that are not mutually exclusive. The first would be CoQ1g
(ubiquinone) deficiency, which is a clinically heterogeneous disorder detected by low
muscle CoQ1q, concentrations (Lamperti et al. 2003; Musumeci et al. 2001; Ogasahara et al.
1989). The second mechanism could be facilitating electron transport by circumventing a
block in the electron transport chain. For example, if the subject had a block in complex I,
supplemental CoQ1q could accept electrons from either the normal ubiquinol binding site or
the FeS site of complex | (or both), and donate them to complex 1V via ascorbate, which is
the rationale for adding ascorbate to the standard supplement. This mechanism was
originally demonstrated in an individual with complex 111 deficiency treated with vitamin
K3 (menadione) and ascorbate (Arogov et al. 1986). The third mechanism is that CoQ1q can
serve as an antioxidant, accepting electrons from disrupted electron transport and reducing
the risk of formation of reactive oxygen species that might cause damage to mitochondrial
membranes, proteins, lipids and DNA (Beal 2003; Geromel et al. 2002; Turunen et al.
2004). This is the most general mechanism, potentially applicable to any defect of electron
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transport and presumably the implicit rationale for widespread current use of CoQg in the
management of patients with mitochondrial disorders.

Most of the clinical trials of CoQqg in mitochondrial diseases were reviewed recently (Haas
2007) and only a few were found to qualify as an RCT. Last year, Glover et al. (Glover et al.
2010) reported the first Level | RCT (c.f. Sackett 1993) of CoQ1g in 30 adults (15 with
MELAS, mean age 48 years; 15 with other mitochondrial diseases, mean age 56 years) with
genetic mitochondrial diseases. Patients received 1,200 mg/d (averaging 19.5 mg/kg/d)
CoQ g as ubiquinol (Qgel; Tishcon) or placebo in a crossover design trial in which each
treatment was administered for 60 days. Mitochondrial disease-specific activities of daily
living and QOL questionnaires, validated for adult patients, were administered and tests of
motor strength and endurance, NMR spectroscopy of the brain and various biochemical
blood analyses were performed. Glover, et al. did not report the occurrence of adverse
effects from CoQ1g administration, which achieved plasma levels ~5.5-fold above those
measured during the placebo phase (5.5 pg/ml vs. 1.0 ug/ml). CoQ; treatment was
associated with an attenuated rise in blood lactate after bicycle ergonometry and transiently
increased Vgy/kg lean mass after 5 minutes of cycling, but did not affect other clinically or
biochemically meaningful variables, such as muscle strength, activities of daily living, QOL
or brain lactate.

Despite the limitations of these studies of CoQ1g as monotherapy in mitochondrial disease
patients, certain noteworthy findings emerge. First, very few pediatric subjects were enrolled
in these studies; thus, the chronic safety and efficacy of CoQ1q has never been examined
prospectively in children. Second, the doses of CoQo employed in the earlier trials were
markedly lower (~2 mg/kg/d for a 70 kg adult) than those used in more recent studies,
including those involving neurodegenerative disorders other than genetic mitochondrial
diseases (Glover et al. 2010; Kaufmann et al. 2009; Mancuso et al. 2010; Stamelou et al.
2008; The Huntington Study Group 2001; The Huntington Study Group 2010). Third, the
earlier trials of CoQ1q provided evidence of its safety, at least in adults. Finally, even the
low doses used in the earlier trials were associated with at least trends in improvement in
biochemical and/or clinical motor function among the treated subjects (Haas 2007).

There have been 3 published trials of CoQ1g administered as part of a “cocktail” of vitamins,
cofactors and/or creatine or methylpredinsolone to patients with various types of suspected
or proven genetic mitochondrial disease (Matthews et al. 1993; Peterson 1995; Rodriguez et
al. 2007). In the only one of these trials to achieve Level |1 status, according to standard
criteria (Sackett 1993), 16 patients who completed a RCT (crossover design) of daily 120
mg CoQ1o, 300 mg lipoic acid and 3 g creatine monohydrate for two months achieved lower
levels of resting blood lactate and urinary 8-isoprostane and, in some patients, evidence of
modest neuromuscular improvement.

3: The CoQg Clinical Trial

Based on the above biochemical rationale and prior clinical experience, an application for
conducting a three-year phase 3 trial of CoQ1g in children with genetic mitochondrial
diseases was funded in late 2007 by the Orphan Products Division (OPD) of the FDA. The
trial has involved three centers in the U.S. and one in Canada and tests the primary
hypothesis that oral CoQ1¢ administration is safe and effective in improving motor function
and quality of life. The trial incorporates a crossover design in which CoQqg (10 mg/kg/d to
a maximum of 400 mg/d as ubiquinol) and placebo are each administered for 6 months.
Both formulations are provided gratis to patients by Tishcon Corp., which holds an IND and
Orphan Product designation for CoQ1q for mitochondrial diseases. The trial is powered such
that 40 patients must complete the 12-month treatment period. Eligible patients are between
6 months and 18 years at the time of randomization and must have a biochemically-proven

Mitochondrion. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stacpoole

Page 7

deficiency of complex I-1V of the respiratory chain or have a known pathological mutation
in a gene coding for a respiratory chain component (nDNA or mtDNA). Because of the
prevalence of nutritional cocktails in the patient population, the investigators attempted to
reduce this as a variable by providing each participant with a fixed-dose liquid preparation
of vitamin C, riboflavin, thiamine and carnitine to be administered daily.

The trial has screened 99 potential subjects and has randomized 29 patients through
December, 2010 (Fig. 2). A few individuals are continuing to undergo additional testing to
determine eligibility. However, of 71 subjects deemed eligible for inclusion in the trial, only
29 (41%) have been randomized. In contrast, the families of 42 patients (59%) declined
further testing. A few eligible families declined to participate in this trial in part or solely
because of the logistical challenges associated with travel to a treatment site. However, the
principal reason why recruitment to the trial has lagged behind expectations relates to the
proportion of patients who were already taking some dose and formulation of CoQq as part
of their individual nutritional supplementation. In fact, over 90% of potentially eligible
subjects were receiving a “cocktail” containing CoQ19. Many families were convinced that
CoQ o was already benefiting their child and refused to participate in a placebo-controlled
study.

New recruitment strategies that include increased publicity of the trial via the UMDF and EP
are underway to increase recruitment and retention to the CoQq trial. However, the
challenges in meeting enrollment reflect at least three fundamental beliefs of affected
families and caregivers that can be broadly implicated as major barriers to the advancement
of promising treatments for mitochondrial diseases:

e “ltwon’t hurt and it might help”
*  “ldon’t want (my child) to be a guinea pig”
*  “l'want (my child) to get the real treatment, not the placebo”

As with any prejudice, these attitudes reflect learned behavior and originate partly from the
professional mitochondrial disease community in general. Its historical passivity in fostering
rigorously controlled trials has perpetuated the type of irrational and, ultimately, self-
defeating, behavior of a lay community desperate for help.

2. 6. Applying the lessons: The DCA/PDC Clinical Trial

Both the long-term evaluation (Stacpoole et al. 2008) of the patients originally recruited to
the DCA/CLA trial and a review (Berendzen et al. 2006) of the published international
experience of DCA in patients with deficiency of a component of the PDC indicated good
chronic tolerability to the drug and suggestive evidence of clinical improvement.
Consequently, a 1-year planning grant was received from NICHD to organize a pivotal
phase 3 trial of DCA in approximately 70 PDC deficient patients (Stacpoole et al. 2011).
The planning process is underway and has attempted to incorporate many of the lessons
acquired from the preceding trials, namely:

»  Commitment to a multicenter study, involving 21 potential study sites throughout
the U.S. and Canada;

»  Continuous participation by investigators regarding all aspects of the trial,

» Use of a parallel design, incorporating only a few easily applied and validated
outcome measures of safety and efficacy;

e Afocus on early and frequent communication with the potential funding agency
and with the FDA and Health Canada, including a pre-trial meeting to address
questions about key elements of the study design and its implementation;
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» Adherence to Good Manufacturing Practices in product formulation, testing and
distribution;
»  Standardization of diagnostic criteria and of the application of assessment tools;

» Training of clinical investigators (physicians and non-physicians) in the proper
collection and transmittal of data to core facilities;

»  Establishment of a Data Coordinating Center skilled in electronically-based data
acquisition and management and in biostatistical evaluation of outcome data;

» Recruitment of patient advocacy and transportation organizations; and

» Integration with new infrastructure for mitochondrial disease research and training.

3. Improving Federal Funding Mechanisms

Relatively few disease-specific networks associated with the NIH’s Rare Diseases Clinical
Research Network (RDCRN) have conducted phase 3 trials of any drugs or biologics for
their constituents. However, NIH grants that establish such consortia are awarded with the
tacit assumption that advances will be made toward achieving the goal of conducting such
trials. Although RDCRN grants provide basic infrastructure support for clinical trials,
additional extramural funds must be sought to implement them. Without significant backing
from the pharmaceutical or biotechnology industry, such funding must depend upon federal
resources.

Currently, there are three principal mechanisms for funding investigator-initiated clinical
trials of rare diseases, in addition to RDCRN grants®. The first is through traditional
investigator-initiated grants, such as RO1s, or, for some institutes, such as the National
Institute of Neurological Diseases and Stroke, through a U-type (Cooperative Agreement)
award, in which the institute assumes a more integral role in the study’s infrastructure and
operation. The second mechanism for funding clinical trials for rare diseases is through the
Orphan Products Division (OPD) of the FDA, the only grant-awarding division of the
agency. OPD awards have been instrumental in fostering patient-oriented rare disease
research and in garnering FDA approval for new treatments. The third mechanism is the
relatively new Rapid Access to Interventional Development (RAID) Program at NIH (NIH-
RAID http://commonfund.nih.gov/raid/). RAID accepts applications to request support for
producing GMP-quality product (drug, vaccine or biologic), including placebo, for
preclinical research and for clinical trials. For common diseases, RAID generally provides
product for only early phase trials. However, the limited number of patients recruited to
phase 3 trials of rare diseases is such that RAID resources may accommodate such studies.
RAID itself is supported by several, but not all, of NIH institutes. Moreover, RAID funding
is not provided directly to the successful applicant. Rather, it uses its funds to contract a
compounding pharmacy in the private sector to undertake product formulation and testing
under GMP conditions and provides the product to the awardee for distribution and use.

However, coordination of effort among NIH, OPD and RAID could be improved to
substantially enhance the ability of the academic community to conduct RCTs for rare
diseases (Table 3). Standardization of the frequency and timing of grant submissions,
protocol formatting and page length and early cross-referencing of joint submissions (for
example, cost-sharing drug development with RAID for an NIH or OPD-supported clinical
trial) would reduce duplication and achieve better coordination of timelines and milestones
associated with a clinical trial.

LAnother NIH resource, the Therapeutics for Rare and Neglected Diseases (TRND) program, was launched in 2009 to provide a
means to facilitate preclinical development of new therapeutics, but does not support clinical trials.
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4. The future: The North American Mitochondrial Disease Consortium
(NAMDC) and the UMDF

Headquartered at Columbia University, NAMDC is a new member of the NIH’s RDCRN
and is also closely affiliated with the UMDF. NAMDC investigators are establishing a web-
based patient registry, a data coordinating center, uniform diagnostic criteria for
mitochondrial diseases and a biorepository for typing and storage of biological tissues and
fluids, including samples from clinical trials. Indeed, the proposed DCA/PDC Clinical Trial
aims to be the first NAMDC-affiliated phase 3 trial for mitochondrial diseases and would
utilize many of the consortium’s resources. In turn, the trial would provide a mechanism for
recruiting new institutions to NAMDC and for beta-testing its emerging resources. As
NAMDC’s membership expands, so will the opportunity for clinicians and families affected
by mitochondrial diseases to participate as partners in scientifically and ethically rigorous
clinical trials and in other longitudinal studies investigating genotype-phenotype
relationships, novel disease biomarkers, clinical assessment tools and continuing education
programs.

The UMDF and NAMDC are also dedicating new resources to support patient-oriented
research fellowship training of the next generation of mitochondrial disease investigators
and clinical trialists. Consistent with these initiatives, the UMDF has taken the
unprecedented step of holding a symposium on clinical trials at its forthcoming annual
meeting that will be targeted to an audience of laboratory- and clinically-based researchers
and families. The goal is to initiate a process that will forge greater understanding in the
professional and lay communities of the essentiality of partnership in advancing translational
and clinical research toward the diagnosis, treatment and cure of mitochondrial diseases.
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Abbreviations

CoQ1g coenzyme Qqq

CLA congenital Lactic Acidosis

DCA dichloroacetate

EP Exceptional Parent

FDA Food and Drug Administration

IND investigational new drug

MMA Mercy Medical Airlift

MtDNA mitochondrial DNA

MELAS mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes
NICHD National Institutes of Child Health and Human Development
NORD National Organization for Rare Diseases

NAMD North American Mitochondrial Disease Consortium

nDNA nuclear DNA

OPD Orphan Products Division
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PDC pyruvate dehydrogenase complex
QOL quality of life
RCTs randomized controlled trials
RAID Rapid Access to Interventional Development
RDCRN Rare Diseases Clinical Research Network
TRND Therapeutics for Rare and Neglected Diseases
UMDF United Mitochondrial Disease Foundation
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Fig. 1.
PubMed citations as of February 11, 2011.

Mitochondrion. Author manuscript; available in PMC 2012 September 1.

Page 13



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stacpoole

wbbli=

Fig. 2.
Subject screening and enrollment in the CoQ1 trial, 2007-2010.
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Table 1

Lessons Learned from the DCA/CLA Clinical Trial

~N o o~ oW NP

Recognition of conflict within professional community about controlled trials.
Challenges of conducting single-center study.

Establishment of core infrastructure and consensus

Simplification of study design.

Consensus and standardization regarding diagnostic criteria and operational procedures.
Importance of choosing validated outcome measures.

Importance of multiple funding mechanisms and advocacy groups.
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Table 2

A Tale of Two Trials: Congenital Lactic Acidosis vs. MELAS

Page 16

Characteristic DCA/CLA Trial DCA/MELAS Trial
Clinical site U. Florida Columbia U.
Funding Multiple sources NIH Program Project
Pre-trial FDA meeting | No No
Study design Parallel Crossover
DCA dose
mag/kg 12.5 mg/kg/12 hr 12.5 mg/kg/12 hr
mg/m? 320 mg/m?/12h 500 mg/m2/12h
Patient diagnosis Varied A3243G mutation
Number of subjects 43 30
Mean age at entry 5.6 yrs 30 yrs

Outcome

Reference

Biochemical, but not clinical, benefit; treatment well-
tolerated

Stacpoole et al. 2006

Terminated prematurely because of (reversible) peripheral

neuropathy

Kaufmann et al. 2006

1In both trials, dosing was based on body mass (kg). To account for allometric scaling, consider that a child at the 50th percentile who is 5.6 years

old (the mean age of entry in the DCA/CLA trial) would weigh about 20 kg, be about 112 cm in height and have a body surface area of

approximately 0.8 m2 (http://www.globalrph.com/bsa2.cgi). A 30-year-old adult at the soth percentile is about 80 kg and 178 cm, yielding a body

surface area of approximately 2.0 m2. Thus, accounting for allometric scaling indicates a discrepancy in dosing between the two trials, which
might, in part, account for the greater toxicity of DCA observed in adults.
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Table 3

Federal Funding Mechanisms for Rare Disease Clinical Trials

Page 17

Characteristic NIH FDA-OPD RAID

Application receipt dates® February, June, October | February January, May, September
Proposal page limit 190 25 12

Annual budget ceiling $200,000 total costs for phase None

Maximum duration of typical
award

Letter of Intent required

$500,000 direct costs®

5 years

Sometimes

1; $400,000 total costs for
phases 2 and 3

3 years for phase 1
4 years for phase 2 or 3

No

Based on time required to fulfill
obligations (usually <1 year)

Yes (must be approved before
application can proceed)

a -
New applications.

Plus Specific Aims page. Certain institutes may allow separate, but linked, 12-page submission for clinical and data coordination and also permit
simultaneous submission of a manual of procedures.

o . . . A
May be exceeded with prior permission from institute.
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