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Abstract

Biomarkers are defined as characteristics (proteins, RNA, single nucleotide polymorphisms,
imaging) that are objectively measured and evaluated as an indicator of pathogenic processes or
pharmacologic responses to a therapeutic intervention. Biomarkers areimportant in clinical trials
where the robust biomarker reflects the underlying disease processin a sensitive and reliable
manner. For myasthenia gravis (MG), acetylcholine receptor and muscle specific kinase
antibodies, aswell as single fiber electromyography, serve as excellent biomarkers for diagnosis
but do not adequately substitute for clinical evaluations to predict treatment response. New
technologies are emerging that enable broad biomarker discovery in biological fluids. Biomarker
evaluation isideally donein the context of longitudinal clinical trials. The MGTX trial has
collected plasma and serum for RNA and protein analysis and thymus, which will allow robust
biomarker discovery. The ultimate goal will be to identify candidates for areliable substitute for a
clinically meaningful endpoint that is adirect measure of the effectiveness of atherapy in the
context of a continuum of disease natural history and a patient's overall well-being.
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The Food and Drug Administration (FDA), National Institutes of Health, and the
pharmaceutical/device maker industry have placed a major focus on the identification of
biomarkers to assist therapeutic development in preclinical and early phase studies on
humansl: 2. Why? Despite some remarkable success in discovery of novel treatments,
therapeutic development has a high failure rate 32, Numerous forces are now driving
limitations on financial support for discovery of new treatments, whether scientists work in
the private or public sector. Biomarkersin animal studies, which support efficacy in humans
and ones that can robustly support go-no go decisionsin preliminary clinical trials, offer
promise to decrease the failure rate, shorten the duration, and thereby reduce the cost of
therapeutic devel opment.

Correspondence: Henry J. Kaminski, MD Department of Neurology George Washington University 2150 Pennsylvania Avenue
Washington DC 20037 HK aminski @mfa.gwu.edu.

Conflicts of interest

The authors declare no conflicts of interest



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Page 2

Biomarker categorization

The FDA of the United States defines biomarkers as characteristics that are objectively
measured and evaluated as indicators of normal biologic processes, pathogenic activity, or
pharmacol ogic responses to a therapeutic intervention 8. Biomarkers may be assessed by a
variety of measures from biological specimens, such as molecular genetic characteristics,
histology, and serum proteins as well asimaging evaluations. Several varieties of
biomarkers exist (Table 1). For example, prognostic biomarkers sort patients according to
the likely course of disease (if |eft untreated), while predictive biomarkers identify
subpopulations of patients who are likely to respond to a specific therapy. The drug dosage
for responsive individualsis optimized by analysis of pharmacodynamic biomarkers.
Biomarkers may predict or identify safety problems related to a therapeutic candidate. In
some circumstances, a biomarker may identify a patient population subgroup that becomes
the focus for specific clinical trials. These include prognostic biomarkers that identify
patients with a disease risk most suitable for an efficient drug development program. In
other circumstances, a predictive biomarker may identify a patient subgroup that has a
greater potential to benefit from the mechanism of action of the specific drug or alower risk
of an identified adverse effect of the drug. As with any measure, there are variability and
specificity issues that must be considered for each specific application. The rigor of the
validation process for a biomarker is dependent on its ultimate clinical use.

The surrogate endpoaint is of greatest interest for therapeutic development, and their
validation as a predictor of efficacy requires fulfillment of strict criteria. The surrogate
endpoint isintended to substitute for aprimary clinical endpoint and is expected to predict a
clinical benefit, lack of benefit, or harm as would the gold standard clinical endpoint.
Prentice originally proposed criteriato define expectations for a surrogate (Table 2). To act
as a surrogate endpoint a biomarker must fulfill these properties, which are ideally assessed
in the context of aclinical trial /. Of course, this also assumes that clinical efficacy
evaluations have been validated appropriately, which is also a challenge. Only in the case of
death as aclinica end point can one consider the clinical measures to be unequivocal.

Biomarkers in myasthenia gravis

The MG research field lags behind other areas of medicine in the development of
biomarkers, and existing biomarkers are severely limited in their ability to predict aresponse
to treatment, assess susceptibility to adverse effects of treatment, or correlate with disease
severity. Thislack of validated biomarkersis aglaring deficiency for therapeutic
development for MG, especially when novel treatments are being considered for application.
This state is all the more surprising because MG is one of the best characterized autoimmune
disorders from abiological perspective and is among the few that fulfills strict criteriafor
autoimmunity.

Biomarkers that presently exist in MG fall primarily in the diagnostic category. Detection of
acetylcholine receptor (AChR) or muscle specific kinase (MuSK) antibodiesis highly
specific for confirming the diagnosis of MG; however, their absolute levels do not correlate
with disease severity 819, Although levels of AChR and MuSK antibodies tend to fall with
treatment, thisis highly variable and does not correlate well with disease severity or clinical
response. The therapeutic usefulness of biomarkersin guiding treatment decisionsis
illustrated by the identification of MuSK antibodies, which correlate with poor response to
cholinesterase inhibitor treatment and often predict refractoriness to other treatment
approaches. However, such observations have been drawn from retrospective analyses.

The MG Foundation of America Task Force for evaluation of clinical endpoints, of which
three of the authors (HK,GW,GC) were members, reviewed potential biomarkers used in
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MG. None fulfill criteria sufficiently to serve as surrogate endpoints. Acetylcholine receptor
(AChR) antibody titers have been used as a marker for therapeutic response 1113, put there
isno basisto use them as a potential substitute for a clinical outcome measure. Single fiber
EMG, in expert hands, appears to correlate well to clinical state; however, it is of limited use
as apredictor of of clinical outcome, especialy due to the likelihood of significant inter-
observer variabilityl4. Of relevance to MG treatment is the thiopurine Smethyltransferase
acti\iiSW or identification of the TPMT gene mutation as a marker of toxicity for azathioprine
use.

Genetic markers may one day serve as biomarkers important for therapeutic targeting. A
genetic association for MG is supported 16 by: 1) MG occurrence in up to 4% of family
members of patients with MG, while the risk of generalized MG in the population is 0.01%;
2) twin studies showing a heritability index of 0.65, alevel that places MG in the range of
Alzheimer's disease and epilepsy and above multiple sclerosis for genetic predisposition; 3)
HLA-B8 and DR3 alleles are increased in patients with MG when compared with the
genera population; 4) The MY SA1 locusis associated with MG and thymic hyperplasia.
MY SA1 lies within the central region of the HLA region and the biological basis for it
leading to susceptibility to MG has not been determined; 5) linkage dysequilibrium analysis
identified an association with amarker in the CHRNA1 gene, which codes for the alpha
subunit of the ACHR, that has been closely associated with MG; 6) and a polymorphism
identified in the promoter region of the decay accelerating factor (DAF) gene, a complement
regulator associated with a severe form of MG that producesirreversible
ophthalmoparesist’.

Preclinical evaluation

Development of therapeuticsis dependent on exploratory evaluations in animals, and the
field of MG benefits greatly from the existence of robust animal models. Patrick and
Lindstrom demonstrated that immunization of rabbits with purified acetylcholine receptor
leads to development of disease that mimics the human disorder 18. Subsequent studies have
demonstrated that experimental autoimmune MG (EAMG) can be induced in several
mammalian species by immunization with AChR of mammals, the electric organ of eels or
rays, and peptide fragments of AChR subunits 1°. These models reproduce aspects of human
MG, including abreakdown in tolerance with production of autoantibodies, the
neuromuscular transmission defect, response to anti-cholinesterase therapy, and moderation
of the disease by treatments used in patients. EAMG produced by administration of
antibodies to the acetylcholine receptor fails to mimic the breakdown in tolerance and
induces significant inflammation, which is not present in muscles of patient, but does mimic
the final common pathway of injury to the neuromuscular junction that occurs in humans,
and therefore, also serves as an appropriate model to evaluate certain therapeutics. These
models have been used to delineate autoimmune mechanisms and to evaluate

therapeutics 2 21 but to date have not been afocus for biomarker discovery.

Because of inherent differences between humans and animals, no animal model, thus far,
fully mimics the human disease. Despite common features of mammalian immune systems,
there are differences in basic regulatory proteins of human, mouse and rat systems. EAMG
differs from human MG in the need to administer exogenous and repeated antigenic
stimulation to produce and maintain disease. Fluctuations of weakness and autoimmune
activity are not observed over time. Therefore, caution is necessary when extrapolating
positive results from animals to humans. Thisis not just a problem for MG. A glaring
exampleis over 300 preclinical studies of Alzheimer's disease suggesting efficacy of therapy
in mouse models, none of which have led to a therapeutic effect in humans 22, Therefore,
there is a great need for biomarker discovery to be integrated coherently into both preclinical
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and clinical efforts. The long term benefit that would result from validated markers of
efficacy in humans would be enormous. And if these discoveries have paralelsin animal
studies the potential to translate novel treatments from preclinical studies to the bedside
would be far more efficient. Of course, there is aso benefit in the early termination of
preclinical effortsthat have little chance for success in order to save the hundreds of millions
of dollars that are expended on human early phasetrials.

MGTX study and biomarker discovery opportunity

In 2005 the National Institutes of Health funded a multicenter, international, single-blinded,
randomized trial (MGTX) to determine whether extended transsternal thymectomy for
patients receiving the prednisone protocol confers added benefits to the prednisone protocol
done 2324, As part of the investigation, an ancillary study was supported with the intent to
collect thymus, plasma, serum and blood-derived RNA with the intent of developing the first
biomarker discovery assessment in the history of MG. As of thiswriting, 82 subjects have
provided blood specimens at baseline and 6-month follow-up with collection ongoing at 1,

2, and 3 years post randomization. Over 50 thymic specimens have been collected, and
analysis for histological evaluation has demonstrated good to excellent quality of specimen
integrity. The opportunity exists now to launch a state-of-the-art, unbiased biomarker
discovery program utilizing these specimens. To that end, the authors are moving toward the
use of independent -omics assays (proteomics, microRNA, RNA profiling, metabolomics)
coupled with antigen-specific IgG subclass definition on samples obtained through MGTX
and to perform similar analyses on samples obtained from mice with EAMG. Below we
briefly describe the methods to be used.

Nanoparticle proteomics

Body fluids such as serum represent a valuable source of biomarker information.

| dentification and monitoring of circulating biomarkers enable early disease detection,
disease/morbidity risk stratification, and help assess disease progression and thus
responsiveness to interventions 22, Despite recent progress in the field of proteomics,
identification of novel plasma biomarkers such as proteins has been difficult due to low
quantities relative to larger and more abundant plasma proteins, such as albumin 26,
Nanoparticle proteomic technology will allow identification and quantitation of less
abundant proteins within patient samples.

MicroRNA profiling

Micro RNA (miRNA) has emerged as anew and important class of cellular regulators.
Experimental studies have provided strong evidence that aberrant expression of miRNA is
associated with a broad spectrum of human diseases, including cancer, diabetes, and
cardiovascular and psychological disorders. The relatively small numbers of miRNAs
discovered in humans (~800 miRNAs, miRBasel12.0) are involved in regulation of alarge
number of human genes (up to 80% of known genes). miRNAs have exceptional potential as
biomarkers because of their relative abundance, highly specific expression, and stable
presence in serum and plasma. In fact, circulating miRNAs demonstrate reasonable
sensitivity in asmall number of Duchenne muscular dystrophy patients as biomarkers for
disease progression and severity and also correlate with circulating miRNA in mice with
dystrophin deficiency 27.

Metabolomics profiling

Metabolomicsis arapidly developing field that aimsto identify and quantify the
concentration changes of all the metabolites (i.e., the metabolome) in a given biofluid from a
subject and support targeting and devel oping therapeutics 28. The anticipated contribution of
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metabolomicsto the field of science and to health careis highlighted by its presencein the
current NIH Roadmap. The application of metabolomics to understand the manifestation and
progression of complex neurological diseases represents a powerful meansto identify the
earliest markers associated with disease progression and treatment response.

MG-focused assessments

The final effector mechanism in most patients withM G is the AChR antibody 2°. A
fundamental challenge for the MG field is that the level of the autoantibody does not
correlate with disease severity. Numerous investigations have demonstrated that thereisa
significant role of complement as a driver of disease pathology in experimental animals and
humans with MG. In concert with the broad-based assessments, we will specifically evaluate
1gG subclasses, that are specific to the human AChR autoantigen. It is also well appreciated
that cytokines regulate the cell responses of the immune system; multiplex cytometric bead
assays can be used to measure levels of serum cytokines 30 to determine the treatment effect
on these biomarkers, although these may be too volatile to be used as effective biomarkers.

Identification is not enough

Identifying putative biomarkers is a major endeavor in all diseases in the era of personalized
medicine, but the challenge in establishing a biomarker should not be underestimated. The
Prentice criteria are theoretical and have not been achieved even where biomarkers are felt
to exist (e.g., blood pressure for cardiovascular disease or CD4 counts for HIV). Although
the path to validation of abiomarker islong and arduous, the payoff is enormous for
patients, the field of research, and is now a reasonable undertaking with the tools that are at
hand.

Conclusion

The time has come for further breakthroughs in treatment of MG. The only path forward lies
in exploiting approaches that the field of cancer therapeutics are beginning to leverage.
These include rigorously evaluated clinical endpoints and identification of biomarkersfor
subcategorization of neoplasms on amolecular level indicative of potential therapeutic
targetsin clinical trials. One such success story isthat of chronic myelogenous leukemia
which began with discovery of the Philadel phia chromosome and finally led to targeting an
antibody to inhibit atyrosine kinase 31. The drug developed is Gleevec, a highly effective
treatment for this subset of leukemia patients. MG faces particular challengesin that
universally accepted clinical endpoints have only recently been rigorously defined 32 33 and
research consortiums to perform robust clinical trials are only a decade old. Thefield also
faces the challenge of alack of investigators trained in biomarker discovery. However, it is
expected the MGTX supported biological specimen bank will offer many investigators a
unique opportunity to move the field forward for the benefit of generations of patients to
come.
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Table 1

Categorization of biomarkers

Biomarker

Example

Disease

Diagnostic

Elevated fasting blood sugar
Acetylcholine receptor and muscle specific antibody

Diabetes mellitus
Myasthenia gravis

Disease Extent/severity

Lesion burden on magnetic resonance imaging
Tumor size

Multiple sclerosis
Various neoplasms

Pharmacodynamic, marker | Serum cyclo-oxygenase (COX)-2 inhibition Pain relief

Prognostic marker Estrogen receptor status Breast cancer

Predictive marker Serum cholesterol Cardio- and cerebrovascular disease
Blood pressure

Drug characterization

Complement inhibition (by drug eculizumab)

Paroxysmal hemaglobinuria
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Table 2
Prentice Criteriafor Surrogate Endpoint Validation

Treatment must have an effect on the surrogate
Treatment must have an effect on the clinical outcome
Surrogate and the clinical outcome must be correlated

Treatment effect on the true clinical outcome must disappear when adjusting for the surrogate
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