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Preface

Regenerative medicine—an emerging multidisciplinary field composed of
clinicians, bioengineers, pharmacologists, surgeons, and others—seeks to develop
new ways of repairing and replacing cells, tissues, and organs. A great example of
regenerative medicine technology was pioneered by Anthony Atala, MD, who pio-
neered the world’s first urinary bladder made from the patient’s own cells and grown
in a laboratory before being implanted into the patient. This process of regenerative
medicine differs radically from conventional medicine by not only treating symp-
toms but by recreating damaged tissues and organs in the human body. Unthinkable
only a few years ago, clinicians and scientists are rapidly exploiting nature’s secrets
to replace damaged tissue or to stimulate the body’s own natural repair mechanisms
to heal previously irreparable tissues or organs. For degenerative muscle diseases,
this is a tough order, since skeletal muscle comprises the largest tissue type in the
human body. Not only is skeletal muscle the largest “organ” in the body, but most
degenerative diseases, such as the muscular dystrophies, are caused by rare inher-
ited genetic mutations. So in this case, regenerative technologies must overcome
two very difficult problems. The first problem is to create enough “medicine” to
treat the entire volume of skeletal muscle in a human body, and the second is to
replace defective genes. Both problems may seem insurmountable at first glance,
but the history of medical progress, particularly in the field of genetics and gene
therapy, tells us otherwise.

In this book, the first three chapters are dedicated to an overarching view of how
genetics and regenerative technologies can synergistically work together to target
skeletal muscle genetic diseases. The next five chapters explore how an understand-
ing of cellular biology (particularly stem cell biology and cellular reprogramming)
proffers alternative methods to gene replacement. Chapters 8 and 9 examine new
ways to look at our conventional approaches (rehabilitation medicine and nutrition)
when combined with regenerative technologies. And the final chapters introduce the
concepts of “micro-RNAs” and how fish and dog models can be used to enhance our
understanding of these devastating and often fatal diseases of skeletal muscle.


http://dx.doi.org/10.1007/978-1-4939-3228-3_8
http://dx.doi.org/10.1007/978-1-4939-3228-3_9

vi Preface

Altogether, these new concepts, technologies, and approaches should give patients,
families, and doctors cutting-edge information about incredible regenerative
advances already under way in laboratories and clinics worldwide.

Seattle, WA, USA Martin K. Childers
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Chapter 1
Regenerative Medicine Approaches
to Degenerative Muscle Diseases

Martin K. Childers and Zejing Wang

1.1 Background

1.1.1 What Is Regenerative Medicine?

An innovative interdisciplinary scientific field, termed regenerative medicine,
focuses on new approaches to repairing and replacing cells, tissues, and organs and
may involve the use of gene therapy. Derived from the fields of biomedical engi-
neering, developmental biology, nanotechnology, physiology, molecular and cellu-
lar biology, and surgery, regenerative medicine holds new promise for previously
incurable conditions. This emerging multidisciplinary field is rapidly bringing
advances in cell therapy, bioengineering, and surgery to transform health care for
those currently underserved by transplantation medicine.

Potentially, any disease or condition (acquired or genetic) that results in dam-
aged, failing, or malfunctioning tissue may be amenable to regenerative medicine
technologies. These technologies fall into two general categories: (1) a focus on
growing tissues and organs in vitro (i.e., tissue engineering) and subsequently
implanting them into the patient and (2) a focus to fully leverage the host’s regen-
erative in vivo capacity using cellular and/or gene therapies.
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Regenerative medicine can be defined as the “process of creating living, func-
tional tissues to repair or replace tissue or organ function lost due to age, disease,
damage, or congenital defects” [1]. This new field holds the promise of regenerating
damaged tissues and organs in the body by either replacing damaged tissue or by
stimulating the body’s own repair mechanisms to heal previously irreparable tissues
or organs. As regenerative medicine becomes integrated into medical practice, new
approaches will address the root cause of disease and offer prospects of tissue repair
previously not possible.

The roots of regenerative medicine draw from the field of transplantation medi-
cine that together with implantable medical devices have profoundly altered the
trajectory of patients suffering from chronic and end-stage organ failure [2]. Indeed,
the transplantation field has become so successful that the demand for organs now
vastly exceeds the supply of donors. The US Department of Health and Human
Services Organ Procurement and Transplantation Network cites the current US
waiting list for all organs at 122,439 patients as of May 1, 2014 [3]. Although organ
transplantation has become standard medical practice, in the United States more
than 28,000 patients received transplanted organs in 2009 [4]. But, the gap between
available organ donation and recipients is rapidly widening. Recipients, although
fortunate to receive donor organs, are placed at risk for tissue rejection and must
receive lifelong immunosuppressive drug therapy. Transplant complications plague
certain tissues. For example, compared with recipients of other solid organ trans-
plants [5-8], lung transplant recipients experienced the highest rates of rehospital-
ization for transplant complications: 43.7 per 100 patients in the first year [9].
Together, these data indicate that transplantation needs far exceed the supply, and
even when transplanted organs are received, patients face lifelong challenges of tis-
sue rejection.

The emerging field of regenerative medicine was created, in part, to address this
unmet medical need for organ and tissue replacement. The multidisciplinary field of
regenerative medicine involves close collaboration between clinicians and bench
scientists to generate new tissues, not from human donors, but from the patient’s
own body. Regenerative technologies are aimed at growing organs and tissues in the
laboratory to safely implant them into patients. This can potentially solve the prob-
lem of the shortage of organs available for donation and also address the problem of
organ transplant rejection if the organ’s cells are derived from the patient’s own
tissue or cells. Indeed, the world’s first successful laboratory-grown organ (a urinary
bladder) was generated from the patient’s own cells, shaped by a laboratory bioreac-
tor, and subsequently surgically implanted back into the patient [10-15]. In 2006,
Atala and colleagues created engineered bladder tissues by seeding autologous uro-
thelial and muscle cells onto collagen—polyglycolic acid scaffolds. After 7 weeks of
culture in laboratory bioreactors, the autologous engineered bladders were used in a
surgical reconstruction for seven myelomeningocele patients. The laboratory-grown
bladders were implanted either with or without an omental wrap. Long-term follow-
up in patients treated by this regenerative technique demonstrated improvement in
bladder leak point pressure, volume, and compliance. This proof-of-concept tech-
nology began a new era in an emerging field that is rapidly gaining traction around
the world.
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A few examples of regenerative medicine technologies already tested in patients are
presented in Table 1.1. A wide array of engineered organs (urinary bladder [10-15],
trachea [17, 18], cornea [20, 22, 23]) or tissues (skin [16, 24-26], cartilage [19, 27-30],
muscle [21, 31, 32]) are developed to the point of clinical applications. Many other
regenerative technologies are under development in preclinical stages prior to human
trials. For example, a breakthrough reported in the journal Nature from the laboratory
of Charles Murry, MD, PhD described the use of human embryonic stem cells (hESCs)
to regenerate damaged heart tissue in nonhuman primates [33]. Investigators injected
one billion heart muscle cells derived from hESCs into the infarcted muscle of pigtail
macaques. This was ten times more of these types of cells than researchers have ever
been able to previously generate. This report demonstrated that hESCs can be grown,
differentiated into cardiomyocytes, and cryopreserved at a scale sufficient to treat a
large-animal model of myocardial infarction. The group found that over subsequent
weeks, the stem cell-derived heart muscle cells infiltrated into the damaged heart tis-
sue, then matured, assembled into muscle fibers, and began to beat in synchrony with
the macaque heart cells. After 3 months, the cells appeared to have fully integrated into
the macaque heart. Future efforts by this group will work to reduce the risk of arrhyth-
mias (seen in the monkeys after stem cell transplantation), perhaps by using more
electrically mature stem cells. They also will investigate if the stem cells strengthen the
contractile strength of the recipient hearts.

1.1.2 Degenerative Muscle Diseases Are Rare, but Rare
Diseases Are Common

The majority of degenerative muscle diseases are inherited genetic diseases passed
from one generation to the next. These genetic degenerative diseases of muscle are
rare, but altogether, rare diseases are common. In fact, one in ten Americans has a rare
disease [34]. If all of the individuals with rare diseases were to move to an unpopu-
lated continent—like Greenland—it would instantly become the third most populated
country in the world. Therefore, “rare” diseases make up a large group of collected
disorders that are not rare, but rather they are common among our population.

Table 1.1 Regenerative medicine technologies reported in patients

Engineered
organ or tissue | Types of cells used Scaffold References
Skin Epithelial or none Complex; multiple in use [16]
Urinary bladder | Urothelial, muscle Collagen; collagen/polyglycolic acid | [10]
Trachea Epithelial, chondrocytes | Cadaver trachea [17,18]
Cartilage Mesenchymal stem None [19]

cells, others
Cornea Limbal stem cells Amniotic membrane [20]

Muscle None Porcine intestine submucosa [21]
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1.2 What Disorders Lead to Chronic Muscle Degeneration?

1.2.1 Myopathies

The term, myopathy, simply means muscle disease and is derived from two Greek
terms, “myo” (muscle) and “pathos” (suffering). A myopathy implies that the pri-
mary defect is within the muscle, as opposed to a peripheral nerve or within the
central nervous system. Chronic myopathies are generally inherited (familial), pro-
gressive, and clinically distinguished by the age of onset (congenital versus adult).
In contrast, acquired myopathies result from different disease processes including
endocrine, inflammatory, paraneoplastic, infectious, drug- and toxin-induced, criti-
cal illness, and metabolic disorders.

1.2.2 Acquired Myopathies

A common acquired myopathy results from administration of anti-inflammatory
glucocorticoids (anti-inflammatory steroids) [35]. Referred to as “glucocorticoid-
induced myopathy,” administration of high doses of glucocorticoids in animals
results in both a decrease in muscle mass and also muscle weakness. In patients,
limb and respiratory muscle weakness in pulmonary disease can be attributed to
glucocorticoid use. Limb muscle weakness has also been observed in patients with
Cushing’s syndrome who exhibit high levels of endogenous glucocorticoids [36].
Chronic glucocorticoid administration causes atrophy by a decrease in the rate of
protein synthesis and increase in the rate of protein breakdown. Interestingly, atro-
phy is selective for type II (fast-twitch) muscle fibers with little effect on type I
(slow-twitch) fibers [37]. The mechanism of such fiber specificity might be related
to higher glucocorticoid receptor expression in type II fibers [35]. In patients,
short-term glucocorticoid excess blunts the insulin-induced protein anabolism,
suggesting that muscle loss occurs most likely through inhibition of the anabolic
response to insulin [38].

1.2.3 Congenital Myopathies

Defined by childhood onset, congenital myopathies make up a wide spectrum of
inherited muscle disorders. As an example, a form of congenital myopathy,
termed centronuclear myopathy (CNM), has variable features that are most often
present in childhood [39] and follow a progressive clinical course. Infants may
present as “floppy” and hypotonic and many succumb to respiratory failure. The
typical features of a CNM include proximal muscle weakness, atrophy, hypoto-
nia, and elongated facies with a high-arched palate in young children [39].
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Because of the overlap between clinicopathological features associated with
individual gene mutations in CMs, classification of these disorders has been
based on the appearance of abnormal structures on muscle biopsies examined
under the light microscope. Further classification of CMs was based on the
appearance of centrally located nuclei (central nuclear myopathies), rod-like
structures, and other distinguishing features of organelles. Thus, “structured”
CMs include central core disease (CCD), multi-minicore disease (MMD), cen-
tronuclear myopathies, nemaline myopathies, actin aggregate myopathy, des-
minopathy, and hyaline body myopathy. In contrast, “unstructured” CMs include
congenital fiber-type disproportion (CFTD), a nonprogressive childhood neuro-
muscular disorder without prominent accumulation of abnormal structures visi-
ble under the light microscope. While these characteristic features provide some
distinguishing characteristics that help differentiate congenital myopathies from
metabolic myopathies and muscular dystrophies, such structural features are not
informative about the underlying pathophysiology or genetic mutations associ-
ated with each disease.

Genetic abnormalities in the CNMs give rise to characteristic pathological
changes within the sarcomere, the contractile apparatus of the myofiber. Examples
of such changes include aberrant calcium handling and alterations of the normal
excitation—contraction coupling machinery leading to inefficient muscle contrac-
tion. In contrast to muscular dystrophies where recurring cycles of myofiber degen-
eration and regeneration occur, in congenital myopathies, the myofibers do not
undergo recurring degeneration/regeneration. Replacement of contractile tissues
with noncontractile connective tissue or fat in muscular dystrophies or accumula-
tion of glycogen depots in metabolic myopathies is usually not a typical feature of
congenital myopathies.

1.2.4 Muscular Dystrophies

The muscular dystrophies are yet another collection of myopathies generally distin-
guished by ongoing muscle fiber degeneration with incomplete regeneration. The
most common example is Duchenne muscular dystrophy (DMD). This progressive,
lethal, X-linked disease of skeletal and cardiac muscle affects nearly 1 in 3500
males born each year in the United States. DMD is caused by mutation of the dys-
trophin gene (2.4 megabases—the largest known gene) that, together with its loca-
tion at Xp21, provides a vulnerable target for new mutations. The cardiac and
skeletal muscles of DMD patients are deficient in the dystrophin gene product, a
427-kD protein found primarily in the outer cell membrane in cardiac and skeletal
muscle [1]. Without dystrophin in the outer membrane, the muscle fiber is particu-
larly vulnerable to damage from normal daily activities [2]. As a result, damaged
DMD muscle fibers eventually succumb to injury [3]. Normally, muscle damage is
repaired by resident muscle stem cells (satellite cells) [4]. However, continuous
cycles of damage eventually overwhelm the capacity for regeneration, potentially
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due to impaired ability of muscle satellite cells [5]. To address this progressive and
ultimately fatal degeneration in DMD muscles, intense research efforts are aimed at
tilting the balance in favor of regeneration. Stem cell transplantation therapy may
offer one approach to enhance the regenerative ability of damaged and degenerating
muscle cells in patients with DMD.

1.3 Can Human Cells Be Transplanted to Regenerate
Damaged Muscles?

Diseased tissue may be regenerated in vivo by transplantation of healthy cells that
are able to replicate extensively. Progenitor and stem cells have this intrinsic ability
and are used in regenerative medicine to enhance or restore damaged tissue.
According to data from the Centers for Disease Control, as many as one million
Americans will die every year from disease that, in the future, may be treatable with
tissues derived from stem cells [40]. Diseases that might benefit from stem cell-
based therapies included diabetes, heart disease, cerebrovascular disease, liver and
renal failure, spinal cord injuries, and Parkinson’s disease. In the following section,
classes of cells available for regenerative techniques and research advances using
these cells in selected clinical conditions are discussed.

1.3.1 Adult Stem Cells

Adult stem cells are defined as any stem cell population that corresponds to a point
in development subsequent to the inner cell mass (ICM), or possibly the slightly
later epiblast, of embryos at the blastocyst stage, prior to gastrulation. Those from
the ICM are called embryonic stem (ES) cells. Adult stem cells are relatively abun-
dant during fetal development and persist in tissues throughout adult life. Much of
our current understanding of stem and progenitor cell biology derives from studies
of a particular class of adult stem cells, namely, those of the hematopoietic (blood
forming) system [41]. In fact, the therapeutic use of adult stem cells dates back to
the first bone marrow transplant in 1956 [42]. Early suggestions supporting the
existence of cells that are capable of reconstituting the blood system came from
experience with persons exposed to lethal doses of radiation during World War II. In
the early 1960s, James Till and Ernest McCulloch in Toronto, Canada, found evi-
dence for a specific subpopulation of cells in bone marrow that could restore hema-
topoiesis after transplantation into irradiated mice. In the spleens of recipient
animals, they observed large colonies and showed that these arose as clones from
individual stem cells in the donor marrow that both could replicate to generate more
stem cells and could give rise to multiple types of mature, differentiated blood cells
[43]. These two characteristics, termed self-renewal and multipotency, remain gen-
erally accepted as the defining features of stem cells.
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1.3.2 Embryonic Stem Cells

In contrast to adult stem cells, embryonic stem (ES) cells show essentially unlimited
capacity for self-renewal in culture and should be able to give rise to any of the more
than 200 cell types in the body (with the exception of certain extraembryonic cell
types). ES cells have great therapeutic potential, but there are also significant barri-
ers that must be overcome for their implementation in the clinic. ES cells are plu-
ripotent, that is, they have the ability to form tissue representing all three embryonic
germ layers—the ectoderm, mesoderm, and endoderm. Thus, the ES cell has the
intrinsic ability to give rise to daughter cells that can form virtually any tissue in the
body. This was demonstrated convincingly by the finding that mouse ES cells
injected into developing embryos can contribute to all adult cell types, including
germ cells [44]. Human ES cells have been induced to generate representatives of
all three germ layers in culture and are widely assumed to have the same degree of
pluripotency as mouse ES cells.

The great plasticity of ES cells can also represent a drawback to their use, because
it may prove more difficult to induce them exclusively to yield a single desired cell
type than when starting with lineage-committed adult stem cells. However, significant
progress has been made in the directed production of many specialized cells, or at least
lineage-specific progenitors, from mouse and human ES cells [45] [46]. Examples
include cells of neuronal, epidermal, cardiac myocytic, hematopoietic, endothelial,
hepatic, endocrine pancreatic, and germ cell lineages. Another important problem that
must be overcome is that undifferentiated ES cells form teratoma tumors [47, 48].
Therefore, for clinical use, it will be essential to differentiate the cells quantitatively
before implantation and to rigorously exclude the presence of residual stem cells.
Progress is being made in the derivation of human ES cells in the absence of xenoge-
neic feeder cells and animal proteins that may pose risks for clinical application.

The derivation and certain potential uses of human ES cell lines have engendered
ethical debate, especially because embryos, though donated for research, are
destroyed to isolate the inner cell mass. Technological advances may offer at least a
partial resolution to the ethical controversy. For example, human ES lines can be
developed from single-cell biopsy at the eight-cell stage of development, without
compromising the viability of the embryo, similar to a widely used procedure for
prenatal genetic diagnosis [49, 50]. The development of ES-like cell lines by repro-
gramming of normal adult cells ultimately may put the debate to rest by providing
pluripotent cells entirely without the use of donated embryos or oocytes.

1.3.3 Cellular Reprogramming

Reprogramming is a technique that involves dedifferentiation of adult somatic cells
to produce patient-specific pluripotent stem cells without the use of embryos. Cells
generated by reprogramming are theoretically identical to somatic cells and would
not be rejected by the donor. This method also avoids nuclear transfer into oocytes.
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Takahashi and Yamanaka were the first to report that mouse embryonic fibroblasts
(MEFs) and adult mouse fibroblasts can be reprogrammed into an induced pluripo-
tent state (IPS) [51]. They identified four key genes required to bestow embryonic
stem cell-like properties in fibroblasts. Mouse embryonic fibroblasts and adult
fibroblasts were cotransduced with retroviral vectors, each carrying Oct3/4, Sox2,
c-Myc, and KlIf4. Reprogrammed cells were selected via drug resistance. In this
case, a downstream gene of Oct4, Fbx15, was replaced with a drug resistance gene
via homologous recombination. The resultant IPS cells possessed the immortal
growth characteristics of self-renewing ES cells, expressed genes specific for ES
cells, and generated embryoid bodies in vitro and teratomas in vivo. When the IPS
cells were injected into mouse blastocysts, they contributed to a variety of diverse
cell types, demonstrating their developmental potential. Although IPS cells selected
by Fbx15 were pluripotent, they were not identical to ES cells. Unlike ES cells,
chimeras of IPS cells did not result in full-term pregnancies. Gene expression pro-
files of the IPS cells showed that they possessed a distinct gene expression signature
compared to ES cells. The epigenetic state of the IPS cells was somewhere between
their somatic origins and fully reprogrammed ES cells, suggesting that the repro-
gramming was incomplete.

These results were improved significantly by Wernig and Jaenisch [52].
Fibroblasts were infected with retroviral vectors and selected for the activation of
endogenous Oct4 or Nanog genes. Results from this study showed that DNA meth-
ylation, gene expression profiles, and chromatic state of the reprogrammed cells
were similar to those of ES cells. Teratomas induced by these cells contained dif-
ferentiated cell types representing all three embryonic germ layers. Most impor-
tantly, the reprogrammed cells from this experiment were able to form viable
chimeras and contribute to the germ line-like ES cells, suggesting that these IPS
cells were completely reprogrammed.

Reprogramming by transduction of defined factors can be done with human cells
[53, 54] Yamanaka’s group began by optimizing the transduction efficiencies of
human dermal fibroblasts (HDF) and determined that the introduction of a mouse
receptor for retroviruses into HDF cells using a lentivirus improved the transduction
efficiency from 20 % to 60 %. Yamanaka then showed that retrovirus-mediated
transfection of OCT3/4, SOX2, KLF4, and c-MYC generates human IPS cells that
are similar to hES cells in terms of morphology, proliferation, gene expression,
surface markers, and teratoma formation. In contrast, Thompson’s group showed
that retroviral transduction of OCT4, SOX2, NANOG, and LIN28 could generate
pluripotent stem cells without introducing any oncogenes (c-MYC). Both studies
showed that human IPS cells were similar but not identical to hES cells. Another
concern is that these IPS cells contain three to six retroviral integrations (one for
each factor) that may increase the risk of tumorigenesis.

These studies used retroviral transduction to induce reprogramming of somatic
cells into a pluripotent state. Okita et al. studied the tumor formation in chimeric
mice generated from Nanog-IPS cells and found 20 % of the offspring developed
tumors due to the retroviral expression of c-Myc (33). An alternative approach
would be to use a transient expression method, such as adenovirus-mediated system,
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since both Meissner and Okita showed strong silencing of the viral-controlled tran-
scripts in IPS cells (33, 34, 34). This indicates that they are only required for the
induction, not the maintenance, of pluripotency. Another concern is the use of trans-
genic donor cells for reprogrammed cells in the mouse studies. In both mouse stud-
ies, IPS cells were isolated by selecting for the activation of a drug-resistant gene
inserted into endogenous Fbx15, Oct3/4, or Nanog. The use of genetically modified
donors hinders its clinical applicability for humans.

More recently, the development of direct reprogramming technology allows for
the direct conversion from one cell type into another without reverting back into a
stem cell state. Indeed, direct reprogramming has proven sufficient in yielding a
diverse range of cell types from fibroblasts, including neurons, cardiomyocytes,
endothelial cells, hematopoietic stem/progenitor cells, and hepatocytes [55]. Direct
reprogramming studies [56-58] indicate that cell fate plasticity is much wider than
previously anticipated and that direct reprogramming may offer a new system to
study the mechanisms underlying cell fate decisions during development and also
open up yet another possible regenerative medicine approach for muscle disease.

1.4 What Is Gene Therapy and When Will It Be Used
in Clinical Practice?

Gene therapy —the process of introducing foreign genomic materials into host cells
to elicit therapeutic benefit—became available for clinical practice on November 2,
2012, when Glybera (alipogene tiparvovec) became the first gene therapy in the
Western world to receive market approval for patients with lipoprotein lipase (LPL)
deficiency, a rare genetic disease previously without effective treatment [59, 60].
Since 1989, gene therapy clinical trials have been undertaken in 31 countries with
more than 1800 human trials ongoing, completed, or approved worldwide [61].
Many of these trials target rare “orphan diseases.” The Orphan Drug Act of 1983
defined an orphan product as a drug intended to treat a condition affecting fewer
than 200,000 persons in the United States or a drug that would not be expected to be
profitable within 7 years following FDA approval [62]. Orphan disease designation
allows a sponsor to apply for market protection for the product following approval.
2700 orphan drug designations and more than 400 approvals associated with these
designations were approved as of 2012 [62]. While most gene therapy trials have
addressed cancer or cardiovascular disease, a significant number of gene therapy
trials have targeted rare monogenic (single-gene) diseases (Table 1.2) [61]. These
groundbreaking therapies involve the insertion of DNA sequences that encode func-
tional, therapeutic genes into patients to replace mutated dysfunctional genes caus-
ing disease. In the case of Glybera, a DNA sequence encodes a therapeutic LPL
gene packaged within a vector, in this case an adeno-associated virus (AAV). The
recombinant AAV is injected into a patient harboring a mutant disease-causing LPL
gene. The injected AAV is capable of shuttling the replacement DNA sequence
from inside the vector to the cells of the targeted tissue. Once inside, the patient’s
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Table 1.2 Single-gene Adrenoleukodystrophy
disorders reported in gene

therapy clinical trials

a-1 antitrypsin deficiency

Becker muscular dystrophy
B-thalassemia

Canavan disease

Chronic granulomatous disease
Cystic fibrosis

Duchenne muscular dystrophy

Fabry disease

Familial adenomatous polyposis

Familial hypercholesterolemia

Fanconi anemia

Galactosialidosis

Gaucher’s disease

Gyrate atrophy
Hemophilia A and B
Hurler syndrome

Hunter syndrome

Huntington’s chorea

Junctional epidermolysis bullosa

Late-infantile neuronal ceroid
lipofuscinosis

Leukocyte adherence deficiency

Limb-girdle muscular dystrophy

Lipoprotein lipase deficiency®

Mucopolysaccharidosis type VII

Ornithine transcarbamylase deficiency

Pompe disease

Purine nucleoside phosphorylase
deficiency

Recessive dystrophic epidermolysis
bullosa

Sickle cell disease

Severe combined immunodeficiency

Tay—Sachs disease
Wiskott—Aldrich syndrome

*Glybera approved in Europe

own cellular machinery works to transcribe the new replacement DNA sequence to
produce the therapeutic protein to treat the patient’s disease. Besides the success of
Glybera, other notable examples of gene therapy successes are highlighted in clini-
cal trials undertaken in rare genetic childhood diseases such as X-linked severe
combined immunodeficiency (SCID-X1) and Leber congenital amaurosis (LCA).
In the first example, SCID-X1 results in recurrent and often fatal infections caused
by genetic deficiency in cellular and humoral immunity. Long-term follow-up of
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nine SCID-X1 boys treated in a French adenovirus-mediated gene therapy trial
reported eight survivors after nearly 10 years [63]. In the second example, LCA
leads to congenital blindness caused by mutations in a retinal gene that causes pro-
gressive loss of vision; young patients become completely blind by adulthood.
Three independent gene therapy trials for LCA patients have been initiated, and
follow-up results indicate improvement in vision for up to 2 years with no serious
adverse events [64—66]. These and other gene therapy successes have been offset by
serious, and rarely fatal, adverse events that lead to early clinical trial “holds.” The
most famous case was the death of Jesse Gelsinger in 2000, who was the 19th
patient enrolled in a gene therapy trial of a deficiency of ornithine transcarbamylase
(OTCD) [67]. Despite these early setbacks, the field of gene therapy continues to
move forward at an extraordinary pace.

1.5 Will Gene Replacement Therapy Be Useful for Inherited
Muscle Diseases like Muscular Dystrophy?

Most gene therapy clinical trials have targeted genes involved in cancer [61] with
fewer trials initiated in monogenic diseases, such as Duchenne muscular dystrophy
(DMD). Muscular dystrophies make up only a small percentage of the single-gene,
or monogenic, diseases (Table 1.2), notably Becker, Duchenne, and limb-girdle
muscular dystrophy. Pompe disease, among others listed in Table 1.2, is not consid-
ered a muscular dystrophy even though skeletal muscles of affected patients grow
progressively weaker due to accumulation of abnormal proteins within the muscle’s
contractile tissue. Therapeutic approaches at replacing defective genes in mono-
genic diseases of muscle, like DMD, include the use of recombinant viral vectors
engineered to target specific tissues. In the 1960s, the discovery of naturally occur-
ring adeno-associated virus (AAV) isolates led to the clinical application of recom-
binant AAV vectors with early successes in clinical trials [68]. AAV vectors are
attractive for clinical use because AAVs are not associated with human disease [60];
the virus persists in the infected host for years, and a large “toolkit” of AAV vectors
is available as clinical gene therapy delivery tools [69]. In addition to muscle dis-
eases, AAV vectors have been used in clinical gene therapy trials targeted to the
liver for the treatment of hemophilia B, to the lung for treatment of cystic fibrosis,
to the brain for treatment of Parkinson’s, Batten’s, and Canavan’s disease, to joints
for treatment of rheumatoid arthritis, and to the eye for treatment of LCA [68].

In recent years, AAV-mediated gene replacement has rapidly moved from pre-
clinical studies to clinical trials due to encouraging results from animal models.
Major challenges surrounding this strategy include (1) effective delivery methods to
target muscles throughout the body, including diaphragm and cardiac muscle, and
(2) host immune responses to the therapeutic vector [70]. The latter challenge was
encountered in a double-blinded, randomized, controlled phase I trial of limb-girdle
muscular dystrophy [71, 72], AAV1-MCK. Human alpha-sarcoglycan (SGCA) was
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injected locally into the “extensor digitorum brevis” muscle in three patients, and
sustained transgene expression was observed in two out three patients after 6
months. Humoral and cellular immune responses to the AAV capsid proteins were
detected in the patient who failed to show expression. Another phase I trial on DMD
from Mendell et al. [73] also raised the potential of cellular immune responses to
either self or nonself dystrophin epitopes. In the study, AAV vectors carrying a trun-
cated but functional dystrophin gene under the control of a CMV promoter were
injected into the bicep of six DMD patients. None of the patients displayed trans-
gene expression with four out of six patients showing detectable T cell responses
against the transgene product. Two of the patients had dystrophin-specific T cell
responses before the treatment. Taken together, these trials are informative to
emphasize the importance of prescreening patients for preexisting immune
responses to both AAV capsid proteins and transgene product and also to develop
strategies to circumvent immune responses, such as using a transient course of
immunosuppression, shown to be effective in a dog model of DMD [74, 75].

1.6 Can Genes Be Repaired?

While AAV-mediated gene therapy is regarded as a gene replacement strategy,
another exciting development, termed exon skipping, focuses on gene repair.
Approximately 70 % of all DMD mutations are due to single or multiple exon dele-
tions. Such deletions disrupt the open reading frame of dystrophin and, hence, result
in a premature truncated protein. In most cases, selective removal of specific exons
can restore the reading frame and produce a partially functional dystrophin protein
for clinical benefit [76-79]. Antisense oligonucleotides (AOs) targeting pre-mRNA
to modulate splicing have been used to induce exon skipping, and the first human
phase I trials [80, 81] focused on skipping exon 51, which, if successful, would be
able to correct ~13 % of DMD patients with specific deletions within exons 42-50.
A therapeutic exon skipping AO, 2-O-methyl AO termed “PRO051” [81], and AVI-
4658, a morpholino-conjugated AO [80] that targets an internal sequence of exon
51, were injected intramuscularly into DMD patients. AOs used in these trials were
well tolerated and demonstrated successful exon skipping, and all patients demon-
strated dystrophin expression to levels between 3 and 12 % and 22 and 35 % by
PROO051 and AVI-4658, respectively. Following these initial clinical trials of intra-
muscular administration, phase I/II trials using systemic delivery of the two drugs
were tested for dose, safety, and efficacy [82, 83]. Dose-dependent restoration of
dystrophin expression was observed following weekly administration of the experi-
mental compounds through abdominal subcutaneous injections in two cohorts.
While no significant differences were detected in patient’s walking ability following
a 12-week-long treatment [82], patients treated with weekly PMO-AO (AVI-4658)
[83] for 48 weeks demonstrated improvement in stabilization of the muscle and in
the 6-min walking distance test (6MWT) [84]. A larger confirmatory phase III trial
is in the planning for 2014. Clinical trials for skipping other exons are also underway
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or in planning [76]. These “personalized gene therapy medicines” generate hope for
DMD patients, with the caveat that effective therapy will need to restore dystrophin
expression in both skeletal and cardiac muscle, and that treatment will need to be
persistent. The future challenge for clinical development with AOs is that current
forms have a short half-life, and more than 85 % of AOs are cleared from the circula-
tion within 24 h. This short half-life requires weekly injections to maintain a thera-
peutic level. Long-term outcomes of these AOs are also unknown. Intramuscular
administration of these agents may be limited in treating skeletal muscle, and treat-
ing the cardiac muscle will need to be addressed for this strategy to be an effective
treatment for DMD-associated cardiomyopathy.

Nonsense stop codon read through is another method of gene editing and poten-
tially benefits ~ 13 % of DMD boys with premature termination codon (PTC) muta-
tions. Aminoglycoside antibiotics initially demonstrated the capacity to induce
ribosomal read through of premature stop codon [85], but not efficient and too toxic
to be used for long-term treatment. Ataluren (PTC124) was identified to be effective
in this matter in mdx mice and subsequently tested in human DMD trials [86-88].
The drug was well tolerated in general, and the dystrophin protein was detected with
treated patients showing improvement in the 6B MWT. However, correlation between
the level of dystrophin expression and the 6MWT remains unclear. More trials are
currently under way, and the same treatment strategy could be potentially applied to
other muscle diseases including spinal muscular atrophy. Progress in developing
other approaches targeting repair of the muscle membrane due to lack of dystrophin
is also under development for example, increasing the level of the compensatory
protein utrophin [89, 90] and upregulation of glycosylation of a-dystroglycan to
improve extracellular matrix attachment [91].

1.7 Can Gene Replacement Therapy Rescue Lethal Muscle
Disease? Lessons Learned from Dogs

In 2008, a case report of a 5-month-old Labrador Retriever was published in a Canadian
veterinary medical journal [92]. The dog presented with weakness, muscle atrophy,
and histopathological changes in skeletal muscle consistent with a centronuclear
myopathy. Because male littermates were similarly affected, the authors postulated that
the disease was X-linked, giving rise to the possibility that the disorder could be analo-
gous to X-linked myotubular myopathy (XLMTM). It was through the tireless and
extraordinary efforts of Alison Rockett Frase that the author’s research group was able
to acquire a first-degree relative, a dog named “Nibs,” a Labrador Retriever coming
from a line of dogs with a history suspicious for XLMTM. We later discovered that
Nibs harbored a canine MTM 1 mutation(34), the same gene known to cause myotubu-
lar myopathy in patients [reviewed in “The Miracle of Nibs” [93]]. Mrs. Frase recalls
the story of her odyssey locating and retrieving the founding carrier dog from a farmer
in Canada. The following excerpt describes how a determined mother of an affected
child can help shape the future of research for a disorder like myotubular myopathy:
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“In the fall of 2008, a female Labrador Retriever was discovered to carry the same gene as
I do for my son’s muscle disorder called mytubular myopathy (MTM). To date, this was the
first MTM large animal ever discovered by researchers anywhere in the world....Nibs was
a beautiful Labrador Retriever that was instrumental in giving us puppies that carry the
myotubular myopathy (MTM1) gene that affects our son Joshua. I am so grateful to Nibs
for the initial 12 puppy litter...Our second litter of MTM pups has been born...Knowledge
gained from these animals may 1 day lead to treatments not only for MTM, but other neu-
romuscular diseases. It will be a miracle for our son Josh and thousands of children like him
if our goals are achieved.”

Joshua Frase passed away on December 24, 2010, less than 2 years after this was
written. His legacy, the Joshua Frase Foundation, set into motion research that will,
hopefully, develop the first effective treatment for this devastating disorder.

XLMTM is an orphan disease, affecting 1/50,000 live male births worldwide
[94] with only supportive, palliative care available for patients [95]. This inherited
muscle disease results from loss-of-function mutations in the Myotubularin 1 gene
(MTM1)[96] thatencodes the founder of a family of 3-phosphoinositide phosphatases
acting on the second messengers phosphatidylinositol 3-monophosphate [PI(3)P]
and phosphatidylinositol 3,5-bisphosphate [PI(3,5)P,] [97, 98]. Although myotubu-
larin is expressed ubiquitously, loss of this enzyme profoundly affects skeletal mus-
cles causing hypotrophic myofibers and structural abnormalities, with associated
weakness [99]. No effective therapy exists for XLMTM. Management of the disease
generally consists of mechanical ventilation, gastrostomy feeding tubes, antibiotics
(for respiratory infections), orthotics to prevent skeletal limb contractures, and sur-
gical treatment to alleviate severe spinal deformities. In spite of aggressive medical
care, the average life expectancy is only about 2 years, and most who survive beyond
this age require mechanical ventilation.

Animal models of the disease currently exist in zebra fish, mice, and notably, in
dogs [99-101]. The murine phenotype resembles human XLMTM, with similar
pathology and early mortality. In a mouse knockout model of XLMTM, local deliv-
ery of the wild-type myotubularin gene (MTM1) via an AAV vector reversed charac-
teristic pathological features and rescued the function of injected limb muscles
[102]. Buj-Bello et al. were the first to report a gene therapy success in the Mtml
knockout mouse in 2008. That same year, the Joshua Frase Foundation provided our
research group access to a female Labrador Retriever harboring an MTMI gene
mutation that was later proven by Beggs et al. to cause a canine version of the human
disease [101]. From this single founding female, our group established a canine
breeding colony to study effects of the disease in dogs. Initial data revealed that
affected males display a phenotype directly analogous to human XLMTM: progres-
sive and severe muscular weakness [103] leading to the inability to walk, weak ven-
tilatory muscles leading to respiratory impairment [104], and early death. Based
upon the early experience with gene replacement in the M#ml knockout mouse
[102], a similar gene replacement strategy was initiated in the XLMTM dog in 2011.

For eventual gene therapy of XLMTM patients, our goal was to use a predictive
large animal model (the XLMTM dog) to refine the delivery system, to assess criti-
cal safety parameters such as the potential host immune response to vector and
transgene, and to optimize efficacy measurements. In collaboration with the French
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nonprofit institute, Généthon [105], cohorts of Mrml knockout mice were first
tested for response to systemic Mrml gene replacement via tail vein injection.
Results indicated that a single systemic treatment with AAV-Mtml sufficed for
long-term (at least 1 year) survival and essentially complete amelioration of symp-
toms of mice with myotubularin-deficient muscles [106]. Using the same AAV vec-
tors produced by Généthon scientists and tested in mice, our collaborative research
group confirmed that local gene replacement therapy, delivered intramuscularly into
the hind limb of young XLMTM dogs, reversed pathological changes in
myotubularin-deficient skeletal muscles. Remarkably, the treated muscles also
showed nearly normal strength at 6 weeks postinjection, compared to very weak
muscles (only 20 % of normal strength) in saline-injected contralateral limbs. In
subsequent experiments, intravascular administration of AAV8-MTM 1 at the same
dose used in mice was well tolerated in dogs, rescued the skeletal muscle pathology
and respiratory function, and prolonged life for over 1 year. Together, these initial
studies demonstrated the feasibility, safety, and efficacy of gene therapy with AAV
for long-term correction of muscle pathology and weakness observed in
myotubularin-deficient mouse and dog models and support future clinical trials
aimed at correcting this devastating disease in patients.
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Chapter 2
An Overview of rAAV Vector Product
Development for Gene Therapy

Richard O. Snyder

2.1 Vector Design and Lead Identification

When designing a recombinant adeno-associated viral (rAAV) gene transfer vector,
consideration is given to tissue-specific transgene expression control elements, the
transgene (e.g., codon optimization) and size of the expression cassette, vector
genome configurations (i.e., single-stranded (ss) vs. self-complementary (sc) [1]),
along with the AAV capsid serotype that efficiently transduces the target tissue and
cell type. To date, more than 100 serotypes of AAV have been identified [2] and oth-
ers generated through directed evolution and other engineering methods ([3—7]), and
gene transfer studies in animal models have shown dramatic differences in the trans-
duction efficiency and cell specificity [8—14]. The different AAV serotypes exhibit
profound differences in their ability to transduce diverse cell types in vivo and in vitro,
with the basis for these differences in infection efficiency relating to the presence or
absence of specific cell surface receptors [15] and intracellular factors [16, 17]. One
or more of these elements incorporated into a particular vector may require the licens-
ing of intellectual property. Once the candidate elements are procured and assembled,
then screening different combinations for the desired product-specific attributes can
proceed to in vitro and in vivo studies in animals (normal and disease models). When
a lead construct is identified, then it is locked-in throughout preclinical and clinical
trials, where significant financial resources will be consumed over several years.
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Each therapeutic vector is engineered with unique attributes, thus dosing is vector
specific, route and organ target specific, and disease specific, in the context of the vec-
tor’s safety profile. Potency depends on the capsid serotype, promoter and other expres-
sion control elements, and the half-life of the transgene product needed to ameliorate
disease. So, the required dose of different vectors will likely be unique to each vector,
even for the same disease target and same organ target, and thus, choices made in the
design of the product at this early stage will impact directly on the cost to manufacture
the product and product differentiation for market positioning and market share.

2.2 Product Manufacturing

Recombinant adeno-associated virus (rAAV) vectors are manufactured in compli-
ance with current good manufacturing practices (¢cGMPs) as outlined in the US,
European, Japanese, or ICH regulations (21CFR210,211,610; EU guidelines on
GMP Part I and IT Annex 13; MHLW Ministerial Ordinance No. 179, and ICH Q7A)
(http://www.fda.gov.cber/guidelines.htm, http://www.ich.org, http://ec.europa.eu/
health/documents/eudralex/vol-4/index_en.htm,  http://www.pmda.go.jp/english/
index.html and http://www.mhlw.go.jp/english/policy/health-medical/pharmaceuti-
cals/index.html). To meet these requirements, manufacturing controls and quality
systems are established, including (1) adequate facilities and equipment, (2) person-
nel who have relevant education or experience and are trained for specific assigned
duties, (3) raw materials that are qualified for use, and (4) a process (including pro-
duction, purification, formulation, filling, storage, and shipping) that is controlled,
aseptic, reliable, and consistent. Quality systems including quality control (QC) and
quality assurance (QA) are also implemented. These manufacturing procedures and
quality systems are designed to ensure that the product meets its release specifica-
tions so patients receive a safe, pure, potent, and stable investigational or commer-
cial drug. It is important to keep in perspective that for cGMP manufacturing and
testing, there is an expectation that systems and controls continuously improve as the
product development activities transition through phases 1-3 towards licensure and
commercial launch. Costs increase significantly as the project moves along this con-
tinuum. One solution to control manufacturing costs is to outsource the manufactur-
ing and testing to a contract manufacturing organization (CMO), instead of
maintaining a large staff and costly cGMP manufacturing facility.

2.2.1 Scale

Deciding on an appropriate manufacturing system depends on lead time, and pressures
from investors and advocates to initiate clinical trials, as well as the scale of the clinical
lot (e.g., dose, organ target, size of population), and access to manufacturing-related
intellectual property. One misconception is that GMP compliance equates with the
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batch scale, but the two are independent parameters (e.g., a small batch will still need
to be manufactured in compliance with the cGMP regulations for human use).

The rAAV vector amounts required in an animal study or a clinical trial need to
be carefully calculated in the context of administration. For example, with frozen
liquid formulations, if an animal dose-escalation study can accommodate adminis-
tering vector to more than one animal in a few hour window, then one vial of vector
could be thawed and used for multiple animals. However, for administration to
humans, single-use vials are required. Therefore, the amount of vector needed for
administration depends on the number of vials needed, the fill volume of each vial,
and the vector concentration (as illustrated in Table 2.1). The fill volume needs to be
compatible with the delivery device and the device’s hold-up volume. Furthermore,
approximately 20 % more vials are needed for QC product release and stability test-
ing that runs concurrently with the animal study or human clinical trial. Additionally,
separate product lot stability studies may be required for each volume of vector
filled in a vial; therefore, filling vials at a single volume will reduce the amount of
vector consumed in multiple stability studies, but this will necessitate combining
multiple vials in the clinic for higher doses.

Manufacturing processes that are based on transient transfection [18] provide an
ability to rapidly screen multiple candidate vector constructs in vitro and in vivo to
settle on a lead product candidate. Transient transfection may also be suitable for
clinical trials that require delivery of limited vector dose volumes (retina/brain) and
small patient populations. Commercial services for establishing and qualifying
E. coli master cell banks (MCBs) and manufacturing plasmid DNA are readily
available. Transfection reagents can be made and qualified relatively quickly, and if
a qualified 293 MCB is available, then preclinical and clinical lot manufacturing
can be initiated on a relatively short timeline.

Other systems that are more scalable, such as baculovirus [19, 20], adenovirus
[21, 22], or herpesvirus [23] production systems, require a longer lead time for
banking the appropriate cell (MCB) and engineering and banking the production
vectors used in manufacturing (i.e., master viral banks, MVBs). These systems are
amenable to supplying the larger vector lots for the large doses needed for large
organ targets as well as sizable patient populations. Once the qualified manufactur-
ing reagents are established for these systems, then producing sequential large-scale
lots is much more rapid than transient transfection.

2.2.2 Reagents and Materials

The highest-quality reagents and materials should be sourced (e.g., United States
Pharmacopeia, National Formulary, American Chemical Society grades) or made for
rAAV manufacturing, and a robust supply chain established. Depending on the product
development plan and business plan, having maximum freedom to operate will be
important, and this includes having ownership of MCB and MVBs when it is time to
commercialize the product. Being beholden to another entity that owns an MCB (with
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a finite number of vials), where a vial or two was purchased for a phase 1 trial, is not
amenable to a full product development trajectory. Likewise, vector constructs, expres-
sion cassette elements, and vector configurations (ss vs. sc) may require obtaining
licenses to technology, with payments synchronized to clinical and sales milestones.

2.2.3 Process Design and Development

The culture volume of producer cells needs to be increased to a scale that can support
the preclinical study or clinical trial. Once the rAAV vector harvest is collected, puri-
fication of the vector away from process impurities is needed. For scale and capacity,
column chromatography is a common method; however, separation of full (i.e., vec-
tor genome-containing) from empty capsids is not efficient, because there is usually
overlap between the peaks resulting in loss of product yield. For some indications,
the presence of empty capsids may be desired [24]. In other indications, removing
the empty AAV capsids may be important in a situation where the highest potency is
desired or lowest capsid load is warranted. In the latter case, density gradient ultra-
centrifugation is an efficient, albeit capacity constrained, method [18, 25, 26].

2.2.4 Upstream Processing

Production cells can be cultured on adherent plasticware (e.g., multilayer cell facto-
ries, roller bottles) or in suspension using rocker-type reactors or stirred tank reac-
tors. All of these cell culture formats are available as disposables, with the latter two
being highly scalable. Appropriate cell seed trains that precede the actual seeding of
culture vessels and induction of production are also needed, as are appropriate sam-
pling points for in-process and final product QC testing. For transient transfection,
cells are co-transfected with plasmid DNA that supplies the cells with the AAV and
helper genes necessary to replicate and package the rAAV genome. For the baculo-
virus, adenovirus, and HSV-based systems, cells are infected with recombinant pro-
duction vectors to supply the cells with the AAV and helper genes necessary to
replicate and package the rAAV genome.

2.2.5 Downstream Processing

To obtain the drug substance, the vector is separated from process impurities using
a variety of filtration and chromatographic technologies with different standard
chemistries and affinity molecules that are available in filter, bead, and monolith
formats. These steps remove DNA, lipid, carbohydrate, RNA, and protein impurities
that derive from the production cells, production vectors or plasmid DNA, and AAV
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components (e.g., unassembled capsids, unpackaged vector DNA, etc.). Here again,
appropriate sampling is needed for in-process and final product release testing [27].

2.2.6 Formulation, Fill, Finish, and Product Configuration

For the drug product, rAAV vectors are most commonly formulated as liquids in
simple salt recipes, but the formulation needs to be compatible not only with the
vector itself — preserving its potency during storage — but also with the end-use (i.e.,
organ target, route of administration, device, and volumetric dose) and stability that
may be needed in the clinic (i.e., the time from vial thaw to patient administration).
As described above, the filling of vials with a single volume may be desired, so as
to reduce the amount of vials/vector consumed in product lot stability testing.
Appropriate labeling, packaging, and storage and shipping conditions need to be
validated to ensure product potency along the supply chain.

2.3 Analytical Testing

2.3.1 Assay Design and Development

Although several assays are employed to evaluate AAV vectors used for research,
additional assay development may be required to achieve appropriate specificity,
accuracy, precision, reproducibility, sensitivity, range, and/or limits of detection and
quantification. The QC assay development activity also involves generating stan-
dards and controls and writing test records and reagent preparation logs.

2.3.2 Assay Qualification

Once the methods are established, then the assays are qualified using calibrated equip-
ment to demonstrate that they meet appropriate assay parameters (robustness, repro-
ducibility, ruggedness, specificity, sensitivity, etc.) for eventual assay validation. Once
the validity criteria are established, then the assays can be used for routine testing.

2.3.3 Sampling and Testing

Appropriate in-process and final product sampling and testing will depend on the
specific manufacturing process, and some tests may need to be conducted repeat-
edly throughout the process [28]. Furthermore, the performance of the assays on



2 An Overview of rAAV Vector Product Development for Gene Therapy 27

samples in different matrices (e.g., final formulation buffer vs. a chromatography
buffer with a different pH or salt concentration) may need to be evaluated during
assay qualification.

2.3.4 Product Specifications Setting

Testing and characterization of each lot of the rAAV vector is performed under
cGMPs using qualified or validated assays prior to product release. Release docu-
mentation (a Certificate of Analysis, COA) for each lot is submitted to the regula-
tory agency. Tests and specifications for product release are set prior to testing an
actual lot of product. The development of product release specifications is an activ-
ity that relies on previous experience with the production of the batches of the spe-
cific vector manufactured for research or toxicology and is dependent on what is
acceptable by regulatory authorities (e.g., passing a sterility test) and what the pro-
cess is capable of generating. In some cases, no test specification is set so that data
can be collected to monitor the manufacturing process or to establish a specification
for products in later phases of development; these results are reported on the COA.

2.3.5 Stability Testing

A stability study should be designed to generate data for the purified rAAV viral
vector drug product at the proper storage temperature, formulation, and fill volume
and in the storage container used for patient doses. The study is designed to demon-
strate genetic and physicochemical stability of the product and container integrity
for at least the duration of the clinical trial. A typical testing schedule includes time
points at 1, 3, 6, 9, 12, 18, and 24 months after filling or until the last patient is
administered vector from the product lot.

During product development, an iterative process is undertaken as the manufactur-
ing process becomes more refined and controlled, the analytical methods become
more robust, and specifications become better defined with narrower ranges. As the
analytics improve (e.g., become more sensitive), then the manufacturing process may
need to be improved to better remove impurities previously undetected, and vice versa.

2.4 Toxicology Studies

Preclinical studies in animals address the efficacy of the vector in treating the tar-
geted disease state and evaluate the toxicity profile and biodistribution of the vector.
These studies are designed to assess the safety and efficacy of vector itself and
identify a dose range for the route and method of delivery that mimics closely what
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is planned for the human clinical trial. For animal studies, the species-specific
homologous transgene may be required to avoid complications of immune reac-
tions. For toxicology, the vector should carry the human transgene (i.e., the exact
same vector construct that will be used in humans). However, there are other con-
siderations that make designing an animal toxicology study complex, such as
human-specific genome editing or mRNA editing [29-31] where the genetic target
is absent and the relevancy of off-targeting may be difficult to determine. Vector
evaluated in these studies should be produced and purified using the same methods
that will be used to manufacture vector for the human clinical studies. The vector
does not need to be manufactured under cGMP; however, ideally for toxicology
studies, the culture reagents should be the same as those used for the clinical lots
(i.e., the same MCB/WCB and/or MVB/WVB), as the safety of the final vector lot
and any impurities endemic in the production reagents (and their removal) are being
evaluated in animals ahead of administration to humans. Nonclinical toxicology
and biodistribution studies to support IND applications should be performed in
compliance with good laboratory practices (GLPs) regulations (21CFRS8, ICH
S1-S8) where nonclinical studies are defined as in vivo or in vitro experiments in
which the vector (test article) is evaluated prospectively in test systems (animal
models, cell culture, etc.) under controlled laboratory conditions to determine the
product’s safety profile (e.g., toxicity, biodistribution, immune responses, dosing)
[32, 33]. The design of the study includes parameters for route, dose, schedule of
administration (e.g., single, repeat), animal species or model, sex and age of sub-
jects, time dependence (long-term persistence and the time needed to achieve
steady-state expression), and number of subjects. Qualified or validated testing
methods should be employed to characterize the vector used in the toxicology stud-
ies as well as the tests used to evaluate toxicology and biodistribution. The GLP
regulations state that the identity, purity, and composition of the vector (test article)
used in a safety study must be known and documented. In addition, the stability of
the vector preparation in the specific container used for the study must also be
known prior to initiation of the study or acquired during the study itself.

Proper training is necessary to instruct the personnel on procedures for thawing
and handling (including mixing) product vials, loading the administration device,
and administering doses, as well as conducting the study, performing sampling and
necropsy protocols, and conducting the analyses. These studies can be outsourced
to a contract research organization (CRO), but direct involvement with the CRO,
especially with novel agents like gene transfer vectors, can ensure the study is con-
ducted smoothly.

2.5 Clinical Trials

Clinical trials are conducted in compliance with good clinical practices (GCPs)
regulations (21 CFR 50, 56, and11 or ICH E6) to ensure appropriate conduct of the
trial and patient protections. The design of the human clinical trial involves the route
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of administration and the device used for delivery, the number of patients in each
cohort, the dose per patient in each cohort, the number of cohorts, inclusion/exclu-
sion criteria, informed consent, patient safety monitoring, adverse event responses,
stopping rules, and efficacy endpoints. For patient protections, there is on-site
review in the form of Investigational Review Board (IRB) and Institutional Biosafety
Committee (IBC) and external review from a Data Safety Monitoring Board
(DSMB). Clinical trials can be outsourced to a CRO that specializes in clinical stud-
ies, but direct involvement with the CRO is important.

Phase 1 trials are designed to evaluate product safety, observe any side effects
associated with increasing doses, gain early evidence of effectiveness, and evaluate
dose increases with an observation time between cohorts (usually three to five
patients each). Phase 2 trials are designed primarily to evaluate product safety,
determine the long- and short-term side effects and risks, and evaluate the effective-
ness of the drug for a particular indication in patients with the disease, along with
dose ranging (phase 2a) and determination of potential efficacy endpoints (phase
2b). These studies usually involve cohorts of 5-10 patients each but can be much
larger (on the order of hundreds of patients total) depending on the indication. Phase
3 trials are expanded randomized controlled and uncontrolled multicenter studies
that are started after preliminary evidence suggesting effectiveness of the drug has
been obtained. Product safety is evaluated and additional information is obtained to
evaluate the overall benefit-risk relationship of the drug. The data provide an ade-
quate basis for physician labeling for specified dose(s) in specified patient
population(s). They include designated efficacy endpoints and comparison with
current standard treatments and involve cohorts of 15-30 patients each but can be
much larger (on the order of multiple hundreds of patients total) depending on the
indication. Estimated costs and timelines (that can overlap) for a rAAV vector-based
gene therapy product are listed in Table 2.2; the wide ranges reflect the spectrum of
orphan to more common disease indications. Following licensure, Phase 4 postmar-
keting surveillance studies are conducted to delineate additional information from
the larger number of patients receiving the prescription drug, including the drug’s
risks, benefits, and optimal use. These studies can be used to support extended
claims or usage, suitability for a new population or indication, demonstrate manu-
facturing changes, validate surrogate clinical endpoints, and demonstrate long-term
safety and efficacy.

Early input from the end user (i.e., clinician) is important as it will influence the
specific attributes incorporated into the vector, the level of impurities that are accept-
able for the specific route of delivery and organ target, the formulation of the drug
product (i.e., concentration of the vector and excipients), the volume and container
that the vector is dispensed into, the labeling of the vials, the carton and ancillary
items included in the packaging, and the storage of the vector.

As is the case with the preclinical studies, proper training is necessary to instruct
the clinical personnel (investigational pharmacist, study coordinator, nurses, doc-
tors) on procedures for thawing and handling product vials, loading the device, and
administering doses, as well as conducting the study, monitoring patients, and per-
forming sampling and evaluation. In some cases, adding the vector product to a bag
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Table 2.2 Major milestones for product development

Milestone

Vector design,
POC studies, and
lead identification

Process and
analytical
development and
reagent
preparation

Toxicology study

Phase I clinical
trial

Activities Duration

Depends on the number of variables to be 0.5-2
screened (promoters, serotypes) and the number years
of vector preps to be produced, data collected and
analyzed from proof-of-concept, and performance

studies in vitro and in small animals. Long-term
correction demonstration can be 6—18 months.

The variables are compared and the lead vector
configuration chosen based on desired

performance metrics

Process development and evaluation is required to | 0.5-1
achieve larger scale, asepsis, automation, and year
reproducibility of yield and purity suitable to
support human clinical trials. Transferring
production and testing protocols and methods to
the cGMP environment. Converting production
and purification protocols and identifying raw
materials and reagents suitable for human use, but
having equivalent performance (i.e., generating
the same vector yield, purity, potency, and
stability) can take several months. Establishing
and qualifying MCBs and/or MVBs,
manufacturing plasmid DNA, etc., can take
months. Once the actual methods, automated
programs, and raw materials are established, then
the documents (batch records, reagent preparation
records, test records standard operating
procedures, etc.) and specifications need to be
written and personnel trained and shakedown runs
need to be executed. In parallel, new and existing
product-specific assays are developed/customized
and qualified to then use for in-process and final
product testing

Preparing pre-IND document and FDA review. 6-12
Manufacturing a suitable amount of vector months
followed by release testing, with some of the tests
requiring 8 weeks. The actual study includes

procuring and screening the animals (small vs.

large), vector administration, time course,

necropsy, and analyses, including biodistribution.

Quality assurance audit and final report needs to

be written

Preparing the IND document and FDA review. 1-3
Manufacturing a suitable amount of vector years
followed by release testing, with some of the tests
requiring 8 weeks. Enrolling patients, time

between cohorts. Evaluations

R.O. Snyder

Costs
$250K-1M

$500K—
$3M

$250K-
$2M

$1.5-10M

(continued)
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Table 2.2 (continued)

Milestone Activities Duration | Costs

Phase 2 Manufacturing a suitable amount of vector 14 $3-20M
followed by release testing. Enrolling patients, years
time between cohorts. Evaluations

Phase 3 Manufacturing a suitable amount of vector 2-4 $10-50M
followed by release testing. Enrolling patients, years
time between cohorts. Evaluations

Licensure Preparing the BLA and FDA review and site 8-12 $2-3M
inspections months

Product launch Building a manufacturing plant. Manufacturinga | 8-36 $30-200M
suitable amount of vector followed by release months

testing. Sales and marketing activities. Physician
training. Phase 4 studies

of saline for infusion or other pharmacy manipulations (loading syringes) may be
required prior to administration, and understanding the stability profile of the vector
at the holding temperature in each format is necessary.

2.6 Regulatory

Ultimately, the goal of the research, preclinical, and clinical studies is to achieve
marketing approval and commercial launch. The license application is reviewed by
the US FDA, European Medicines Agency, or country-specific regulatory authori-
ties. For clinical trials, meetings that may be held between sponsors and the US
FDA include (a) pre-investigational new drug application (pre-IND), (b) end-of-
phase 1 meeting, (c) end-of-phase 2 and pre-phase 3 meeting, and (d) pre-Biologics
License Application (pre-BLA). These meetings may be requested by the sponsor
to address outstanding questions and scientific issues that arise during the course of
a clinical investigation, aid in the resolution of problems, and facilitate evaluation of
drugs. The meetings, which often coincide with critical points in the drug develop-
ment and/or regulatory process, are recommended, but are not mandatory. Additional
meetings may be requested at other times, if warranted [34], and informal conversa-
tions may be possible. In addition, FDA drafts and updated guidance on the manu-
facture and testing of gene transfer vectors and evaluation of products in toxicology
studies and human trials.

The formal pre-IND meeting is held to discuss the pre-IND document submitted
in advance of the meeting that outlines the study objectives and design (scientific
rational), animal data, toxicology study design, previous human experience, clinical
protocol synopsis (intended patient population (risk/benefit, defined disease),
patient accrual (inclusion/exclusion, numbers needed), proposed dose and escala-
tion rationale, patient monitoring plan, safety evaluations, adverse events, statistical
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methods, potential efficacy endpoints, schedule of protocol events), manufacturing/
characterization summary, and stopping rules (e.g., severe adverse events, germ line
transmission, severe immune reaction). Following the incorporation of any changes
that may have been requested at the pre-IND meeting, the toxicology study is con-
ducted and manufacturing the clinical lot(s) can begin.

The Investigational New Drug Application (IND) covers general investigational
plan; clinical protocol; chemistry, manufacturing, and control information (CMC);
pharmacology and toxicology data; IRB approved consent form; and previous
human experience. The IND automatically becomes effective 30 days after receipt
by the FDA, unless the FDA places the clinical trial on hold within this 30-day time
window. If a hold is placed on the trial, the sponsor and the FDA must resolve the
issues before the clinical trial can start.

In addition to submission of an IND to the FDA, the protocol is also submitted to
the National Institutes of Health (NIH) Office of Biotechnology Activities (OBA),
in accordance with the NIH Guidelines for Research Involving Recombinant
DNA. Compliance with these guidelines is required for institutions and their inves-
tigators who receive NIH funds for research involving recombinant DNA, as utilized
in gene transfer vectors. Given the recent recommendations following review of the
NIH OBA Recombinant DNA Advisory Committee’s oversight of gene therapy pro-
tocols, review may be limited in the future to protocols involving (a) a new vector,
genetic material, or delivery methodology which represents a first-in-human experi-
ence, thus presenting an unknown risk, (b) a protocol that relies on preclinical safety
data obtained using a new preclinical model system of unknown and unconfirmed
value, and (c) a proposed vector, gene construct, or method of delivery that is associ-
ated with possible toxicities that are not widely known which may render it difficult
for local and federal regulatory bodies to rigorously evaluate the protocol [35].

Following the clinical trial phases, a Biologics License Application (BLA) is
submitted to the FDA (in Europe, a Marketing Authorization Application is submit-
ted to the EMA) that includes data from the manufacture and testing of the product,
supporting laboratory and animal study results, and human trial results; composi-
tion and configuration of the product candidate; and information that may be
included in the product label. Under the Prescription Drug User Fee Act (PDUFA),
a user fee is paid with each BLA submission. For 2016, the user fee for a BLA
requiring clinical data is $2,374,200, the annual product fee for biologics is
$114,450, and an annual establishment fee of $585,200 is assessed on facilities
manufacturing prescription biologics [36]. A waiver is granted for user fees assessed
on BLAs for product candidates designated as orphan drugs (see below). The FDA
will review the BLA to ensure all necessary information has been provided before
accepting it for filing, and once filed, the BLA is reviewed in 10 months, but a prior-
ity review can be made in 6 months.

There is an expectation that compliance systems along with manufacturing and
analytical procedures improve proportionally to each successive clinical phase.
Manufacturing facilities are inspected and licensed by the FDA in advance of prod-
uct licensure and product launch (i.e., a “prelicense inspection”). Manufacturing
systems and quality systems are required to be sufficiently validated to support
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commercial manufacturing. FDA may also audit the nonclinical and clinical trial
sites that generated the data in support of the BLA. In Europe, the manufacturing
site is inspected and authorized, and the medicines regulatory authorities in Member
States supervise these authorizations.

2.6.1 Expedited Programs

The FDA has programs that expedite the review process described above, including
(a) fast-track designation, (b) breakthrough therapy designation, (c) accelerated
approval, and (d) priority review. These programs are intended to help ensure that
therapies for serious conditions are approved and available to patients as soon as it
can be concluded that the benefits of the therapy justify its risks [37].

2.7 Commercial

Many of the rAAV-based gene transfer products are currently being developed to
treat rare diseases. Under the Orphan Drug Act, the FDA may grant orphan designa-
tion to a biological product candidate intended to treat a rare disease or condition,
generally a disease or condition that affects fewer than 200,000 individuals in the
United States or which will not be profitable within 7 years following approval by
the FDA. The request for orphan product designation is made prior to submitting a
BLA. If a product candidate with orphan designation receives the first FDA approval
for the specific disease or condition, the product is entitled to exclusivity, prohibit-
ing the FDA from approving other applications to market the same product for the
same indication for 7 years (10 years in Europe after obtaining the designation from
EMA), except in limited situations (http://www.fda.gov/forindustry/developing-
productsforrarediseasesconditions/howtoapplyfororphanproductdesignation/
default.htm). Furthermore, the FDA provides grants (phase 1 trials of up to $200,000
per year for up to 3 years, and for phase 2 and 3 trials up to $400,000 per year for
up to 4 years) for clinical studies on safety and/or effectiveness that will result in, or
substantially contribute to, market approval of these products (http://www.fda.gov/
ForIndustry/DevelopingProductsforRareDiseasesConditions/
WhomtoContactaboutOrphanProductDevelopment/default.htm). Other benefits
include a waiver of PDUFA fees for orphan product BLAs and a 50 % tax credit for
clinical research and testing expenses [38].

Given the expected high price for gene therapy products, sales will depend on
coverage by third-party payers [39]. In the United States, private and governmental
payers determine the amount to which new biologics will be covered and reim-
bursed. Approval for coverage and reimbursement of rAAV-based products for the
Medicare program will come from the US Health and Human Services Centers for
Medicare & Medicaid Services and usually sets levels that are adopted by private
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payers. Coverage and reimbursement by a third-party payer is dependent on the
effectiveness of the product, its price, and medical need. In some countries, a prod-
uct candidate needs to be approved for reimbursement prior to being approved for
sale. Models have been proposed for setting the price and negotiating the reimburse-
ment of long-duration rAAV gene therapy products [40—44] that have the potential
to ameliorate disease for a lifetime following a single administration.

For product launch, it is expensive to implement a suitable sales and marketing
organization for patient and physician awareness, achieving market acceptance, and
maximal product use. One approach is to form an alliance with another company with
an established sales and marketing apparatus that is familiar with FDA advertising and
promotion regulations pertaining to professional, direct-to-consumer (DTC) advertis-
ing and promotional labeling materials, off-label use, interactive and internet-based
promotion, and drug product naming (http://www.fda.gov/BiologicsBloodVaccines/
DevelopmentApprovalProcess/AdvertisinglabelingPromotionalMaterials/
ucm164120.htm and [45]). Market positioning will be influenced by product efficacy
and safety, competitive pricing, lower dose/higher potency, less invasive route of
administration, fewer side effects (off-targeting), and competing technology.
Furthermore, to support product launch, the manufacturing and distribution supply
chain must be robust enough so as to avoid interruption of drug supply at this critical
time and to support expanded market penetration.

As of this writing, there has been an impressive surge of investment of nearly
$1B, new company formation, and entrance of large pharma and established bio-
technology companies entering the cell and gene therapy sector. Much of this activ-
ity is driven by published reports of efficacy [46—50], and the recent market approval
[51] and reimbursement pricing (€1.1 M) in Europe of the rAAV-based Glybera
from UniQure [52], perhaps ushering in an era in the gene therapy industry beyond
the Nascent stage [53].

Conlflict of Interest Statement RS is an inventor on patents related to recombinant
AAV technology. RS owns equity in a gene therapy company that is commercializ-
ing AAV for gene therapy applications. To the extent that the work in this manuscript
increases the value of these commercial holdings, RS has a conflict of interest.
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Tg Transgenic

WBMRI Whole body MRI

WES Whole exome sequencing
WGS Whole genome sequencing

XLMTM X-linked myotubular myopathy

3.1 Congenital Myopathies

3.1.1 Overview

The congenital myopathies (CMs) are a heterogeneous group of inherited neuro-
muscular disorders that manifest as skeletal muscle weakness at birth or early in life
and are defined by the presence of specific morphological features on biopsy [1-3].
The most common forms of CM can be roughly subdivided into four categories
based on the predominant pathological features observed under light and electron
microscopy: (1) nemaline (or rod) myopathies, (2) core myopathies, (3) centronu-
clear myopathies, and (4) myopathies with congenital fiber-type disproportion.
However, accurate diagnoses are often confounded due to broad variations in the
clinical severity of each phenotype and to substantial histological overlap between
the different forms of these disorders [4, 5]. Histological analysis is further compli-
cated by biopsies lacking any defining features, typically placed into a catchall cat-
egory known as “undefined” CM. CMs can also result from mutations in more than
one gene (Table 3.1) with, causative genes associated with multiple pathologies
(Table 3.2). Clinical features, such as the presentation of hypotonia during the new-
born period, may be similar to features found in patients with congenital myasthenic
syndromes, metabolic myopathies, spinal muscular atrophy, as well as muscular
dystrophies. Thus, CMs are typically a diagnosis of exclusion [2, 47] and require
detailed clinical data combined with electromyographic and histopathological find-
ings to prioritize gene testing and establish a genetic basis.

More than twenty genes cause CM (Fig. 3.1) and their biological functions are
widely studied in vitro and in vivo. Major pathophysiologic pathways responsible
for weakness in CMs are hypothesized to result from either malformed contractile
filaments, in the case of nemaline and other rod myopathies, or from disruptions in
calcium homeostasis at the skeletal muscle triad, in the case of many centronuclear
and core myopathies [1, 48]. However, it is becoming increasingly clear that each
genetic condition likely involves multiple mechanisms, each of which provides
potential therapeutic targets for development. In contrast to CMs, muscular dystro-
phies are characterized by skeletal muscle that retains the intrinsic ability to contract
but becomes progressively weaker due to myofiber death and eventually fails to
compensate through regeneration.

Today, investigators and clinicians are focused on understanding the biological
basis underlying the CMs and on gene discovery, as the genetic cause in 30—40 %
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Fig. 3.1 Schematic diagram of human skeletal muscle illustrating many known CM genes and
their encoded proteins. Disease genes discussed in the chapter text, the majority of which encode
proteins of the myofilament or triad, are capitalized. Other important muscle proteins not currently
known to be mutated in human CMs, but part of relevant complexes and responsible for other
conditions, are selectively labeled in parentheses

of cases remains unknown. Due to the vast genetic and clinical heterogeneity of
CMs, molecular diagnosis is important, both for disease management and for the
development of gene-specific therapeutic strategies. Although certainly not an
exhaustive list, the focus of this chapter will be limited to the four subtypes enumer-
ated above.

3.1.2 Nemaline Myopathies
3.1.2.1 Clinical Features

Nemaline myopathy (NM) is histologically characterized by the presence of abnor-
mal thread- or rod-like structures in muscle fibers (Fig. 3.2a). Clinically, NM pheno-
types vary and are subclassified into different groups according to age of onset as
well as severity of motor and respiratory involvement: (1) severe congenital NM, (2)
intermediate congenital NM, (3) typical congenital NM, (4) childhood/juvenile-onset



48 L.L. Smith et al.

Fig. 3.2 Characteristic histological findings in representative congenital myopathies. (a) GOmori
trichrome stain of muscle from a 2 %2-year-old girl with nemaline myopathy due to a NEB muta-
tion. Note dense subsarcolemmal accumulations of darkly staining rod bodies in many fibers. (b)
NADH-TR staining reveals multiple minicores, appearing as patchy lightly stained regions within
myofibers, in the muscle of a 4-year-old boy with MmD caused by a mutation of SEPNI. (¢) H&E
staining of muscle from a 1-month-old boy with XLMTM. An MTMI mutation is sufficient to
reveal characteristic small myofibers with central nuclei. (d) Fiber typing by histochemical stain-
ing for myosin ATPase at pH 4.6 reveals uniform smallness of the population of darkly staining
type I myofibers in a 1-year-old girl with CFTD (genotype unknown)

NM, (5) adult-onset NM, and (6) other forms with atypical clinical features such as
cardiomyopathy and ophthalmoplegia [49]. Although these classifications have been
well established and can be used to accurately predict prognosis, certain morphologi-
cal and clinical features are common and shared between two or more groups.
Presentation of NM includes generalized muscle weakness and hypotonia, with the
most pronounced severity in the face, neck flexors, and proximal limbs. In forms of
NM with congenital onset, the face is often elongated and expressionless and the mouth
tent-shaped with a high-arched palate. Body build is slender, especially in young chil-
dren, but muscle bulk is not necessarily reduced. The spine is generally hyperlordotic,
and chest deformities may be evident at birth. In terms of motor capacities, gross motor
activity is slow, whereas fine motor activity is normal. Many patients show hypermobil-
ity of the joints and develop joint contractures. Gait is usually waddling [50].
Respiratory issues and bulbar muscle weakness are common in congenital NM,
but do not always correlate with the severity of breathing difficulties. Asymptomatic
patients may reveal a restrictive pattern on pulmonary function on testing. Sleep stud-
ies are an important part of NM management planning, as patients are at risk of
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insidious nocturnal hypoxia even in the absence of morning symptoms, and several
patients have experienced sudden respiratory failure [5, 51-53]. Infants with con-
genital onset NM commonly have feeding difficulties, and older patients may experi-
ence trouble swallowing. Ophthalmoparesis is seen in a significant number of patients
with KLHI.40 mutations. The central nervous system is typically unaffected in NM,
and intelligence is normal. Cardiac contractility is also usually normal, although car-
diac involvement, particularly dilated cardiomyopathy, does rarely occur [54].

Serum creatine kinase concentrations in NM are usually normal or only slightly
elevated (up to five times normal levels). Electromyography (EMG) may be normal
in young patients or in mild cases, but show “myopathic” features including poly-
phasic motor unit potentials with small amplitude and a full interference pattern
during weak effort (early recruitment). Generally, ultrasonography reveals abnor-
mally high echogenicity in affected muscles, computed tomography shows a low
density of muscles with preservation of volume, and magnetic resonance imaging
(MRI) demonstrates fatty infiltrations of the muscle tissue. Muscle MRI (particu-
larly T1 imaging) is increasingly used as an adjunct diagnostic modality, and certain
NM subtypes (particularly due to NEB mutations) have relatively specific patterns
of selective muscle involvement [55-57].

3.1.2.2 Pathological Features

Nemaline bodies are the pathological and diagnostic hallmark of NM and by defini-
tion are shared among all genetic forms of this disorder. Rods appear as red or pur-
ple structures against a blue-green myofibrillar background upon modified Gomori
trichrome staining and show a tendency to cluster under the sarcolemma and around
nuclei (Fig. 3.2a). Rods are considered to derive from the lateral expansion of the
Z-line, based on their structural continuity with Z-lines, electron density, and criss-
cross pattern in electron micrographs. Additionally, rods stain positively for anti-
bodies to alpha-actinin isoforms 2 and 3, the major components of the skeletal
muscle Z-line [58—60]. With few exceptions (e.g., patients with TPM3 mutations),
rods are present in both type I (slow twitch) and type II (fast twitch) muscle fibers,
although type I fiber predominance is a common feature of NM and fiber-type dis-
proportions tend to become more prominent with age [61, 62]. The proportion of
myofibers containing rods varies considerably between cases, however, and the rod
size and count in a muscle specimen do not appear to correlate with disease severity
[63]. Nemaline rods are typically cytoplasmic, although intranuclear rods are occa-
sionally a prominent feature, particularly in severe cases [64].

3.1.2.3 Genetics

NMs are considered diseases in which mutations disrupt the ability of the myofiber
to generate adequate force during contraction. To date, mutations in ten different
genes have been identified in a subset of NM patients: alpha-skeletal muscle actin
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(ACTAI) [6], slow alpha-tropomyosin (TPM3) [18, 65, 66], nebulin (NEB) [13],
slow troponin T (TNNT1I) [16, 67], beta-tropomyosin (TPM2) [17, 65], muscle-
specific cofilin (CFL2) [7, 68, 69], leiomodin 3 (LMOD3) [12], kelch-like family
members 40 (KLHLA40) [9, 10] and 41 (KLHL41) [11], and kelch repeat and BTB
domain containing 13 (KBTBD13) [8]. Seven of these ten genes encode protein
components of the muscle fiber thin filament, while the other three likely participate
as regulators of the thin filament degradation/turnover apparatus. Of these, the most
common genetic cause of NM is autosomal recessive mutations in NEB, which may
account for up to 50 % of cases, followed by mutations in ACTA [ [47]. In practice,
ACTAI is often the first gene to be sequenced due to its small size and relatively
high mutation detection rate (up to 25 % of cases and over half of cases with severe
congenital NM) [70]. Over 230 different ACTAI variants have been reported, the
majority are de novo heterozygous missense mutations or show an autosomal domi-
nant pattern of inheritance [71, 72]. KLHL40, TPM3, TPM2, and LMOD3 mutations
are the next most common of the remaining genes, whereas CFL2, TNNT1, KLHLA41,
and KBTBD13 mutations are relatively rare [73].

As of yet, no definitive clinical or pathological markers for the various genetic
forms of NM have been identified, although detailed pathologic studies may pro-
vide morphologic clues to guide mutation analysis in the future. TPM3, for exam-
ple, is only expressed in type I fibers, and patients harboring mutations in this gene
often experience fiber atrophy and nemaline bodies preferentially in this fiber type
[43, 44, 63, 74, 75]. Similarly, abnormal accumulation of actin filaments and irregu-
lar distributions of actin staining have been observed in patients with ACTA I muta-
tions and in extreme cases may be the predominant finding, leading to a
histopathological diagnosis of “actin myopathy” [64, 76].

3.1.3 Core Myopathies
3.1.3.1 Clinical Features

Core myopathies are characterized by areas in the muscle fiber lacking oxidative
and glycolytic enzymatic activity. Central cores run along the length of the myofi-
ber, whereas minicores are short zones of myofibrillar disorganization that are wider
than they are long on longitudinal section. Based on the presence of these abnormal
features, patients with core myopathies are traditionally subclassified as having
either central core disease (CCD) or multiminicore disease (MmD) [77]. This sub-
section will address the clinical features of these two “pure” forms of core myopa-
thy, although it is important to note that cores reported in association with other
characteristic findings, such as nemaline rods, can also result in hybrid diagnoses
referred to as core-rod myopathies.

CCD was the first CM defined on the basis of specific morphological changes in
skeletal muscle. In 1956, Magee and Shy described the first patient with centrally
placed cores [78], and the term “central core disease” was introduced soon afterwards
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to reflect the absence of oxidative enzymes, phosphorylase, and glycogen in the core
area due to mitochondrial depletion [79]. CCD typically presents in infancy with
hypotonia or in early childhood with delays in motor development. Weakness is mild
and symmetrical, preferentially affecting proximal musculature, including hip girdle
and axial muscles [80]. Extraocular muscles are usually spared. Significant respira-
tory insufficiency and cardiac abnormalities are unusual, and intellectual capacities
are not impaired. Orthopedic complications such as congenital dislocation of the hips
[81], kyphoscoliosis [82], and foot deformities (e.g., talipes equinovarus, pes planus)
occur, but contractures other than at the ankle are rare [83]. Almost all CCD patients
achieve the ability to walk independently, with the exception of cases with debilitat-
ing hip dislocations or severe cases presenting with neonatal weakness, arthrogrypo-
sis, and respiratory failure [84-87].

Serum creatine kinase levels are normal or slightly raised (up to six to fourteen
times higher than normal) in CCD patients, and the EMG is normal or myopathic,
with short-duration, small amplitude polyphasic motor unit potentials. Muscle
ultrasound often detects increased echogenicity associated with a primary myo-
pathic process [88]. Importantly, a characteristic pattern of selective involvement on
muscle MRI has been reported in CCD patients [56, 57] and is distinct from that
observed in other CMs [56, 57]. Muscle MRI is therefore useful for aiding genetic
diagnosis in cases with mixed pathologies featuring both cores and rods [89, 90].

3.1.3.2 Pathological Features

The cardinal diagnostic feature of patients with CCD is the presence of single, well-
circumscribed circular regions in the center of most type I fibers. These “central
cores” are devoid of mitochondria and deficient in oxidative enzymes, phosphory-
lase activity, and glycogen. Cores are best observed on sections stained for oxida-
tive enzyme activity (e.g., succinate dehydrogenase [SDH], cytochrome ¢ oxidase
[COX], or nicotinamide adenine dinucleotide [NADH] dehydrogenase-reacted sec-
tions) and may be overlooked on routine sections with hematoxylin and eosin
(H&E) staining. Cores examined using electron microscopy contain densely packed
and disorganized myofibrils and have been divided into two types on the basis of
whether myofibrillar organization is maintained. Structured cores preserve basic
sarcomeric architecture, although sarcomeres may be out of register with adjacent
fibrils as well as with each other, whereas unstructured cores contain large areas of
Z-line streaming [91].

Fifteen years after the initial description of CCD, Engel and colleagues reported
a family with two affected siblings exhibiting multiple small cores within muscle
fibers or “minicores.” Patients with the classic form of MmD typically present in
infancy or childhood with pronounced hypotonia and proximal weakness, although
select cases of prenatal or adult onset have been recognized [92-96]. Axial muscle
weakness, particularly affecting the neck and trunk flexors, is a prominent feature of
MmD, and failure to acquire head control is an early clinical sign. Spinal rigidity
and scoliosis are also common. The clinical course of MmD is static for the majority
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of patients, although some experience cardiac involvement secondary to marked
decline in respiratory function during adolescence or young adulthood [96].

MmbD is diagnosed on muscle biopsy by the presence of multifocal, well-circum-
scribed areas in the muscle fiber with reduced oxidative staining and low myofibril-
lar ATPase activity (Fig. 3.2b) [97]. In contrast to central cores, minicores are
typically unstructured, extend for only a short distance along the longitudinal axis
of the myofiber, and may affect both type I and type II fibers [98]. Minicores in
electron micrographs appear as regions of myofibrillar disruption lacking mito-
chondria, with sarcomere degeneration and structural abnormalities of the triad.
Muscle MRI can be used to complement histological assessments and aid in the
choice of genetic testing. Distinct patterns of muscle involvement can distinguish
between different genetic forms of MmD, as well as between MmD and other forms
of CM [56, 57, 85].

3.1.3.3 Genetics

The vast majority of CCD patients (>90 %) have mutations in the skeletal muscle
isoform of the ryanodine receptor (RYRI), a calcium release channel of the sarco-
plasmic reticulum involved in excitation—contraction coupling [21, 86, 89, 99].
These are most commonly autosomal dominant or de novo dominant mutations,
with occasional autosomal recessive cases observed. Of note, mutations causing the
classical CCD phenotype most commonly occur in the C-terminal transmembrane
pore-forming domain of RYRI, although mutations in other domains may account
for patients with atypical clinical or histopathological presentations [4, 100, 101].

Only occasionally will autosomal recessive RYRI mutations yield CCD pathol-
ogy and can instead lead to a wide range of findings on muscle biopsy, including
characteristic features of MmD [102], CNM [35], congenital fiber-type dispropor-
tion (CFTD) [40, 103], and muscular dystrophy [104]. Clinically, patients with
recessive RYRI mutations usually have a more severe presentation than those with
dominant mutations [105]. In addition to weakness, ophthalmoplegia is commonly
observed and is a distinguishing feature compared to CCD and SEPNI-related
MmbD [106]. Patients typically have two missense mutations or one missense muta-
tion and one hypomorphic allele (i.e., frameshift, splice site mutation), and the pres-
ence of a hypomorphic allele is correlated with more severe clinical symptoms [107,
108].

Rarely, CCD patients have also been observed with mutations in the gene encod-
ing beta-myosin heavy chain (MYH?7). Weakness in distal muscles is often a clinical
clue to MYH7 mutations, particularly a “dropped” big toe, and muscle pathology
tends to show more minicores or atypical cores in these individuals [109]. Lastly,
there are cases of CCD without RYRI or MYH7 mutations, but the causative gene
have not yet been identified.

MmD core myopathy is most commonly caused by recessive mutations in the
selenoprotein N (SEPNI) gene [94, 95]. Selenoproteins are characterized by inclu-
sion of one or more selenocysteine residues, which contain the biological form of
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selenium and are evidenced to be catalytically active in cellular redox processes.
Apart from MmD, recessive mutations in SEPNI are associated with rigid spine
muscular dystrophy with or without cores [30], desmin-related myopathy with
Mallory body-like inclusions [110], as well as CFTD [41]. Although these four
myopathies are pathologically distinguishable, they are relatively homogenous in
clinical presentation and as a result are now collectively referred to as SEPN1-
related myopathy. Additional cases of MmD have been described with MYH7 muta-
tions, as well as mutations in the giant sarcomeric protein titin (77N) [28, 111]. In
both instances, cardiomyopathy was reported as a complicating feature.

3.1.4 Centronuclear Myopathies
3.1.4.1 Clinical Features

Centronuclear myopathies (CNM) are classically defined by a high incidence of
muscle fibers containing central nuclei, in the absence of other diagnostic abnor-
malities such as rods and cores [112]. Several genetically distinct forms of CNM
have been described based on age of onset, severity of symptoms, and mode of
inheritance [113, 114]. Clinically, these can be categorized as the severe X-linked
recessive form with prenatal or neonatal onset, the autosomal recessive form with
onset in infancy or childhood, and the autosomal dominant form, typically mild
with late onset. Despite wide variability in the clinical features among these groups,
emerging evidence suggests that defective excitation—contraction coupling at the
level of the triad may be a unifying pathophysiological feature in CNM.

X-linked centronuclear myopathy, also referred to as myotubular myopathy or
X-linked myotubular myopathy (XLMTM), frequently presents with polyhydram-
nios and reduced fetal movements in utero. Affected newborn boys present at birth
with severe hypotonia, generalized weakness, and muscle wasting. Respiratory
insufficiency requires immediate ventilator support, and swallowing difficulties
necessitate a feeding tube to prevent death by aspiration. Additional features include
thin ribs, ophthalmoplegia, ptosis, pyloric stenosis, and contractures of the hips and
knees. XLMTM carries a poor long-term prognosis, with death due to respiratory
failure occurring within the first year of life in 20-25 % of cases [115, 116].
Although a small proportion of boys may be less affected in the neonatal period and
survive into childhood or even adulthood, most remain severely impaired and
require permanent ventilation.

Autosomal recessive centronuclear myopathy is a relatively rare form of CNM
and generally presents in infancy or early childhood with diffuse muscle weakness
and respiratory distress. Facial diplegia, ptosis, and varying degrees of ophthalmo-
plegia are common features. The clinical course of the disease is marked by slowly
progressive weakness, development of scoliosis or kyphosis, and delays in motor
milestones such as walking, running, and stair climbing. By adolescence, most
patients are wheelchair dependent.
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Autosomal dominant CNM showing late adult onset with slowly progressive
weakness, together with de novo forms of CNM with earlier onset, has a broader
range of clinical presentation than the X-linked or recessive forms [45, 46, 117,
118]. Generally, limb girdle, trunk, and neck muscles are involved, but distal mus-
cles may be affected [119]. Ptosis and limitation of eye movements often parallel
age of onset, with complete ophthalmoplegia associated with early onset cases.
While most patients are ventilator independent, phases of respiratory decline may
require noninvasive ventilation but rarely necessitate invasive support. Achilles ten-
don contractures, reduced jaw opening, and atrophy of the calves are common, with
scoliosis often becoming progressive in adolescence [59, 60, 120-122].

3.1.4.2 Pathological Features

The principal pathological feature of CNM is abnormal centralization of nuclei in
>25 % of muscle fibers [112], although there can be considerable variability both in
the number of myofibers with central nuclei and in the number of central nuclei
within a single myofiber. Unlike other CMs, particularly CCD and NM, diagnosis
of CNM can be achieved with H&E staining of formalin-fixed, paraffin-embedded
tissue (Fig. 3.2c). There is typically a predominance of type I fibers [123], with most
fibers smaller and rounder than those of age-matched control subjects. On electron
microscopy, mitochondrial aggregates, glycogen granules, and a reduction in myo-
filaments often surround centrally placed nuclei. The remainder of the muscle fiber
is structurally normal, with mild increases in perimysial fibrous connective tissue in
select cases.

3.1.4.3 Genetics

Mutations in five different genes have been associated with CNM to date. Of these,
the most common and extensively studied are mutations in the myotubularin gene
(MTMT1), which lead to the X-linked form of the disease [34]. Over 500 mutations
have now been identified in MTM1 [124, 125]. While most are believed to result in
loss of protein expression, there are a few recurring missense mutations, such as
p-R69C, which can cause either the classic severe phenotype or a milder presenta-
tion [126]. Mutations in the large GTPase dynamin 2 (DNM?2) are the second most
common cause of CNM and display dominant inheritance [33, 45, 46]. Variants
located in the middle domain of DNM?2 generally correlate with milder symptoms,
while variants in the pleckstrin homology domain are associated with more severe
presentations [45, 46].

Mutations in RYRI, TTN, and bridging integrator 1 (BINI) have been predomi-
nantly identified in recessive forms of CNM, with RYRI likely the most common
of these three [31, 35, 37]. RYRI-related CNM is typically severe, but highly vari-
able in presentation [35, 127]. Although internalized nuclei are the most prominent
histological feature in these patients, abnormalities observed with oxidative stain-
ing are also common and suggest that RYR/-related CNM is part of a continuous
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spectrum that overlaps with RYRI-related core myopathies [128]. Homozygous
recessive BINI mutations are rare and have been reported in fewer than 20 families
where they lead to early onset of clinical symptoms [129-133]. Only recently have
heterozygous BINI mutations been identified in nine cases of adult-onset autoso-
mal dominant CNM [134]. TTN mutations are associated with milder symptoms in
skeletal muscle as well as cardiomyopathy and are probably underappreciated due
to the diagnostic difficulties associated with sequencing and with interpretation of
variants in the enormous 77N gene [37]. Of note, sequence variants of MTMRI14, a
gene functionally related to MTM 1, have also been reported in two individuals with
CNM [135]. However, it is unclear whether these variants are a true cause of dis-
ease or instead act as modifiers of a second site gene mutation. There are clearly
additional genetic loci that cause CNM. A recent study using whole exome
sequencing on a cohort of 29 individuals revealed that only a fraction of subjects
had a mutation in one of the abovementioned genes [37].

3.1.5 Congenital Fiber-Type Disproportion
3.1.5.1 Clinical and Pathological Features

Congenital fiber-type disproportion (CFTD) is a histological diagnosis with multi-
ple etiologies [103]. Brooke and Engel first used the term in 1973 in a large mor-
phology study of childrens’ biopsies to describe a group of 14 patients who all had
clinical features of a CM and whose predominant abnormality on muscle biopsy
was a discrepancy in muscle fiber size (Fig. 3.2d) [136]. It is now the consensus that
the diagnosis of CFTD can be made when a mutation in a CM gene has been identi-
fied and type I (slow twitch) fibers are consistently smaller than type II (fast twitch)
fibers by at least 35—40 % [137]. However, type I fiber hypotrophy is also observed
in a variety of metabolic myopathies and central nervous system malformations, as
well as the severe neonatal form of myotonic dystrophy [138—142]. Some experts
therefore also include other histological features in the definition of CFTD, such as
type I fiber predominance (>55 % type I fibers) or a paucity (<5 %) of type 2B fibers
[137]. If a biopsy has several atypical features, such as type II fiber predominance
and/or frequent type 2B fibers, pathologic processes other than CFTD should be
considered. In general, patients with CFTD mimic the clinical course of other forms
of CM that share the same genetic cause, although early respiratory failure is a com-
mon feature in CFTD and nocturnal hypoventilation should be monitored even in
ambulant patients [3].

3.1.5.2 Genetics

Most cases of CFTD are associated with mutations in the TPM3 gene, encoding the
type I fiber-specific protein slow alpha-tropomyosin [43, 44, 143]. TPM3 mutations
are hypothesized to alter the interaction between tropomyosin and actin [43], and
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some data suggest that clinical weakness may arise from misregulated actin—-myosin
interactions [144]. RYRI mutations are less commonly seen [40] and only rarely
have mutations in ACTAI [38], MYH7 [39, 145], SEPNI [41], TPM?2 [146], as well
as an X-linked form [147] been reported. Most recently, mutations of the LMNA
gene, coding for lamin A/C, were identified in several Japanese patients with CFTD
[148]. Since LMNA defects are known to cause a variety of different muscular dys-
trophies and related cardiomyopathies [149], these patients may represent a subset
of CFTD cases at risk for cardiac disease. As TPM3 is expressed only in type I
fibers, it is readily apparent why its mutation preferentially leads to type I fiber
defects. Conversely, the other aforementioned genes are expressed across all fiber
types. The appearance of CFTD in a tiny subset of patients with these gene muta-
tions may therefore reflect unusual environmental, epigenetic, or sampling effects,
making it uncertain whether they should be considered true forms of CFTD in the
same sense as TPM3 mutations. Although data are lacking from large cohort stud-
ies, known genes are predicted to only account for 50-70 % of families with CFTD,
and other genetic causes of CFTD remain to be identified [103].

3.1.6 Undefined Congenital Myopathies

The term “undefined” CM was created to describe patients for whom a distinct CM
diagnosis cannot be determined due to a lack of specific pathological features on
muscle biopsy. While this catchall diagnosis may result from mutations in known
genes, it is likely that the discovery of novel CM genes will have significant impact
on how these unsolved cases are classified in the future.

3.2 Gene Discovery in Congenital Myopathies

3.2.1 Diagnostic Challenges

Over the past 15 years, spectacular progress has been made in identifying the genetic
basis of many of the CMs. These same forward strides, however, have also blurred
the classical nosological boundaries between different forms of CM and between
CM and other neuromuscular diseases. As the list of causative genes grows, the rela-
tionship between each CM, defined by characteristic morphological features observed
on muscle biopsy, and its genetic cause becomes considerably more complex.

3.2.1.1 Genetic Heterogeneity
There is significant genetic heterogeneity within the main groups of CMs, meaning

that one clinicopathological diagnosis can be caused by mutations in more than one
gene. This suggests that mutations in different genes can trigger the same pathogenetic



3 Gene Discovery in Congenital Myopathy 57

mechanism and lead to similar structural changes in the muscle. The concept of
genetic heterogeneity is perhaps most clearly exemplified in NM, where ten different
genetic loci have already been associated with rod formation secondary to abnormali-
ties of thin filament proteins or proteins thought to be related to thin filament protein
stabilization or turnover, as discussed in greater detail above. Nevertheless, the genetic
cause of NM remains unknown in a significant proportion of cases, emphasizing the
vast opportunities that remain for novel gene discovery.

3.2.1.2 Clinical Heterogeneity

CMs also display considerable clinical heterogeneity, the term applied when muta-
tions in a single gene cause diverse clinical phenotypes and different muscle pathol-
ogies. Mutations in ACTA I, for example, may lead to rods in the sarcoplasm of the
muscle fiber, as frequently observed in classic forms of NM, or lead to intranuclear
nemaline bodies, or even to CFTD [38, 64, 150-153]. Similarly, mutations in
SEPNI can result in MmD, rigid spine muscular dystrophy, desmin-related myopa-
thy with Mallory body-like inclusions, and CFTD. These examples suggest that
different mutations in the same gene can affect different pathogenetic pathways
within the muscle sarcomere.

Clinical heterogeneity also arises when the same genetic mutation leads to differ-
ent pathological features in members of the same family or in the same individual
over time. This has been notably demonstrated for mutations in the skeletal muscle
ryanodine receptor gene (RYR1), which form a continuous spectrum of pathological
features spanning malignant hyperthermia [154], CCD [154], MmD [29], CM with
cores and rods [21, 90], CNM [35, 128], and CFTD [40]. Furthermore, mutations in
TPM3 have been reported in both CFTD and NM in members of the same family.
Age, genetic modifiers, environmental factors, and/or the site of the muscle biopsy
may therefore also influence the pathological appearance of skeletal muscle [155].

3.2.1.3 Lack of Specific Biomarkers

Gene discovery in the CMs is further challenged by the lack of specific biomarkers
for use in clinical diagnoses. In recent years, muscle ultrasound and MRI have
become increasingly popular as a means to differentiate between different forms of
CM. Muscle ultrasound is a practical way to image muscle that can be performed
bedside and does not require general anesthetic [156]. Additionally, it can be helpful
for identifying possible neurogenic changes and in selecting an appropriate muscle
for biopsy. Its utility, however, is highly dependent on the expertise of the ultraso-
nographer. Similarly, selective muscle involvement on MRI can suggest a disease
gene, but its specificity is variable and most often needs to be interpreted in conjunc-
tion with the clinical report as well as with biopsy results [2]. Alternative investiga-
tions such as serum creatine kinase, EMG, and nerve conduction studies are widely
used to exclude other potential diagnoses, but are rarely diagnostic in cases of
CM. Serum creatine kinase, for example, is normal or mildly elevated in CM, and
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only if levels are dramatically raised should muscular dystrophy be considered.
Nerve conduction studies in CMs are also usually normal and used to exclude con-
genital myasthenic syndromes, yet some CMs can be associated with neuromuscular
junction abnormalities [143].

Lastly, there can be significant clinical overlap between CM and other neuromus-
cular disorders. Congenital myotonic dystrophy, congenital myasthenic syndromes,
metabolic myopathies such as Pompe disease, spinal muscular atrophy (SMA), as
well as Prader—Willi syndrome, all present in newborns with significant weakness
and/or hypotonia. In the absence of specific biomarkers, muscle biopsy, coupled
with analysis of muscle histology, immunohistochemistry, and ultrastructure by
light and electron microscopy, has therefore been the crucial aspect of establishing
the diagnosis of a specific form of CM. Historically, the presence of dystrophic
features excluded a diagnosis of CM, but mutations in MTM1, DNM?2, RYRI, and
ACTAI may also result in endomysial fibrosis, fiber size variation, as well as fat
infiltration, and can thus sometimes mimic a dystrophic pattern [4, 122, 157].
Furthermore, SEPNI and TTN mutations can lead to both myopathic and dystrophic
phenotypes [94, 95].

3.2.2 Genetic Approaches

Since the launch of the Human Genome Project in 1990, development of genetic
maps, physical maps, and technologies for gene identification has had a remark-
able impact on gene discovery in Mendelian disorders [158]. For CM patients
whose diagnoses have traditionally relied on clinicopathological criteria, these
genetic advances have created a second level of diagnosis, and defining the spe-
cific genetic cause of a presenting phenotype is now the gold standard. Genetic
insight helps the clinician to predict prognosis and monitor health issues and will
become increasingly important as gene-specific therapies are developed. This
subsection will introduce current methods used in gene discovery and how these
approaches have specifically enhanced our molecular understanding of the CMs.

3.2.2.1 Linkage Mapping and Positional Cloning

Linkage mapping, which may lead to positional cloning, is the process of scanning
genomes using regularly spaced, highly variable DNA segments of known position
[159, 160]. This approach, first successfully applied to a human disease gene in 1983
to map the gene for Huntington’s disease, begins with the collection of pedigrees in
which the disease gene is segregating [161]. Affected families are then studied with
polymorphic markers until genetic regions are associated or “linked” with the disease,
by observing that affected individuals co-inherit certain marker variants (i.e., alleles)
located within those regions more frequently than would be expected by chance alone
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[162]. The number of informative meioses available in the pedigree limits the span of
these candidate regions. Finally, transcripts in this candidate region can be isolated
(i.e., cloned) for further analysis and full characterization of the responsible gene.
Transcripts may be prioritized for analysis if additional information is known, such as
tissue expression patterns of the genes within in the candidate region [163]. These
methods were first successfully applied to the identification and cloning of genes
causing chronic granulomatous disease and Duchenne muscular dystrophy [164—166].
The primary advantage of the positional cloning approach is that no prior knowledge
of the underlying physiology or biology of the disease of interest is required.

Linkage mapping and positional cloning techniques have been important in iden-
tifying several CM-related genes. The locus responsible for XLMTM, for example,
was linkage mapped to Xq28 in the early 1990s [167-169]. The candidate region
was then refined to 600 kilobases (kb) by characterizing an activating deletion found
on an X-chromosome of a young female patient with a mild form of the disorder
[170]. By combining linkage analyses in families with informative recombination
events with a study of two male patients carrying deletions [171, 172], Laporte and
colleagues were able to isolate the MTMI gene in 1996 [34]. Positional cloning
strategies were similarly used to identify SEPNI [30], as well as a number of other
genes as detailed in Table 3.1.

3.2.2.2 Homozygosity Mapping

Homozygosity mapping is an alternative method used to narrow down the location
of a disease gene but is a more powerful and effective approach than classical link-
age mapping when studying recessive disorders in inbred populations and in con-
sanguineous families [173, 174]. Briefly, the observation that autosomal recessive
pathogenic alleles are introduced at a rate proportionate to the human mutation rate
of 1.2 in 108 per nucleotide per generation predicts that unaffected individuals carry
a number of disease-causing recessive alleles in the heterozygous state [175]. This
strategy takes advantage of the fact that when a population traces its origin to a few
founders, these alleles will assume a high frequency such that two individuals taken
at random from the reproductive pool will likely be carriers themselves and are at
risk of having clinically affected offspring. Since small chromosomal regions tend
to be transmitted whole, not only will the affected descendant have two identical
copies of the ancestral allele, but the surrounding DNA segment will also be homo-
zygous. Therefore, homozygosity across a stretch of DNA can serve as a clue to
robustly map the pathogenic allele [174].

Homozygosity mapping led to the identification of the 3-hydroxyacyl-CoA
dehydratase 1 (HACDI) as a causal gene of CFTD in a highly inbred family of
Bedouin ancestry [176]. This strategy also helped to map a genetic locus of
Native American myopathy (NAM) finally identified as STAC3, which is pre-
dominantly characterized by malignant hyperthermia, muscle wasting, and
kyphoscoliosis [177].
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3.2.2.3 Candidate Gene Studies

In contrast to linkage mapping, which is an unbiased search of the entire genome
without any preconceptions about the functional role of a certain gene, the can-
didate gene approach allows research scientists to investigate the validity of a
hypothesized genetic basis of a disorder [162, 178]. This strategy involves
examining the relationship between a gene that may be causing a disease, the
“candidate gene,” and the disease itself. One drawback of this technique is that
selecting a particular candidate requires basic understanding of the disease
pathophysiology. However, candidate gene studies do not require large families
with both affected and unaffected members. They instead can be performed with
small families (e.g., a proband and parents) or with unrelated cases and control
subjects [179], as is often the case with CMs.

The candidate gene approach is well illustrated in the discovery of BINI, the gene
responsible for autosomal recessive CNM. In 2007, Nicot and colleagues considered
candidate genes encoding proteins with cellular functions related to membrane traf-
ficking, similar to MTM I in XLMTM and DNM?2 in autosomal dominant CNM. Since
BINI is regulated by phosphoinositides and is involved in membrane remodeling,
the gene was prioritized and directly sequenced in 55 affected individuals using
Sanger-based methods. Three homozygous variants in BINI were identified in four
individuals from three consanguineous families. These variants were absent in 280
genomic DNA samples collected from unaffected controls [31]. Similarly, several
NM genes have been identified by candidate gene approaches on the basis of their
encoding components of the thin filament (Table 3.1) [7, 17].

3.2.2.4 Next-Generation Sequencing

Increased demand for improved technologies to sequence large numbers of human
genomes has caused a fundamental shift away from “first-generation” automated
Sanger methods [180]. Next-generation sequencing (NGS), often referred to as mas-
sively parallel sequencing, refers to a collective group of newer methods in which
numerous sequencing reactions take place simultaneously. In contrast to Sanger
sequencing, which generates single long reads of several hundreds of base pairs (bp)
using dye terminator chemistry, NGS methods produce massive numbers of short
reads (50-250 bp in length) in parallel using sequencing chemistries that can be per-
formed at a fraction of the cost per base. These short reads are first aligned and mapped
to a reference genome, and then variants are called from the mapped data. NGS plat-
forms have become widely available since 2005 and currently include the Illumina
HiSeq/MiSeq, Life Technologies SOLiD and Ion Torrent/Ion Proton, and Roche 454.
Together, these serve as today’s gold standard for genetic analysis [181, 182].

NGS and high-throughput sequence capture methods may be used to generate
whole genome or whole exome (all protein-coding sequences in the genome) data
or to specifically target genes or loci of interest [180]. Whole genome sequencing
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(WGS) does not involve any specific sequence capture steps, providing the most
comprehensive and unbiased look at the majority of the genome. Sequence data
include genes as well as many regulatory elements and structural motifs between
the genes. Coverage across the genome is generally even. However, the cost and
time required for WGS are significantly greater than for targeted approaches. The
volume of data and necessary bioinformatic analyses are also considerably greater.
Furthermore, at the present time, the many variants in nonprotein-coding regions
are currently difficult to interpret due to limited knowledge of their biological func-
tion. For the moment, whole exome sequencing (WES) achieves a better balance
between scope and the desired depth of sequence coverage when the disease gene is
not already known. This hypothesis-independent approach is particularly suited to
accelerating gene discovery in the CMs, as it is amendable to rare Mendelian disor-
ders with (1) only a few available cases, (2) unrelated cases from different families,
(3) sporadic cases due to de novo variants, and (4) genetic and/or phenotypic hetero-
geneity. It also has considerable advantages for sequencing select genes implicated
in CM, which are some of the largest in the human genome: RYRI (106 exons), NEB
(183 exons), or TTN (363 exons). Briefly, exons are enriched through a sequence
capture step by hybridization of the mechanically fragmented DNA sample to bio-
tinylated complementary bait sequences. The captured sequences are then subjected
to NGS, and reads are computationally aligned to the known reference genome.
Each nucleotide of the target sequence is represented in a large number of reads,
defined as the depth of sequencing and typically averages at least 30X coverage for
the whole exome [183]. Coverage may be increased to 1000x or higher when spe-
cific genes or regions of interest are targeted.

One challenge regarding the application of WES has been how best to define the
exome. Whereas initial efforts conservatively targeted only high-confidence protein
coding genes identified by the Consensus Coding Sequence (CCDS) Project, com-
mercial kits now target, at minimum, the entire RefSeq collection as well as an
increasingly large set of hypothetical proteins. Nevertheless, WES is not without
limitations. Capture probes, for example, only target exons in the human genome
that have been identified, and because probe efficiency varies dramatically, some
exons fail to be experimentally isolated at all [184]. It is also important to note that
commercially available sequence capture methods have focused only on exons and
splice sites, leaving other important regulatory sequences such as promoters,
enhancers, microRNAs, and other evolutionarily conserved noncoding sequences
with limited or no coverage. Finally, the identification of large copy number varia-
tions and chromosomal rearrangements is not yet reliable, although improvements
in both hardware and bioinformatics analytical methods to address this deficiency
are under development [185].

Even with these caveats, WES is rapidly being implemented as a powerful new
strategy to identify the genetic basis of both known and novel forms of CM. Examples
of recent successes include the discoveries of KLHI40, KLHIA41, and LMOD3
mutations in NM [9-12], TTN and SPEG mutations in CNM [36, 37], and CCDC78
mutations in a myopathy with prominent internal nuclei and atypical cores [32].
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3.2.3 Clinical Implications of NGS

In the CMs, as in other inherited disorders, the aim of genetic testing in most patients
is to achieve a definitive molecular diagnosis. Knowledge of the specific genetic
defect can then be used by the patient and their family to optimize disease manage-
ment and reproductive counseling and ultimately, in the selection of targeted thera-
pies. Proceeding directly to genetic analysis has typically not been practical in the
CMs, however, due to the significant degree of clinical heterogeneity. Instead,
genetic testing has always been prioritized based on a combination of clinical clues,
muscle imaging, and histological features [2].

Although sequential Sanger sequencing of candidate genes has been the corner-
stone of genetic diagnosis and still remains a popular and reasonably successful
method of molecular testing for CM, it is no longer the most efficient or cost-effec-
tive approach, even when the patient has been carefully assessed in clinic. Moreover,
in cases where genes are particularly large (e.g., NEB, RYRI), Sanger sequencing
often covers only a portion of the gene. With more than twenty CM genes now
described, it is difficult to keep abreast of each new reported gene and to maintain a
working knowledge of their respective phenotypes. Furthermore, it is now clear that
a single gene can cause several phenotypes and exhibit different modes of inheri-
tance (Tables 3.1 and 3.2). Thanks to recent advances in NGS technology, multiple
genes can be tested in parallel and done so that the read depth and sequencing cover-
age are sufficient for use in clinical practice.

3.2.3.1 NGS Gene Panels

NGS-based diagnostics has the potential to detect a full range of genetic variation in
an affected individual, including pathogenic variants in previously unrecognized
disease genes as well as incidental findings of carrier status or disease predisposi-
tion for conditions unrelated to the patient’s personal complaint. Although valuable
applications, most diagnostic laboratories are currently focused on finding muta-
tions in known genes for which the results will be interpretable and meaningful to a
specific patient in a clinical setting. The “medical exome” is newly defined as the
coding regions of four to five thousand genes known to be associated with a particu-
lar disease. To speed up the sequencing of known genes and to ensure that the tests
examine only disease genes relevant to the patient’s disease, customized gene pan-
els are now being designed to sequence only the coding regions of the exome that
contain known CM genes [180, 186].

For gene panels, NGS is typically used to cover the full coding regions of known
causal genes, plus approximately 20 bp of noncoding DNA flanking each exon.
Sanger sequencing is then used to confirm regions with insufficient NGS coverage,
as well as all rare, undocumented variants. One of the biggest challenges at present
is to identify which sequence changes are pathogenic and to distinguish these from
rare nonpathogenic variants, although several control population databases now exist



3 Gene Discovery in Congenital Myopathy 63

to assist in this process. The Leiden Open Variation Database, for example, is an
excellent open access resource that offers a list of DNA sequence variants in specific
genes and their associated phenotypes (http://www.lovd.nl) and has recently been
used to characterize novel variants in the CMs [125].

The cost of a panel depends on its sensitivity as well as the number of genes
included, keeping in mind that its clinical utility will decrease as new pathogenic
genes are discovered. One option now being explored is to sequence an entire genome,
but limit the bioinformatic analysis to just the “panel genes” and retain the underlying
data for future reanalysis as new genes are found. Another is to develop smaller,
highly focused panels that only cover a particular phenotype—for example,
NM. These “phenotype-specific” panels are most closely aligned to the traditional
method of genetic testing for a single gene in the CMs, using clinical features and
histological markers as a first line of investigation. Moreover, the number of irrelevant
variants likely to be discovered in phenotype-specific panels is reduced compared to
complete CM panels. Phenotype-specific panels may be cheaper and need to be
updated less often [187]. Regardless of scope, disease-specific panels can be designed
with better read depth and sequencing coverage than WES or WGS and, until this
practical aspect of WES and WGS improves, will remain the most economical tool
for targeted but comprehensive simultaneous sequencing of the known CM genes.

3.2.3.2 Structural Variation

Sequencing and alignment of large repeats >300 bp and identification of large
genomic structural rearrangements, insertions, and deletions are not yet reliable
with NGS. Today, the detection of structural DNA variations (e.g., translocations,
inversions, large insertions/deletions, copy number variations) is accomplished
using a variety of other methods, each of which has played a substantial role in the
diagnosis of Mendelian disorders. Conventional cytogenetics, in which metaphase
chromosomes are stained and morphologically evaluated, is among the oldest of
these techniques, but often suffers from limited resolution and sensitivity. More
popular strategies include multiple ligation-dependent probe amplification (MLPA),
array comparative genomic hybridization (CGH), fluorescent in situ hybridization,
and DNA single nucleotide polymorphism arrays.

The overwhelming majority of pathogenic mutations currently associated with
different forms of CM are single nucleotide variants or small insertions/deletions.
XLMTM is a good example, where 93.3 % of known sequence variants described in
the MTM 1 gene are small missense and splicing mutations and only 6.3 % are large
intragenic deletions [107, 108, 125]. This disproportion may at least partially be
attributed to the inherent bias of standard detection methods, as Sanger candidate
gene sequencing does not allow for the identification of complex rearrangements
and often fails to detect mosaics. MLPA analysis, a variation of the multiplex poly-
merase chain reaction that permits multiple targets to be amplified with only a sin-
gle primer pair, has been used to identify the only two large duplications reported in
MTM] patients to date [125, 188].
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Similarly, more than 140 different NM-causing NEB mutations have been found
in 125 families, and most are intragenic point mutations (55 %) or small deletions
of 2-19 bp (31 %) [189]. While the majority of these variants have been success-
fully detected using denaturing high-performance liquid chromatography (dHPLC)
followed by sequencing [190], this method cannot be used to identify large dele-
tion/duplications, intronic mutations affecting splicing, or mutations in the NEB
promoter. Structural variation analysis in NEB has been made even more difficult
since there is no commercial MLPA kit available for its 183 exons. Prior to 2013,
only one large mutation, the 2.5 kb deletion of exon 55, had been reported in NEB
[191, 192]. Since it is now possible to detect large copy number variations through-
out in the genome within a single experiment, a targeted custom CGH microarray
more recently identified two novel deletions in NEB inherited from a healthy par-
ent, as well as copy number variants in the triplicate region of NEB [189]. Clinical
diagnostic laboratories are increasingly offering array CGH-based testing for inser-
tions and deletions, but in the future, it is likely that low-coverage genome sequenc-
ing by NGS will serve as an additional technique to detect structural rearrangements
in the CMs and will be offered at a considerably lower cost than conventional
workups [193].

3.3 Development of Targeted Therapies

Treatment for the CMs has traditionally been limited to supportive care, including
respiratory, nutritional, and orthopedic interventions. With the identification of
causative genes for many of these conditions, the prospect for development of tar-
geted therapies becomes viable. Substantial advances in the creation of animal mod-
els for the CMs (Table 3.3) have fostered ideas for novel therapeutic strategies and
set the stage for preclinical testing.

Zebrafish models have been particularly important in broadening our under-
standing of the molecular pathophysiology of CMs due to their embryonic transpar-
ency, genetic tractability, and rapid development [9-11, 205, 211, 212, 220, 225,
230, 236, 240, 242]. Zebrafish genes share a high degree of synteny and 60-80 %
amino acid identity with most human orthologues [243]. The benefits of zebrafish
research become even more explicit when modeling congenital diseases. In contrast
to placental animals, zebrafish embryos develop ex utero, and their cardiovascular
function is not essential during early embryogenesis. Zebrafish can therefore bypass
most secondary defects that cause embryonic lethality and be used to investigate the
primary cause of CMs at the cellular and molecular level [244]. Zebrafish models of
BINI and MTM1 deficiency, for example, suggest that defects in either protein may
promote skeletal muscle weakness in human CNM by disrupting the machinery
necessary for excitation—contraction coupling [220]. Zebrafish are also the only ver-
tebrates suited for drug discovery and efficacy assessment in a high-throughput,
whole-organism context. Large-scale chemical screens have successfully identified
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phosphodiesterase inhibitors as a viable treatment strategy for Duchenne muscular
dystrophy [245]. Targeted approaches with candidate compounds have also shown
that the antioxidant N-acetylcysteine can ameliorate muscle pathologies by reduc-
ing oxidative stress in the zebrafish model of RYRI-related core myopathy [246].

To date, perhaps the most promising observation has been that either gene or
protein replacement therapies can successfully ameliorate the disease process in
XLMTM. Recombinant adeno-associated viruses are powerful tools to express
transgenes in vivo, and several serotypes transduce skeletal muscle with very
high efficiency [247]. Local studies in MtmI knockout mice and in dogs carry-
ing a naturally occurring MTM1 gene mutation have demonstrated the efficacy
of adeno-associated virus-mediated myotubularin delivery. Only a single intra-
vascular injection was required to improve strength and force generation, as
well as correct muscle pathology, in treated mouse and dog muscles [248, 249].
In dogs, treatment prolonged survival without any observed toxicity or a clinical
immune response. At the protein level, a myotubularin replacement strategy
using a single-chain fragment derived from the mouse monoclonal antibody
3E10 (BE10Fv) has been published. Short-term exogenous myotubularin sup-
plementation with a 3E10Fv-MTMI1 fusion protein improves both muscle
pathology and contractile function [250]. MtmlI knockout mice have addition-
ally been treated via injections of a soluble activin-receptor type IIB fusion
protein, which binds to TGF-beta family members and increases muscle fiber
growth in vivo [251].

Alternative approaches have also been explored to rescue loss-of-function CM
phenotypes. Reduction of DNM2 expression in MtmI knockout mice, for exam-
ple, is sufficient to rescue the early lethality and most pathological features of the
X-linked disease [252]. This finding also supports the hypothesis that MTM1 and
DNM?2 function in a common molecular pathway, with MTM1 acting as a nega-
tive regulator of DNM2 function in skeletal muscle. In NM, cardiac alpha-actin
(the predominant actin isoform in fetal muscle) has been shown to successfully
substitute for skeletal muscle alpha-actin and prevent the early postnatal death of
Actal knockout mice [197]. Transgenic overexpression of cardiac alpha-actin
also ameliorates the phenotype and increases survival of mice with dominant
ACTAI p.D286G mutations [9, 10]. The discovery that SEPN1 is a redox regula-
tor of the Ca**-ATPase SERCA2 pump, acting antagonistically with the ER oxi-
doreductase, ERO1, raises the possibility that ERO1 inhibitors may provide
protection against pathology resulting from inhibition of SERCA channel activity
in the absence of SEPN1 [253]. Finally, ex vivo treatment with N-acetylcysteine
significantly improves cell survival and decreases protein oxidation levels in cul-
tured SEPN1-deficient myoblasts [254]. As areduced thiol donor, N-acetylcysteine
is hypothesized to act by partially replacing the thiol activity of absent SEPN1
protein. Alleviating oxidative and nitrosative stress in human SEPNI-related
myopathy patients is currently being pursued as a therapeutic strategy to treat this
debilitating disease.
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3.4 Conclusion

Gene discovery in the CMs has accelerated in recent years, thanks to the advent of
several improved technologies. A number of causative genes have now been identi-
fied that were previously inaccessible using traditional approaches. However, the
genetic causes remain unknown for approximately 3040 % of CM patients due to
heterogeneous clinical presentations as well as technical limitations in current gene
discovery methods. These cases are further complicated by the possibilities of mod-
ifier genes, multifactorial inheritance, and/or somatic mutations. The imminent
optimization of technologies such as global RNA sequencing (RNA-Seq) and deep
genomic sequencing, as well as efforts to create and expand large-scale control
population databases, will likely help address existing limitations in genetic diagno-
ses and offer insights into the mechanistic basis for these devastating disorders.

References

1. Nance JR, Dowling JJ, Gibbs EM, Bonnemann CG. Congenital myopathies: an update. Curr
Neurol Neurosci Rep. 2012;12(2):165-74.

2. North KN, Wang CH, Clarke N, Jungbluth H, Vainzof M, Dowling JJ, et al. Approach to the
diagnosis of congenital myopathies. Neuromuscul Disord. 2014;24(2):97-116.

3. Romero NB, Clarke NF. Congenital myopathies. Handb Clin Neurol. 2013;113:1321-36.

4. Romero NB, Monnier N, Viollet L, Cortey A, Chevallay M, Leroy JP, et al. Dominant and
recessive central core disease associated with RYR/ mutations and fetal akinesia. Brain.
2003;126(Pt 11):2341-9.

5. Ryan MM, Schnell C, Strickland CD, Shield LK, Morgan G, Iannaccone ST, et al. Nemaline
myopathy: a clinical study of 143 cases. Ann Neurol. 2001;50(3):312-20.

6. Nowak KJ, Wattanasirichaigoon D, Goebel HH, Wilce M, Pelin K, Donner K, et al. Mutations
in the skeletal muscle alpha-actin gene in patients with actin myopathy and nemaline myopa-
thy. Nat Genet. 1999;23(2):208-12.

7. Agrawal PB, Greenleaf RS, Tomczak KK, Lehtokari VL, Wallgren-Pettersson C, Wallefeld
W, et al. Nemaline myopathy with minicores caused by mutation of the CFL2 gene encoding
the skeletal muscle actin-binding protein, cofilin-2. Am J Hum Genet. 2007;80(1):162-7.

8. Sambuughin N, Yau KS, Olive M, Duff RM, Bayarsaikhan M, Lu S, et al. Dominant muta-
tions in KBTBD13, a member of the BTB/Kelch family, cause nemaline myopathy with
cores. Am J Hum Genet. 2010;87(6):842-7.

9. Ravenscroft G, McNamara E, Griffiths LM, Papadimitriou JM, Hardeman EC, Bakker AJ,
et al. Cardiac alpha-actin over-expression therapy in dominant ACTA! disease. Hum Mol
Genet. 2013;22(19):3987-97.

10. Ravenscroft G, Miyatake S, Lehtokari VL, Todd EJ, Vornanen P, Yau KS, et al. Mutations in
KLHIAO0 are a frequent cause of severe autosomal-recessive nemaline myopathy. Am J Hum
Genet. 2013;93(1):6-18.

11. Gupta VA, Ravenscroft G, Shaheen R, Todd EJ, Swanson LC, Shiina M, et al. Identification
of KLHLA41 mutations implicates BTB-Kelch-mediated ubiquitination as an alternate path-
way to myofibrillar disruption in nemaline myopathy. Am J Hum Genet. 2013;93(6):
1108-17.

12. Yuen M, Sandaradura SA, Dowling JJ, Kostyukova AS, Moroz N, Quinlan KG, et al.
Leiomodin-3 dysfunction results in thin filament disorganization and nemaline myopathy. J
Clin Invest. 2014;24.



72

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

L.L. Smith et al.

. Pelin K, Hilpela P, Donner K, Sewry C, Akkari PA, Wilton SD, et al. Mutations in the nebulin
gene associated with autosomal recessive nemaline myopathy. Proc Natl Acad Sci U S A.
1999;96(5):2305-10.

Quane KA, Healy JM, Keating KE, Manning BM, Couch FJ, Palmucci LM, et al. Mutations
in the ryanodine receptor gene in central core disease and malignant hyperthermia. Nat
Genet. 1993;5(1):51-5.

Zhang Y, Chen HS, Khanna VK, De Leon S, Phillips MS, Schappert K, et al. A mutation in
the human ryanodine receptor gene associated with central core disease. Nat Genet. 1993;
5(1):46-50.

Johnston JJ, Kelley RI, Crawford TO, Morton DH, Agarwala R, Koch T, et al. A novel nema-
line myopathy in the Amish caused by a mutation in troponin T1. Am J Hum Genet. 2000;
67(4):814-21.

Donner K, Ollikainen M, Ridanpaa M, Christen HJ, Goebel HH, de Visser M, et al. Mutations
in the beta-tropomyosin (7PM2) gene--a rare cause of nemaline myopathy. Neuromuscul
Disord. 2002;12(2):151-8.

Laing NG, Wilton SD, Akkari PA, Dorosz S, Boundy K, Kneebone C, et al. A mutation in the
alpha tropomyosin gene TPM3 associated with autosomal dominant nemaline myopathy. Nat
Genet. 1995;9(1):75-9.

Jungbluth H, Sewry CA, Brown SC, Nowak KJ, Laing NG, Wallgren-Pettersson C, et al.
Mild phenotype of nemaline myopathy with sleep hypoventilation due to a mutation in the
skeletal muscle alpha-actin (ACTAI) gene. Neuromuscul Disord. 2001;11(1):35-40.
Romero NB, Lehtokari VL, Quijano-Roy S, Monnier N, Claeys KG, Carlier RY, et al. Core-
rod myopathy caused by mutations in the nebulin gene. Neurology. 2009;73(14):1159-61.
Monnier N, Romero NB, Lerale J, Nivoche Y, Qi D, MacLennan DH, et al. An autosomal
dominant congenital myopathy with cores and rods is associated with a neomutation in the
RYRI gene encoding the skeletal muscle ryanodine receptor. Hum Mol Genet. 2000;9(18):
2599-608.

Gommans IM, Davis M, Saar K, Lammens M, Mastaglia F, Lamont P, et al. A locus on chro-
mosome 15q for a dominantly inherited nemaline myopathy with core-like lesions. Brain.
2003;126(Pt 7):1545-51.

Hung RM, Yoon G, Hawkins CE, Halliday W, Biggar D, Vajsar J. Cap myopathy caused by
a mutation of the skeletal alpha-actin gene ACTAI. Neuromuscul Disord. 2010;20(4):
238-40.

Lehtokari VL, Ceuterick-de Groote C, de Jonghe P, Marttila M, Laing NG, Pelin K, et al. Cap
disease caused by heterozygous deletion of the beta-tropomyosin gene 7PM2. Neuromuscul
Disord. 2007;17(6):433-42.

De Paula AM, Franques J, Fernandez C, Monnier N, Lunardi J, Pellissier JF, et al. A TPM3
mutation causing cap myopathy. Neuromuscul Disord. 2009;19(10):685-8.

Haan EA, Freemantle CJ, McCure JA, Friend KL, Mulley JC. Assignment of the gene for
central core disease to chromosome 19. Hum Genet. 1990;86(2):187-90.

Boyden SE, Mahoney LJ, Kawahara G, Myers JA, Mitsuhashi S, Estrella EA, et al. Mutations
in the satellite cell gene MEGF10 cause a recessive congenital myopathy with minicores.
Neurogenetics. 2012;13(2):115-24.

Cullup T, Lamont PJ, Cirak S, Damian MS, Wallefeld W, Gooding R, et al. Mutations in
MYH?7 cause multi-minicore disease (MmD) with variable cardiac involvement. Neuromuscul
Disord. 2012;22(12):1096-104.

Monnier N, Ferreiro A, Marty I, Labarre-Vila A, Mezin P, Lunardi J. A homozygous splicing
mutation causing a depletion of skeletal muscle RYR/ is associated with multi-minicore
disease congenital myopathy with ophthalmoplegia. Hum Mol Genet. 2003;12(10):
1171-8.

Moghadaszadeh B, Petit N, Jaillard C, Brockington M, Quijano Roy S, Merlini L, et al.
Mutations in SEPN/ cause congenital muscular dystrophy with spinal rigidity and restrictive
respiratory syndrome. Nat Genet. 2001;29(1):17-8.



3 Gene Discovery in Congenital Myopathy 73

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Nicot AS, Toussaint A, Tosch V, Kretz C, Wallgren-Pettersson C, Iwarsson E, et al. Mutations
in amphiphysin 2 (BIN1) disrupt interaction with dynamin 2 and cause autosomal recessive
centronuclear myopathy. Nat Genet. 2007;39(9):1134-9.

Majczenko K, Davidson AE, Camelo-Piragua S, Agrawal PB, Manfready RA, Li X, et al.
Dominant mutation of CCDC78 in a unique congenital myopathy with prominent internal
nuclei and atypical cores. Am J Hum Genet. 2012;91(2):365-71.

Bitoun M, Maugenre S, Jeannet PY, Lacene E, Ferrer X, Laforet P, et al. Mutations in dyna-
min 2 cause dominant centronuclear myopathy. Nat Genet. 2005;37(11):1207-9.

Laporte J, Hu LJ, Kretz C, Mandel JL, Kioschis P, Coy JF, et al. A gene mutated in X-linked
myotubular myopathy defines a new putative tyrosine phosphatase family conserved in yeast.
Nat Genet. 1996;13(2):175-82.

Wilmshurst JM, Lillis S, Zhou H, Pillay K, Henderson H, Kress W, et al. RYR] mutations are
a common cause of congenital myopathies with central nuclei. Ann Neurol. 2010;68(5):
717-26.

Agrawal PB, Pierson CR, Joshi M, Liu X, Ravenscroft G, Moghadaszadeh B, et al. SPEG
interacts with myotubularin, and its deficiency causes centronuclear myopathy with dilated
cardiomyopathy. Am J Hum Genet. 2014;95(2):218-26.

Ceyhan-Birsoy O, Agrawal PB, Hidalgo C, Schmitz-Abe K, DeChene ET, Swanson LC, et al.
Recessive truncating titin gene, 77N, mutations presenting as centronuclear myopathy.
Neurology. 2013;81(14):1205-14.

Laing NG, Clarke NF, Dye DE, Liyanage K, Walker KR, Kobayashi Y, et al. Actin mutations
are one cause of congenital fibre type disproportion. Ann Neurol. 2004;56(5):689-94.
Ortolano S, Tarrio R, Blanco-Arias P, Teijeira S, Rodriguez-Trelles F, Garcia-Murias M, et al.
A novel MYH7 mutation links congenital fiber type disproportion and myosin storage myopa-
thy. Neuromuscul Disord. 2011;21(4):254-62.

Clarke NF, Waddell LB, Cooper ST, Perry M, Smith RL, Kornberg AJ, et al. Recessive muta-
tions in RYR] are a common cause of congenital fiber type disproportion. Hum Mutat.
2010;31(7):E1544-50.

Clarke NF, Kidson W, Quijano-Roy S, Estournet B, Ferreiro A, Guicheney P, et al. SEPN1:
associated with congenital fiber-type disproportion and insulin resistance. Ann Neurol.
2006;59(3):546-52.

Clarke NF, Waddell LB, Sie LT, van Bon BW, McLean C, Clark D, et al. Mutations in TPM2
and congenital fibre type disproportion. Neuromuscul Disord. 2012;22(11):955-8.

Clarke NF, Kolski H, Dye DE, Lim E, Smith RL, Patel R, et al. Mutations in TPM3 are a
common cause of congenital fiber type disproportion. Ann Neurol. 2008;63(3):329-37.
Lawlor MW, Dechene ET, Roumm E, Geggel AS, Moghadaszadeh B, Beggs AH. Mutations
of tropomyosin 3 (TPM3) are common and associated with type 1 myofiber hypotrophy in
congenital fiber type disproportion. Hum Mutat. 2010;31(2):176-83.

Bohm J, Leshinsky-Silver E, Vassilopoulos S, Le Gras S, Lerman-Sagie T, Ginzberg M, et al.
Samaritan myopathy, an ultimately benign congenital myopathy, is caused by a RYR/ muta-
tion. Acta Neuropathol. 2012;124(4):575-81.

Bohm J, Biancalana V, Dechene ET, Bitoun M, Pierson CR, Schaefer E, et al. Mutation spec-
trum in the large GTPase dynamin 2, and genotype-phenotype correlation in autosomal domi-
nant centronuclear myopathy. Hum Mutat. 2012;33(6):949-59.

North KN. Clinical approach to the diagnosis of congenital myopathies. Semin Pediatr Neurol.
2011;18(4):216-20.

Al-Qusairi L, Laporte J. T-tubule biogenesis and triad formation in skeletal muscle and impli-
cation in human diseases. Skelet Muscle. 2011;1(1):26.

Wallgren-Pettersson C, Laing NG. Report of the 70th ENMC international workshop: nema-
line myopathy, 11-13 June 1999, Naarden, The Netherlands. Neuromuscul Disord. 2000;
10(4-5):299-306.

North KN, Laing NG, Wallgren-Pettersson C. Nemaline myopathy: current concepts. The
ENMC international consortium and nemaline myopathy. J] Med Genet. 1997;34(9):705-13.



74

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

L.L. Smith et al.

. Howard RS, Wiles CM, Hirsch NP, Spencer GT. Respiratory involvement in primary muscle
disorders: assessment and management. Q J Med. 1993;86(3):175-89.

Sasaki M, Yoneyama H, Nonaka I. Respiratory muscle involvement in nemaline myopathy.
Pediatr Neurol. 1990;6(6):425-7.

Wallgren-Pettersson C. Congenital nemaline myopathy. A clinical follow-up of twelve patients.
J Neurol Sci. 1989;89(1):1-14.

D'Amico A, Graziano C, Pacileo G, Petrini S, Nowak KJ, Boldrini R, et al. Fatal hypertrophic
cardiomyopathy and nemaline myopathy associated with ACTA  K336E mutation. Neuromuscul
Disord. 2006;16(9-10):548-52.

Jarraya M, Quijano-Roy S, Monnier N, Behin A, Avila-Smirnov D, Romero NB, et al.
Whole-Body muscle MRI in a series of patients with congenital myopathy related to TPM2
gene mutations. Neuromuscul Disord. 2012;22 Suppl 2:S137-47.

Jungbluth H, Sewry CA, Counsell S, Allsop J, Chattopadhyay A, Mercuri E, et al. Magnetic
resonance imaging of muscle in nemaline myopathy. Neuromuscul Disord. 2004;14(12):
779-84.

Jungbluth H, Davis MR, Muller C, Counsell S, Allsop J, Chattopadhyay A, et al. Magnetic
resonance imaging of muscle in congenital myopathies associated with RYR/ mutations.
Neuromuscul Disord. 2004;14(12):785-90.

Jockusch BM, Veldman H, Griffiths GW, van Oost BA, Jennekens FG. Immunofluorescence
microscopy of a myopathy. alpha-Actinin is a major constituent of nemaline rods. Exp Cell
Res. 1980;127(2):409-20.

Wallgren-Pettersson C, Clarke A, Samson F, Fardeau M, Dubowitz V, Moser H, et al. The
myotubular myopathies: differential diagnosis of the X linked recessive, autosomal domi-
nant, and autosomal recessive forms and present state of DNA studies. ] Med Genet. 1995;
32(9):673-9.

Wallgren-Pettersson C, Jasani B, Newman GR, Morris GE, Jones S, Singhrao S, et al. Alpha-
actinin in nemaline bodies in congenital nemaline myopathy: immunological confirmation by
light and electron microscopy. Neuromuscul Disord. 1995;5(2):93-104.

Miike T, Ohtani Y, Tamari H, Ishitsu T, Une Y. Muscle fiber type transformation in nemaline
myopathy and congenital fiber type disproportion. Brain Dev. 1986;8(5):526-32.

Volpe P, Damiani E, Margreth A, Pellegrini G, Scarlato G. Fast to slow change of myosin in
nemaline myopathy: electrophoretic and immunologic evidence. Neurology. 1982;32(1):37-41.
Ryan MM, Ilkovski B, Strickland CD, Schnell C, Sanoudou D, Midgett C, et al. Clinical
course correlates poorly with muscle pathology in nemaline myopathy. Neurology. 2003;
60(4):665-73.

Goebel HH, Warlo I. Nemaline myopathy with intranuclear rods--intranuclear rod myopathy.
Neuromuscul Disord. 1997;7(1):13-9.

Marttila M, Lehtokari VL, Marston S, Nyman TA, Barnerias C, Beggs AH, et al. Mutation
update and genotype-phenotype correlations of novel and previously described mutations in
TPM?2 and TPM3 causing congenital myopathies. Hum Mutat. 2014;35(7):779-90.
Wattanasirichaigoon D, Swoboda KJ, Takada F, Tong HQ, Lip V, lannaccone ST, et al.
Mutations of the slow muscle alpha-tropomyosin gene, 7PM3, are a rare cause of nemaline
myopathy. Neurology. 2002;59(4):613-7.

van der Pol WL, Leijenaar JF, Spliet WG, Lavrijsen SW, Jansen NJ, Braun KP, et al. Nemaline
myopathy caused by TNNTI mutations in a Dutch pedigree. Mol Genet Genomic Med. 2014;
2(2):134-7.

Ockeloen CW, Gilhuis HJ, Pfundt R, Kamsteeg EJ, Agrawal PB, Beggs AH, et al. Congenital
myopathy caused by a novel missense mutation in the CFL2 gene. Neuromuscul Disord.
2012;22(7):632-9.

Ong RW, AlSaman A, Selcen D, Arabshahi A, Yau KS, Ravenscroft G, et al. Novel cofilin-2
(CFL2) four base pair deletion causing nemaline myopathy. J Neurol Neurosurg Psychiatry.
2014;85(9):1058-60.



3 Gene Discovery in Congenital Myopathy 5

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Agrawal PB, Strickland CD, Midgett C, Morales A, Newburger DE, Poulos MA, et al.
Heterogeneity of nemaline myopathy cases with skeletal muscle alpha-actin gene mutations.
Ann Neurol. 2004;56(1):86-96.

Laing NG, Dye DE, Wallgren-Pettersson C, Richard G, Monnier N, Lillis S, et al. Mutations
and polymorphisms of the skeletal muscle alpha-actin gene (ACTA 7). Hum Mutat. 2009;30(9):
1267-717.

Nowak KJ, Ravenscroft G, Laing NG. Skeletal muscle alpha-actin diseases (actinopathies):
pathology and mechanisms. Acta Neuropathol. 2013;125(1):19-32.

Citirak G, Witting N, Duno M, Werlauff U, Petri H, Vissing J. Frequency and phenotype of
patients carrying TPM?2 and TPM3 gene mutations in a cohort of 94 patients with congenital
myopathy. Neuromuscul Disord. 2014;24(4):325-30.

Tan P, Briner J, Boltshauser E, Davis MR, Wilton SD, North K, et al. Homozygosity for a
nonsense mutation in the alpha-tropomyosin slow gene 7PM3 in a patient with severe infan-
tile nemaline myopathy. Neuromuscul Disord. 1999;9(8):573-9.

Wallgren-Pettersson C. Genetics of the nemaline myopathies and the myotubular myopa-
thies. Neuromuscul Disord. 1998;8(6):401-4.

Ilkovski B, Cooper ST, Nowak K, Ryan MM, Yang N, Schnell C, et al. Nemaline myopathy
caused by mutations in the muscle alpha-skeletal-actin gene. Am J Hum Genet.
2001;68(6):1333-43.

Jungbluth H, Sewry CA, Muntoni F. Core myopathies. Semin Pediatr Neurol. 2011;18(4):
239-49.

Magee KR, Shy GM. A new congenital non-progressive myopathy. Brain. 1956;79(4):
610-21.

Greenfield JG, Cornman T, Shy GM. The prognostic value of the muscle biopsy in the floppy
infant. Brain. 1958;81(4):461-84.

Dubowitz V. Muscle disorders in childhood. 2nd ed. London: Elsevier Health Sciences; 1995.
Ramsey PL, Hensinger RN. Congenital dislocation of the hip associated with central core
disease. J Bone Joint Surg Am. 1975;57(5):648-51.

Merlini L, Mattutini P, Bonfiglioli S, Granata C. Non-progressive central core disease with
severe congenital scoliosis: a case report. Dev Med Child Neurol. 1987;29(1):106-9.
Gamble JG, Rinsky LA, Lee JH. Orthopaedic aspects of central core disease. J Bone Joint
Surg Am. 1988;70(7):1061-6.

Jungbluth H. Central core disease. Orphanet J Rare Dis. 2007;2:25.

Jungbluth H, Muller CR, Halliger-Keller B, Brockington M, Brown SC, Feng L, et al.
Autosomal recessive inheritance of RYR/ mutations in a congenital myopathy with cores.
Neurology. 2002;59(2):284-7.

Klein A, Lillis S, Munteanu I, Scoto M, Zhou H, Quinlivan R, et al. Clinical and genetic find-
ings in a large cohort of patients with ryanodine receptor 1 gene-associated myopathies. Hum
Mutat. 2012;33(6):981-8.

Manzur AY, Sewry CA, Ziprin J, Dubowitz V, Muntoni F. A severe clinical and pathological
variant of central core disease with possible autosomal recessive inheritance. Neuromuscul
Disord. 1998;8(7):467-73.

Heckmatt JZ, Dubowitz V. Ultrasound imaging and directed needle biopsy in the diagnosis of
selective involvement in muscle disease. J Child Neurol. 1987;2(3):205-13.

Lynch PJ, Tong J, Lehane M, Mallet A, Giblin L, Heffron JJ, et al. A mutation in the trans-
membrane/luminal domain of the ryanodine receptor is associated with abnormal Ca2+
release channel function and severe central core disease. Proc Natl Acad Sci U S A. 1999;
96(7):4164-9.

Scacheri PC, Hoffman EP, Fratkin JD, Semino-Mora C, Senchak A, Davis MR, et al. A novel
ryanodine receptor gene mutation causing both cores and rods in congenital myopathy.
Neurology. 2000;55(11):1689-96.

Hayashi K, Miller RG, Brownell AK. Central core disease: ultrastructure of the sarcoplasmic
reticulum and T-tubules. Muscle Nerve. 1989;12(2):95-102.



76

92

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

L.L. Smith et al.

. Ferreiro A, Fardeau M. 80th ENMC international workshop on multi-minicore disease: 1st
international MmD workshop. 12-13th May, 2000, Soestduinen, The Netherlands. Neuromuscul
Disord. 2002;12(1):60-8.

Ferreiro A, Estournet B, Chateau D, Romero NB, Laroche C, Odent S, et al. Multi-minicore
disease--searching for boundaries: phenotype analysis of 38 cases. Ann Neurol. 2000;48(5):
745-57.

Ferreiro A, Monnier N, Romero NB, Leroy JP, Bonnemann C, Haenggeli CA, et al. A reces-
sive form of central core disease, transiently presenting as multi-minicore disease, is associ-
ated with a homozygous mutation in the ryanodine receptor type 1 gene. Ann Neurol. 2002;
51(6):750-9.

Ferreiro A, Quijano-Roy S, Pichereau C, Moghadaszadeh B, Goemans N, Bonnemann C,
et al. Mutations of the selenoprotein N gene, which is implicated in rigid spine muscular
dystrophy, cause the classical phenotype of multiminicore disease: reassessing the nosology
of early-onset myopathies. Am J Hum Genet. 2002;71(4):739-49.

Jungbluth H, Sewry C, Brown SC, Manzur AY, Mercuri E, Bushby K, et al. Minicore myopa-
thy in children: a clinical and histopathological study of 19 cases. Neuromuscul Disord.
2000;10(4-5):264-73.

Engel AG, Gomez MR, Groover RV. Multicore disease. A recently recognized congenital
myopathy associated with multifocal degeneration of muscle fibers. Mayo Clin Proc. 1971;
46(10):666-81.

Dubowitz V, Sewry C. Muscle biopsy: a practical approach. 3rd ed. Oxford: Elsevier - Health
Sciences Division; 2006.

Davis MR, Haan E, Jungbluth H, Sewry C, North K, Muntoni F, et al. Principal mutation
hotspot for central core disease and related myopathies in the C-terminal transmembrane
region of the RYRI gene. Neuromuscul Disord. 2003;13(2):151-7.

Monnier N, Romero NB, Lerale J, Landrieu P, Nivoche Y, Fardeau M, et al. Familial and
sporadic forms of central core disease are associated with mutations in the C-terminal domain
of the skeletal muscle ryanodine receptor. Hum Mol Genet. 2001;10(22):2581-92.

Monnier N, Marty I, Faure J, Castiglioni C, Desnuelle C, Sacconi S, et al. Null mutations
causing depletion of the type 1 ryanodine receptor (RYRI) are commonly associated with
recessive structural congenital myopathies with cores. Hum Mutat. 2008;29(5):670-8.

Zhou H, Lillis S, Loy RE, Ghassemi F, Rose MR, Norwood F, et al. Multi-minicore disease
and atypical periodic paralysis associated with novel mutations in the skeletal muscle ryano-
dine receptor (RYR/) gene. Neuromuscul Disord. 2010;20(3):166-73.

DeChene ET, Kang PB, Beggs AH. Congenital fiber-type disproportion. In: Pagon RA, Adam
MP, Ardinger HH, Bird TD, Dolan CR, Fong CT, et al., editors. GeneReviews®[Internet].
Seattle: University of Washington; 1993.

Bharucha-Goebel DX, Santi M, Medne L, Zukosky K, Dastgir J, Shieh PB, et al. Severe con-
genital RYRI-associated myopathy: the expanding clinicopathologic and genetic spectrum.
Neurology. 2013;80(17):1584-9.

Zhou H, Yamaguchi N, Xu L, Wang Y, Sewry C, Jungbluth H, et al. Characterization of reces-
sive RYRI mutations in core myopathies. Hum Mol Genet. 2006;15(18):2791-803.
Jungbluth H, Zhou H, Hartley L, Halliger-Keller B, Messina S, Longman C, et al. Minicore
myopathy with ophthalmoplegia caused by mutations in the ryanodine receptor type 1 gene.
Neurology. 2005;65(12):1930-5.

Amburgey K, Lawlor MW, Del Gaudio D, Cheng YW, Fitzpatrick C, Minor A, et al. Large
duplication in MTM]I associated with myotubular myopathy. Neuromuscul Disord. 2013;
23(3):214-8.

Amburgey K, Bailey A, Hwang JH, Tarnopolsky MA, Bonnemann CG, Medne L, et al.
Genotype-phenotype correlations in recessive RYR/-related myopathies. Orphanet J Rare
Dis. 2013;8:117.

Lamont PJ, Wallefeld W, Hilton-Jones D, Udd B, Argov Z, Barboi AC, et al. Novel mutations
widen the phenotypic spectrum of slow skeletal/beta-cardiac myosin (MYH?7) distal myopa-
thy. Hum Mutat. 2014;35(7):868-79.



3 Gene Discovery in Congenital Myopathy 77

110.

111.

112.

113.

114.

115

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Ferreiro A, Ceuterick-de Groote C, Marks JJ, Goemans N, Schreiber G, Hanefeld F, et al.
Desmin-related myopathy with Mallory body-like inclusions is caused by mutations of the
selenoprotein N gene. Ann Neurol. 2004;55(5):676-86.

Carmignac V, Salih MA, Quijano-Roy S, Marchand S, Al Rayess MM, Mukhtar MM, et al.
C-terminal titin deletions cause a novel early-onset myopathy with fatal cardiomyopathy. Ann
Neurol. 2007;61(4):340-51.

Pierson CR, Tomczak K, Agrawal P, Moghadaszadeh B, Beggs AH. X-linked myotubular and
centronuclear myopathies. J Neuropathol Exp Neurol. 2005;64(7):555-64.

Biancalana V, Beggs AH, Das S, Jungbluth H, Kress W, Nishino I, et al. Clinical utility gene card
for: centronuclear and myotubular myopathies. Eur J Hum Genet. 2012;20(10). doi:10.1038/
ejhg.2012.91

Romero NB, Bitoun M. Centronuclear myopathies. Semin Pediatr Neurol. 2011;18(4):250-6.

. Herman GE, Finegold M, Zhao W, de Gouyon B, Metzenberg A. Medical complications in

long-term survivors with X-linked myotubular myopathy. J Pediatr. 1999;134(2):206-14.
McEntagart M, Parsons G, Buj-Bello A, Biancalana V, Fenton I, Little M, et al. Genotype-
phenotype correlations in X-linked myotubular myopathy. Neuromuscul Disord. 2002;12(10):
939-46.

Hanisch F, Muller T, Dietz A, Bitoun M, Kress W, Weis J, et al. Phenotype variability and
histopathological findings in centronuclear myopathy due to DNM2 mutations. J Neurol.
2011;258(6):1085-90.

Jeannet PY, Bassez G, Eymard B, Laforet P, Urtizberea JA, Rouche A, et al. Clinical and
histologic findings in autosomal centronuclear myopathy. Neurology. 2004;62(9):1484-90.
Fischer D, Herasse M, Bitoun M, Barragan-Campos HM, Chiras J, Laforet P, et al.
Characterization of the muscle involvement in dynamin 2-related centronuclear myopathy.
Brain. 2006;129(Pt 6):1463-9.

Bitoun M, Bevilacqua JA, Prudhon B, Maugenre S, Taratuto AL, Monges S, et al. Dynamin
2 mutations cause sporadic centronuclear myopathy with neonatal onset. Ann Neurol. 2007;
62(6):666-70.

McLeod JG, Baker Wde C, Lethlean AK, Shorey CD. Centronuclear myopathy with autoso-
mal dominant inheritance. J Neurol Sci. 1972;15(4):375-87.

Susman RD, Quijano-Roy S, Yang N, Webster R, Clarke NF, Dowling J, et al. Expanding the
clinical, pathological and MRI phenotype of DNM2-related centronuclear myopathy.
Neuromuscul Disord. 2010;20(4):229-37.

Romero NB. Centronuclear myopathies: a widening concept. Neuromuscul Disord. 2010;
20(4):223-8.

Biancalana V, Caron O, Gallati S, Baas F, Kress W, Novelli G, et al. Characterisation of muta-
tions in 77 patients with X-linked myotubular myopathy, including a family with a very mild
phenotype. Hum Genet. 2003;112(2):135-42.

Oliveira J, Oliveira ME, Kress W, Taipa R, Pires MM, Hilbert P, et al. Expanding the MTM 1
mutational spectrum: novel variants including the first multi-exonic duplication and develop-
ment of a locus-specific database. Eur J] Hum Genet. 2013;21(5):540-9.

Pierson CR, Agrawal PB, Blasko J, Beggs AH. Myofiber size correlates with MTMI mutation
type and outcome in X-linked myotubular myopathy. Neuromuscul Disord. 2007;17(7):562-8.
Bevilacqua JA, Monnier N, Bitoun M, Eymard B, Ferreiro A, Monges S, et al. Recessive
RYRI mutations cause unusual congenital myopathy with prominent nuclear internalization
and large areas of myofibrillar disorganization. Neuropathol Appl Neurobiol. 2011;37(3):
271-84.

Jungbluth H, Zhou H, Sewry CA, Robb S, Treves S, Bitoun M, et al. Centronuclear myopathy
due to a de novo dominant mutation in the skeletal muscle ryanodine receptor (RYR/) gene.
Neuromuscul Disord. 2007;17(4):338-45.

Bohm J, Yis U, Ortac R, Cakmakci H, Kurul SH, Dirik E, et al. Case report of intrafamilial
variability in autosomal recessive centronuclear myopathy associated to a novel BINI stop
mutation. Orphanet J Rare Dis. 2010;5:35.



78

130.

131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

L.L. Smith et al.

Bohm J, Vasli N, Maurer M, Cowling B, Shelton GD, Kress W, et al. Altered splicing of the
BIN1 muscle-specific exon in humans and dogs with highly progressive centronuclear myop-
athy. PLoS Genet. 2013;9(6), e1003430.

Claeys KG, Maisonobe T, Bohm J, Laporte J, Hezode M, Romero NB, et al. Phenotype of a
patient with recessive centronuclear myopathy and a novel BINI mutation. Neurology. 2010;
74(6):519-21.

Mejaddam AY, Nennesmo I, Sejersen T. Severe phenotype of a patient with autosomal reces-
sive centronuclear myopathy due to a BIN/ mutation. Acta Myol. 2009;28(3):91-3.
Toussaint A, Cowling BS, Hnia K, Mohr M, Oldfors A, Schwab Y, et al. Defects in amphi-
physin 2 (BINI) and triads in several forms of centronuclear myopathies. Acta Neuropathol.
2011;121(2):253-66.

Bohm J, Biancalana V, Malfatti E, Dondaine N, Koch C, Vasli N, et al. Adult-onset autosomal
dominant centronuclear myopathy due to BINI mutations. Brain. 2014;25.

Tosch V, Rohde HM, Tronchere H, Zanoteli E, Monroy N, Kretz C, et al. A novel PtdIns3P
and PtdIns(3,5)P2 phosphatase with an inactivating variant in centronuclear myopathy. Hum
Mol Genet. 2006;15(21):3098-106.

Brooke MH, Engel WK. The histographic analysis of human muscle biopsies with regard to
fiber types. 4. Children's biopsies. Neurology. 1969;19(6):591-605.

Clarke NF. Congenital fiber-type disproportion. Semin Pediatr Neurol. 2011;18(4):264-71.
Clarke NF, North KN. Congenital fiber type disproportion--30 years on. J Neuropathol Exp
Neurol. 2003;62(10):977-89.

Dehkharghani F, Sarnat HB, Brewster MA, Roth SI. Congenital muscle fiber-type dispropor-
tion in Krabbe's leukodystrophy. Arch Neurol. 1981;38(9):585-7.

Del Bigio MR, Chudley AE, Sarnat HB, Campbell C, Goobie S, Chodirker BN, et al. Infantile
muscular dystrophy in Canadian aboriginals is an alphaB-crystallinopathy. Ann Neurol.
2011;69(5):866-71.

Sarnat HB, Silbert SW. Maturational arrest of fetal muscle in neonatal myotonic dystrophy.
A pathologic study of four cases. Arch Neurol. 1976;33(7):466-74.

Sarnat HB, Roth SI, Jimenez JF. Neonatal myotubular myopathy: neuropathy and failure of
postnatal maturation of fetal muscle. Can J Neurol Sci. 1981;8(4):313-20.

Munot P, Lashley D, Jungbluth H, Feng L, Pitt M, Robb SA, et al. Congenital fibre type dis-
proportion associated with mutations in the tropomyosin 3 (TPM3) gene mimicking congeni-
tal myasthenia. Neuromuscul Disord. 2010;20(12):796-800.

Ottenheijm CA, Lawlor MW, Stienen GJ, Granzier H, Beggs AH. Changes in cross-bridge
cycling underlie muscle weakness in patients with tropomyosin 3-based myopathy. Hum Mol
Genet. 2011;20(10):2015-25.

Sobrido MJ, Fernandez JM, Fontoira E, Perez-Sousa C, Cabello A, Castro M, et al. Autosomal
dominant congenital fibre type disproportion: a clinicopathological and imaging study of a
large family. Brain. 2005;128(Pt 7):1716-27.

Brandis A, Aronica E, Goebel HH. TPM2 mutation. Neuromuscul Disord. 2008;18(12):1005.
Clarke NF, Smith RL, Bahlo M, North KN. A novel X-linked form of congenital fiber-type
disproportion. Ann Neurol. 2005;58(5):767-72.

Kajino S, Ishihara K, Goto K, Ishigaki K, Noguchi S, Nonaka I, et al. Congenital fiber type
disproportion myopathy caused by LMNA mutations. J Neurol Sci. 2014;340(1-2):94-8.
Benedetti S, Menditto I, Degano M, Rodolico C, Merlini L, D'Amico A, et al. Phenotypic clus-
tering of lamin A/C mutations in neuromuscular patients. Neurology. 2007;69(12):1285-92.
Barohn RJ, Jackson CE, Kagan-Hallet KS. Neonatal nemaline myopathy with abundant
intranuclear rods. Neuromuscul Disord. 1994;4(5-6):513-20.

Goebel HH, Piirsoo A, Warlo I, Schofer O, Kehr S, Gaude M. Infantile intranuclear rod
myopathy. J Child Neurol. 1997;12(1):22-30.

Goebel HH, Brockman K, Bonnemann CG, Warlo IA, Hanefeld F, Labeit S, et al. Patient
with actin aggregate myopathy and not formerly identified ACTA/ mutation is heterozygous
for the Glyl5Arg mutation of ACTA 1, which has previously been associated with actinopa-
thy. J Child Neurol. 2006;21(6):545.



3 Gene Discovery in Congenital Myopathy 79

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Rifai Z, Kazee AM, Kamp C, Griggs RC. Intranuclear rods in severe congenital nemaline
myopathy. Neurology. 1993;43(11):2372-7.

Robinson R, Carpenter D, Shaw MA, Halsall J, Hopkins P. Mutations in RYR/ in malignant
hyperthermia and central core disease. Hum Mutat. 2006;27(10):977-89.

North KN, Laing NG. Skeletal muscle alpha-actin diseases. Adv Exp Med Biol. 2008;642:
15-27.

Heckmatt JZ, Leeman S, Dubowitz V. Ultrasound imaging in the diagnosis of muscle disease.
J Pediatr. 1982;101(5):656—60.

Wallefeld W, Krause S, Nowak KJ, Dye D, Horvath R, Molnar Z, et al. Severe nemaline
myopathy caused by mutations of the stop codon of the skeletal muscle alpha actin gene
(ACTAI). Neuromuscul Disord. 2006;16(9-10):541-7.

Collins FS. Sequencing the human genome. Hosp Pract (1995). 1997;32(1):35-43. 6-9,
53-4.

Altshuler D, Daly MJ, Lander ES. Genetic mapping in human disease. Science. 2008;
322(5903):881-8.

Botstein D, White RL, Skolnick M, Davis RW. Construction of a genetic linkage map in man
using restriction fragment length polymorphisms. Am J Hum Genet. 1980;32(3):314-31.
Gusella JF, Wexler NS, Conneally PM, Naylor SL, Anderson MA, Tanzi RE, et al. A poly-
morphic DNA marker genetically linked to Huntington's disease. Nature.
1983;306(5940):234-8.

Kwon JM, Goate AM. The candidate gene approach. Alcohol Res Health. 2000;24(3):
164-8.

Collins FS. Positional cloning: let's not call it reverse anymore. Nat Genet. 1992;1(1):3-6.
Kunkel LM, Hejtmancik JF, Caskey CT, Speer A, Monaco AP, Middlesworth W, et al.
Analysis of deletions in DNA from patients with Becker and Duchenne muscular dystrophy.
Nature. 1986;322(6074):73-7.

Monaco AP, Neve RL, Colletti-Feener C, Bertelson CJ, Kurnit DM, Kunkel LM. Isolation of
candidate cDNAs for portions of the Duchenne muscular dystrophy gene. Nature. 1986;
323(6089):646-50.

Royer-Pokora B, Kunkel LM, Monaco AP, Goff SC, Newburger PE, Bachner RL, et al.
Cloning the gene for the inherited disorder chronic granulomatous disease on the basis of its
chromosomal location. Cold Spring Harb Symp Quant Biol. 1986;51(Pt 1):177-83.
Darnfors C, Larsson HE, Oldfors A, Kyllerman M, Gustavson KH, Bjursell G, et al. X-linked
myotubular myopathy: a linkage study. Clin Genet. 1990;37(5):335-40.

Liechti-Gallati S, Muller B, Grimm T, Kress W, Muller C, Boltshauser E, et al. X-linked cen-
tronuclear myopathy: mapping the gene to Xq28. Neuromuscul Disord. 1991;1(4):239-45.
Thomas NS, Williams H, Cole G, Roberts K, Clarke A, Liechti-Gallati S, et al. X linked
neonatal centronuclear/myotubular myopathy: evidence for linkage to Xq28 DNA marker
loci. J Med Genet. 1990;27(5):284-7.

Dahl N, Samson F, Thomas NS, Hu LJ, Gong W, Herman G, et al. X linked myotubular
myopathy (MTMI) maps between DXS304 and DXS305, closely linked to the DXS455
VNTR and a new, highly informative microsatellite marker (DXS1684). ] Med Genet. 1994;
31(12):922-4.

Hu LJ, Laporte J, Kress W, Kioschis P, Siebenhaar R, Poustka A, et al. Deletions in Xq28 in
two boys with myotubular myopathy and abnormal genital development define a new con-
tiguous gene syndrome in a 430 kb region. Hum Mol Genet. 1996;5(1):139—43.

Smolenicka Z, Laporte J, Hu L, Dahl N, Fitzpatrick J, Kress W, et al. X-linked myotubular
myopathy: refinement of the critical gene region. Neuromuscul Disord. 1996;6(4):275-81.
Alkuraya FS. Discovery of rare homozygous mutations from studies of consanguineous pedi-
grees. Curr Protoc Hum Genet;2012. Chapter 6:Unit6 12.

Alkuraya FS. Impact of new genomic tools on the practice of clinical genetics in consanguin-
eous populations: the Saudi experience. Clin Genet. 2013;84(3):203-8.

Kong A, Frigge ML, Masson G, Besenbacher S, Sulem P, Magnusson G, et al. Rate of de novo
mutations and the importance of father's age to disease risk. Nature. 2012;488(7412):471-5.



80

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

L.L. Smith et al.

Muhammad E, Reish O, Ohno Y, Scheetz T, Deluca A, Searby C, et al. Congenital myopathy
is caused by mutation of HACDI. Hum Mol Genet. 2013;22(25):5229-36.

Stamm DS, Aylsworth AS, Stajich JM, Kahler SG, Thorne LB, Speer MC, et al. Native
American myopathy: congenital myopathy with cleft palate, skeletal anomalies, and suscep-
tibility to malignant hyperthermia. Am J Med Genet A. 2008;146A(14):1832-41.

Zhu M, Zhao S. Candidate gene identification approach: progress and challenges. Int J Biol
Sci. 2007;3(7):420-7.

Collins FS, Guyer MS, Charkravarti A. Variations on a theme: cataloging human DNA
sequence variation. Science. 1997;278(5343):1580-1.

Xue Y, Ankala A, Wilcox WR, Hegde MR. Solving the molecular diagnostic testing conun-
drum for Mendelian disorders in the era of next-generation sequencing: single-gene, gene
panel, or exome/genome sequencing. Genet Med. 2014;17:444-51.

Abel HJ, Al-Kateb H, Cottrell CE, Bredemeyer AJ, Pritchard CC, Grossmann AH, et al.
Detection of gene rearrangements in targeted clinical next-generation sequencing. J Mol
Diagn. 2014;16(4):405-17.

Metzker ML. Sequencing technologies - the next generation. Nat Rev Genet. 2010;11(1):
31-46.

Ku CS, Cooper DN, Polychronakos C, Naidoo N, Wu M, Soong R. Exome sequencing: dual
role as a discovery and diagnostic tool. Ann Neurol. 2012;71(1):5-14.

Ng SB, Turner EH, Robertson PD, Flygare SD, Bigham AW, Lee C, et al. Targeted capture
and massively parallel sequencing of 12 human exomes. Nature. 2009;461(7261):272-6.
Tan R, Wang Y, Kleinstein SE, Liu Y, Zhu X, Guo H, et al. An evaluation of copy number varia-
tion detection tools from whole-exome sequencing data. Hum Mutat. 2014;35(7):899-907.
Mook OR, Haagmans MA, Soucy JF, van de Meerakker JB, Baas F, Jakobs ME, et al.
Targeted sequence capture and GS-FLX titanium sequencing of 23 hypertrophic and dilated
cardiomyopathy genes: implementation into diagnostics. ] Med Genet. 2013;50(9):614-26.
Rossor AM, Polke JM, Houlden H, Reilly MM. Clinical implications of genetic advances in
Charcot-Marie-Tooth disease. Nat Rev Neurol. 2013;9(10):562-71.

Trump N, Cullup T, Verheij JB, Manzur A, Muntoni F, Abbs S, et al. X-linked myotubular
myopathy due to a complex rearrangement involving a duplication of MTMI exon 10.
Neuromuscul Disord. 2012;22(5):384-8.

Kiiski K, Laari L, Lehtokari VL, Lunkka-Hytonen M, Angelini C, Petty R, et al. Targeted
array comparative genomic hybridization--a new diagnostic tool for the detection of large
copy number variations in nemaline myopathy-causing genes. Neuromuscul Disord. 2013;
23(1):56-65.

Lehtokari VL, Pelin K, Sandbacka M, Ranta S, Donner K, Muntoni F, et al. Identification of
45 novel mutations in the nebulin gene associated with autosomal recessive nemaline myopa-
thy. Hum Mutat. 2006;27(9):946-56.

Anderson SL, Ekstein J, Donnelly MC, Keefe EM, Toto NR, LeVoci LA, et al. Nemaline
myopathy in the Ashkenazi Jewish population is caused by a deletion in the nebulin gene.
Hum Genet. 2004;115(3):185-90.

Lehtokari VL, Greenleaf RS, DeChene ET, Kellinsalmi M, Pelin K, Laing NG, et al. The
exon 55 deletion in the nebulin gene--one single founder mutation with world-wide occur-
rence. Neuromuscul Disord. 2009;19(3):179-81.

Abel HJ, Duncavage EJ. Detection of structural DNA variation from next generation sequenc-
ing data: a review of informatic approaches. Cancer Genet. 2014;206:432—40.

Beall CJ, Sepanski MA, Fyrberg EA. Genetic dissection of Drosophila myofibril formation:
effects of actin and myosin heavy chain null alleles. Genes Dev. 1989;3(2):131-40.

Haigh SE, Salvi SS, Sevdali M, Stark M, Goulding D, Clayton JD, et al. Drosophila indirect flight
muscle specific Act88F actin mutants as a model system for studying congenital myopathies of
the human ACTA skeletal muscle actin gene. Neuromuscul Disord. 2010;20(6):363-74.
Crawford K, Flick R, Close L, Shelly D, Paul R, Bove K, et al. Mice lacking skeletal muscle
actin show reduced muscle strength and growth deficits and die during the neonatal period.
Mol Cell Biol. 2002;22(16):5887-96.



3 Gene Discovery in Congenital Myopathy 81

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Nowak KJ, Ravenscroft G, Jackaman C, Filipovska A, Davies SM, Lim EM, et al. Rescue of
skeletal muscle alpha-actin-null mice by cardiac (fetal) alpha-actin. J Cell Biol. 2009;185(5):
903-15.

Ravenscroft G, Jackaman C, Bringans S, Papadimitriou JM, Griffiths LM, McNamara E,
et al. Mouse models of dominant ACTA! disease recapitulate human disease and provide
insight into therapies. Brain. 2011;134(Pt 4):1101-15.

Ravenscroft G, Jackaman C, Sewry CA, McNamara E, Squire SE, Potter AC, et al. Actin
nemaline myopathy mouse reproduces disease, suggests other actin disease phenotypes and
provides cautionary note on muscle transgene expression. PLoS ONE. 2011;6(12), €28699.
Nguyen MA, Joya JE, Kee AJ, Domazetovska A, Yang N, Hook JW, et al. Hypertrophy and
dietary tyrosine ameliorate the phenotypes of a mouse model of severe nemaline myopathy.
Brain. 2011;134(Pt 12):3516-29.

Delauche AJ, Cuddon PA, Podell M, Devoe K, Powell HC, Shelton GD. Nemaline rods in
canine myopathies: 4 case reports and literature review. J Vet Intern Med. 1998;12(6):424-30.
Cooper BJ, De Lahunta A, Gallagher EA, Valentine BA. Nemaline myopathy of cats. Muscle
Nerve. 1986;9(7):618-25.

Razzaq A, Robinson IM, McMahon HT, Skepper JN, Su Y, Zelhof AC, Jackson AP, Gay NJ,
O'Kane CJ. Amphiphysin is necessary for organization of the excitation-contraction coupling
machinery of muscles, but not for synaptic vesicle endocytosis in Drosophila. Genes Dev.
2001;15(22):2967-79.

Pant S, Sharma M, Patel K, Caplan S, Carr CM, Grant BD. AMPH-1/Amphiphysin/Binl
functions with RME-1/Ehd1 in endocytic recycling. Nat Cell Biol. 2009;11(12):1399—410.
Smith LL, Gupta VA, Beggs AH. Bridging integrator 1 (Binl) deficiency in zebrafish results
in centronuclear myopathy. Hum Mol Genet. 2014;23(13):3566-78.

Muller AJ, Baker JF, DuHadaway JB, Ge K, Farmer G, Donover PS, et al. Targeted disruption
of the murine bin1/amphiphysin II gene does not disable endocytosis but results in embryonic
cardiomyopathy with aberrant myofibril formation. Mol Cell Biol. 2003;23(12):4295-306.
Estes PS, Roos J, van der Bliek A, Kelly RB, Krishnan KS, Ramaswami M. Traffic of dyna-
min within individual Drosophila synaptic boutons relative to compartment-specific markers.
J Neurosci. 1996;16(17):5443-56.

Kosaka T, Ikeda K. Reversible blockage of membrane retrieval and endocytosis in the garland
cell of the temperature-sensitive mutant of Drosophila melanogaster, shibirets1. J Cell Biol.
1983;97(2):499-507.

Ramaswami M, Krishnan KS, Kelly RB. Intermediates in synaptic vesicle recycling revealed
by optical imaging of Drosophila neuromuscular junctions. Neuron. 1994;13(2):363-75.
Gibbs EM, Davidson AE, Telfer WR, Feldman EL, Dowling JJ. The myopathy-causing muta-
tion DNM2-S619L leads to defective tubulation in vitro and in developing zebrafish. Dis
Model Mech. 2014;7(1):157-61.

Gibbs EM, Clarke NF, Rose K, Oates EC, Webster R, Feldman EL, et al. Neuromuscular
junction abnormalities in DNM2-related centronuclear myopathy. J Mol Med (Berl). 2013;
91(6):727-37.

Gibbs EM, Davidson AE, Trickey-Glassman A, Backus C, Hong Y, Sakowski SA, et al. Two
dynamin-2 genes are required for normal zebrafish development. PLoS ONE. 2013;8(2), e55888.
Ferguson SM, Raimondi A, Paradise S, Shen H, Mesaki K, Ferguson A, et al. Coordinated
actions of actin and BAR proteins upstream of dynamin at endocytic clathrin-coated pits. Dev
Cell. 2009;17(6):811-22.

Durieux AC, Vignaud A, Prudhon B, Viou MT, Beuvin M, Vassilopoulos S, et al. A centro-
nuclear myopathy-dynamin 2 mutation impairs skeletal muscle structure and function in
mice. Hum Mol Genet. 2010;19(24):4820-36.

Cowling BS, Toussaint A, Amoasii L, Koebel P, Ferry A, Davignon L, et al. Increased expres-
sion of wild-type or a centronuclear myopathy mutant of dynamin 2 in skeletal muscle of
adult mice leads to structural defects and muscle weakness. Am J Pathol. 2011;178(5):
2224-35.



82

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

L.L. Smith et al.

Garg A, O'Rourke J, Long C, Doering J, Ravenscroft G, Bezprozvannaya S, et al. KLHL40
deficiency destabilizes thin filament proteins and promotes nemaline myopathy. J Clin Invest.
2014;124(8):3529-39.

Ribeiro I, Yuan L, Tanentzapf G, Dowling JJ, Kiger A. Phosphoinositide regulation of integ-
rin trafficking required for muscle attachment and maintenance. PLoS Genet. 2011;7(2),
e1001295.

Velichkova M, Juan J, Kadandale P, Jean S, Ribeiro I, Raman V, et al. Drosophila Mtm and
class II PI3K coregulate a PI(3)P pool with cortical and endolysosomal functions. J Cell Biol.
2010;190(3):407-25.

Xue Y, Fares H, Grant B, Li Z, Rose AM, Clark SG, et al. Genetic analysis of the myotubula-
rin family of phosphatases in Caenorhabditis elegans. J Biol Chem. 2003;278(36):34380-6.
Dowling JJ, Vreede AP, Low SE, Gibbs EM, Kuwada JY, Bonnemann CG, et al. Loss of
myotubularin function results in T-tubule disorganization in zebrafish and human myotubular
myopathy. PLoS Genet. 2009;5(2), e1000372.

Smith LL, Beggs AH, Gupta VA. Analysis of skeletal muscle defects in larval zebrafish by
birefringence and touch-evoke escape response assays. J Vis Exp. 2013;82:¢50925.
Buj-Bello A, Laugel V, Messaddeq N, Zahreddine H, Laporte J, Pellissier JF, et al. The lipid
phosphatase myotubularin is essential for skeletal muscle maintenance but not for myogen-
esis in mice. Proc Natl Acad Sci U S A. 2002;99(23):15060-5.

Joubert R, Vignaud A, Le M, Moal C, Messaddeq N, Buj-Bello A. Site-specific MtmI muta-
genesis by an AAV-Cre vector reveals that myotubularin is essential in adult muscle. Hum
Mol Genet. 2013;22(9):1856-66.

Beggs AH, Bohm J, Snead E, Kozlowski M, Maurer M, Minor K, Childers MK, Taylor SM,
Hitte C, Mickelson JR, Guo LT, Mizisin AP, Buj-Bello A, Tiret L, Laporte J, Shelton
GD. MTM1 mutation associated with X-linked myotubular myopathy in Labrador Retrievers.
Proc Natl Acad Sci USA. 2010;107(33):14697-702.

Telfer WR, Nelson DD, Waugh T, Brooks SV, Dowling JJ. Neb: a zebrafish model of nema-
line myopathy due to nebulin mutation. Dis Model Mech. 2012;5(3):389-96.

Bang ML, Li X, Littlefield R, Bremner S, Thor A, Knowlton KU, et al. Nebulin-deficient
mice exhibit shorter thin filament lengths and reduced contractile function in skeletal muscle.
J Cell Biol. 2006;173(6):905-16.

Witt CC, Burkart C, Labeit D, McNabb M, Wu Y, Granzier H, et al. Nebulin regulates thin
filament length, contractility, and Z-disk structure in vivo. EMBO J. 2006;25(16):3843-55.
Ottenheijm CA, Buck D, de Winter JM, Ferrara C, Piroddi N, Tesi C, et al. Deleting exon 55
from the nebulin gene induces severe muscle weakness in a mouse model for nemaline myop-
athy. Brain. 2013;136(Pt 6):1718-31.

Yamamoto DL, Vitiello C, Zhang J, Gokhin DS, Castaldi A, Coulis G, et al. The nebulin SH3
domain is dispensable for normal skeletal muscle structure but is required for effective active
load bearing in mouse. J Cell Sci. 2013;126(Pt 23):5477-89.

Hirata H, Watanabe T, Hatakeyama J, Sprague SM, Saint-Amant L, Nagashima A, et al.
Zebrafish relatively relaxed mutants have a ryanodine receptor defect, show slow swimming
and provide a model of multi-minicore disease. Development. 2007;134(15):2771-81.
Takeshima H, Iino M, Takekura H, Nishi M, Kuno J, Minowa O, et al. Excitation-contraction
uncoupling and muscular degeneration in mice lacking functional skeletal muscle ryanodine-
receptor gene. Nature. 1994;369(6481):556-9.

Chelu MG, Goonasekera SA, Durham WJ, Tang W, Lueck JD, Riehl J, et al. Heat- and anes-
thesia-induced malignant hyperthermia in an RyR1 knock-in mouse. FASEB J. 2006;
20(2):329-30.

Durham WJ, Aracena-Parks P, Long C, Rossi AE, Goonasekera SA, Boncompagni S, et al.
RyR1 S-nitrosylation underlies environmental heat stroke and sudden death in Y522S RyR1
knockin mice. Cell. 2008;133(1):53-65.

Yang T, Riehl J, Esteve E, Matthaei KI, Goth S, Allen PD, et al. Pharmacologic and func-
tional characterization of malignant hyperthermia in the R163C RyR1 knock-in mouse.
Anesthesiology. 2006;105(6):1164-75.



3 Gene Discovery in Congenital Myopathy 83

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Zvaritch E, Kraeva N, Bombardier E, McCloy RA, Depreux F, Holmyard D, et al. Ca2+
dysregulation in Ryr/(14895T/wt) mice causes congenital myopathy with progressive forma-
tion of minicores, cores, and nemaline rods. Proc Natl Acad Sci U S A. 2009;106(51):
21813-8.

Deniziak M, Thisse C, Rederstorff M, Hindelang C, Thisse B, Lescure A. Loss of selenopro-
tein N function causes disruption of muscle architecture in the zebrafish embryo. Exp Cell
Res. 2007;313(1):156-67.

Jurynec MJ, Xia R, Mackrill JJ, Gunther D, Crawford T, Flanigan KM, et al. Selenoprotein
N is required for ryanodine receptor calcium release channel activity in human and zebrafish
muscle. Proc Natl Acad Sci U S A. 2008;105(34):12485-90.

Moghadaszadeh B, Rider BE, Lawlor MW, Childers MK, Grange RW, Gupta K, et al.
Selenoprotein N deficiency in mice is associated with abnormal lung development. FASEB J.
2013;27(4):1585-99.

Rederstorff M, Castets P, Arbogast S, Laine J, Vassilopoulos S, Beuvin M, et al. Increased
muscle stress-sensitivity induced by selenoprotein N inactivation in mouse: a mammalian
model for SEPNI-related myopathy. PLoS ONE. 2011;6(8), €23094.

Davidson AE, Siddiqui FM, Lopez MA, Lunt P, Carlson HA, Moore BE, et al. Novel deletion
of lysine 7 expands the clinical, histopathological and genetic spectrum of TPM?2-related
myopathies. Brain. 2013;136(Pt 2):508-21.

Corbett MA, Akkari PA, Domazetovska A, Cooper ST, North KN, Laing NG, et al. An alpha
Tropomyosin mutation alters dimer preference in nemaline myopathy. Ann Neurol. 2005;
57(1):42-9.

Steffen LS, Guyon JR, Vogel ED, Howell MH, Zhou Y, Weber GJ, et al. The zebrafish runzel
muscular dystrophy is linked to the titin gene. Dev Biol. 2007;309(2):180-92.

Barbazuk WB, Korf I, Kadavi C, Heyen J, Tate S, Wun E, et al. The syntenic relationship of
the zebrafish and human genomes. Genome Res. 2000;10(9):1351-8.

Lin YY. Muscle diseases in the zebrafish. Neuromuscul Disord. 2012;22(8):673-84.
Kawahara G, Karpf JA, Myers JA, Alexander MS, Guyon JR, Kunkel LM. Drug screening in
a zebrafish model of Duchenne muscular dystrophy. Proc Natl Acad Sci U S A.2011;108(13):
5331-6.

Dowling JJ, Arbogast S, Hur J, Nelson DD, McEvoy A, Waugh T, et al. Oxidative stress and
successful antioxidant treatment in models of RYRI-related myopathy. Brain. 2012;135(Pt
4):1115-27.

Wu Z, Asokan A, Samulski RJ. Adeno-associated virus serotypes: vector toolkit for human
gene therapy. Mol Ther. 2006;14(3):316-27.

Buj-Bello A, Fougerousse F, Schwab Y, Messaddeq N, Spehner D, Pierson CR, et al. AAV-
mediated intramuscular delivery of myotubularin corrects the myotubular myopathy pheno-
type in targeted murine muscle and suggests a function in plasma membrane homeostasis.
Hum Mol Genet. 2008;17(14):2132-43.

Childers MK, Joubert R, Poulard K, Moal C, Grange RW, Doering JA, et al. Gene therapy
prolongs survival and restores function in murine and canine models of myotubular myopa-
thy. Sci Transl Med. 2014;6(220), 220ral0.

Lawlor MW, Armstrong D, Viola MG, Widrick JJ, Meng H, Grange RW, et al. Enzyme
replacement therapy rescues weakness and improves muscle pathology in mice with X-linked
myotubular myopathy. Hum Mol Genet. 2013;22(8):1525-38.

Lawlor MW, Read BP, Edelstein R, Yang N, Pierson CR, Stein MJ, et al. Inhibition of activin
receptor type IIB increases strength and lifespan in myotubularin-deficient mice. Am J
Pathol. 2011;178(2):784-93.

Cowling BS, Chevremont T, Prokic I, Kretz C, Ferry A, Coirault C, et al. Reducing dynamin
2 expression rescues X-linked centronuclear myopathy. J Clin Invest. 2014;124(3):1350-63.
Marino M, Stoilova T, Giorgi C, Bachi A, Cattaneo A, Auricchio A, et al. SEPN1, an endo-
plasmic reticulum-localized selenoprotein linked to skeletal muscle pathology, counteracts
hyperoxidation by means of redox-regulating SERCA2 pump activity. Hum Mol Genet.
2015;24(7):1843-55.

Arbogast S, Beuvin M, Fraysse B, Zhou H, Muntoni F, Ferreiro A. Oxidative stress in SEPN1-
related myopathy: from pathophysiology to treatment. Ann Neurol. 2009;65(6):677-86.



Chapter 4
Stem Cell Transplantation for Degenerative
Muscle Diseases

Berkcan Akpinar*, Elizabeth C. Stahl*, Aiping Lu, and Johnny Huard

List of Abbreviations

ADM Aorta-derived mesoangioblast

DGC Dystrophin-glycoprotein complex
DKO Double-knockout (dystrophin/utrophin)
DMD Duchenne muscular dystrophy

ECM Extracellular matrix

ESC Embryonic stem cell

FACS Fluorescence-activated cell sorting
FAP Fibro-adipogenic progenitor cell
FGF Fibroblast growth factor

GDF Growth differentiation factor

GRMD  Golden retriever muscular dystrophy
HGF Hepatocyte growth factor

HLA Human leukocyte antigen

HO Heterotopic ossification

IA Intra-arterial

IGF Insulin growth factor

ILK Integrin-linked kinase

IMCL Intramyocellular lipid accumulation
iPSC Induced pluripotent stem cell

MAPK  Mitogen-activating protein kinase

*Author contributed equally with all other contributors.

B. Akpinar ¢ E.C. Stahl » A. Lu ¢ J. Huard, Ph.D. (><)

Department of Orthopaedic Surgery, University of Pittsburgh School of Medicine,
Suite 206, Bridgeside Point 11, 450 Technology Drive, Pittsburgh, PA 15213, USA
e-mail: jhuard @pitt.edu

© Springer Science+Business Media New York 2016

M.K. Childers (ed.), Regenerative Medicine for Degenerative Muscle Diseases,
Stem Cell Biology and Regenerative Medicine,

DOI 10.1007/978-1-4939-3228-3_4

85


mailto:jhuard@pitt.edu

86 B. Akpinar et al.

MDSC  Muscle-derived stem cell
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MMP Matrix metalloproteinase

MPC Muscle progenitor cell

MSC Mesenchymal stem cell
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NO Nitric oxide

ORAI-1 Calcium release-activated calcium channel protein 1
PAX7 Paired box 7

PDPC Pericyte-derived progenitor cell

ROS Reactive oxygen species
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SUI Stress urinary incontinence

TGF Transforming growth factor
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VEGF Vascular endothelial growth factor

4.1 Introduction to Duchenne Muscular Dystrophy

Degenerative muscle disease refers to a group of conditions presenting with acute,
subacute, or chronic muscle degeneration ultimately resulting in a loss of musculo-
skeletal functionality. Neuromuscular, metabolic, inflammatory, infectious, trau-
matic, or musculoskeletal (myopathy) conditions can all lead to degenerative muscle
disease. Effective muscle regeneration depends largely on the severity of degenera-
tion and the ability of the muscle progenitor cell (MPC) pool to regenerate lost
muscle mass via activation, proliferation, and myogenic differentiation. The MPC
pool is a heterogeneous group of cells with varying levels of myogenic capacity.
Consisting mainly of satellite cells, MPCs include, but are not limited to, mesenchy-
mal stem cells (MSCs), muscle-derived stem cells (MDSCs), side population stem
cells, and myogenic cells within the muscle vasculature [1-6]. As will be discussed,
these cell populations have been shown to contribute to muscle formation during
both development and regeneration.

In many degenerative skeletal muscle conditions, the MPC pool is severely
affected. In a process known as MPC depletion, MPCs decrease in quantity and lose
their proliferation and differentiation capacities which allows muscle deterioration
to proceed unchecked. For these reasons, stem cell transplantation therapy has long
been considered a potential treatment option to ameliorate ongoing muscle
degeneration.

Duchenne muscular dystrophy (DMD) is one of the most common degenerative
diseases of skeletal muscle, affecting approximately 1 in 3600 males at birth, and
exhibits MPC dysfunction and depletion. As a group, the muscular dystrophies are
caused by genetic mutations in genes coding for proteins associated with the cell
membrane or the extracellular matrix. DMD, which is the most prevalent and most
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severe muscular dystrophy, results from mutations in the X-linked gene encoding
for the dystrophin protein [7]. Dystrophin is a critical component of the dystrophin-
glycoprotein complex (DGC), which transmits force during muscle contraction.
Nonsense mutations in the dystrophin gene cause the skeletal muscle in patients
with DMD to be significantly weaker and lead to a state of constant degeneration
and regeneration [8]. In order to offset muscle loss, quiescent MPCs activate and
proliferate to regenerate muscle. Through asymmetric differentiation, some of the
proliferating MPCs give rise to both MPCs and myoblasts. These myoblasts fuse
with one another to form new myofibers, while the newly formed MPCs return to
quiescence. Through chronic activation, the MPC pool becomes depleted and mus-
cle is taken over by fibrotic tissue, fat infiltration, and ectopic calcification as illus-
trated in Fig. 4.1.

The typical clinical manifestations of DMD occur as patients reach 3-5 years of
age, presenting with progressive motor skill deficiencies and gait abnormalities
related to muscle weakness. Loss of ambulation occurs between 7 and 11 years of
age, confining patients to wheelchair assistance for the remainder of their lives [9].
In addition to skeletal muscle pathology, patients with DMD also present with a
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collection of extramuscular defects such as osteopenia, fragility fractures, mental
deficits, and scoliosis [9, 10]. Limited research has attributed osteopenia to a lack of
muscular force on the skeleton resulting in decreased bone mineral density; how-
ever, these extramuscular aspects of DMD have not been studied extensively [11-
13]. Cardiorespiratory failure is the typical cause of death in the second or third
decade of life.

As the underlying cause of DMD is genetic, gene therapy studies to restore dys-
trophin expression or exon-skipping techniques to alter the open reading frame have
been examined at the preclinical and clinical stages [14, 15]. Gene therapy for DMD
has been hindered by several factors, including the large size of the dystrophin gene
and the currently available viral vectors which can cause oncogenic mutations and
trigger an immune response that leads to poor expression of dystrophin in the myo-
fibers (muscle fiber units). In addition, delayed restoration of dystrophin expres-
sion may induce an autoimmune response requiring immunosuppression, which has
many negative side effects.

Constant degeneration and regeneration of the muscle fibers via MPC prolifera-
tion and differentiation allow the DMD patient to maintain effective musculoskele-
tal function in the absence of dystrophin in the first stage of the disease. However,
the repeated cycles of satellite cell activation may lead to telomere shortening or
changes in myogenesis and/or cell senescence leading to MPC depletion [16, 17].
In a genetically identical mouse model of DMD (the mdx mouse), the satellite cell
pool was shown to decrease threefold compared with age-matched, wild-type ani-
mals [18]. Similarly, proliferation and differentiation defects were observed in
muscle-derived stem cells in the dystrophic animals [19]. Hence, the reintroduction
of autologous myogenic stem cells could repair tissue damage and improve muscle
function and longevity without the disadvantages of current gene therapy approaches.

The double-knockout mouse (dKO) is another experimental model of DMD that
more closely recapitulates the clinical phenotype of DMD compared with the mdx
model, which has a relatively mild phenotype [20, 21]; however, in contrast to
patients with DMD, the dKO model is deficient in both dystrophin and utrophin.
Many of the histopathological changes present in the damaged muscle of patients
with DMD, such as fatty infiltration, calcium deposition, and fibrosis, are also
observed in the dKO model starting as early as 5 days of age. As the muscle pathol-
ogy worsens over the course of 6-8 weeks, there is a significant decline in the dKO
stem cell pool as well as the ability of MPCs to proliferate and differentiate in vitro
[19]. In tandem, the regenerative capacity of the dKO skeletal muscle also declines
as lymphocytic infiltration and necrosis can be seen in the dystrophic skeletal mus-
cle [19].

In order to study the effects of increased telomere shortening on skeletal muscle
pathology in dystrophic mice, the mdx/mTR mouse was engineered by knocking
out telomerase function in the MPCs of an mdx mouse. As is observed in clinical
DMD, the mdx/mTR model exhibits elevated levels of creatine kinase, progressive
loss of skeletal muscle volume, as well as an increased susceptibility to muscle
fatigue before 8 weeks of age [22]. With regard to calcium deposition and fibrosis,
skeletal muscle disease progression in the mdx/mTR mouse also displays clinical
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manifestations resembling DMD, which is in contrast to the relatively mild
phenotype of the mdx model. Extramuscularly, the mdx/mTR exhibits skeletal mor-
phometric abnormalities such as the development of premature kyphosis. In vivo
BrdU proliferation assays and in vitro cell culture studies have also shown that
MPC:s in the mdx/mTR mice display progressive defects in replication as the mice
age, suggesting a depletion of the replicative capacity of the progenitor cells [22].
Additionally, isolated stem cells from mdx/mTR exhibit a reduced capacity for mus-
cle regeneration after injury [22]. Reduction in muscle stem cell telomere length as
well as decreased telomere stability in the mdx/mTR mice strongly supports the
theory of stem cell depletion and is responsible, at least in part, for the dystrophic
phenotype [22].

In the following section, we will discuss experimental evidence supporting the
use of stem cell transplantation to treat DMD. We will conclude with an in-depth
examination of the molecular dysregulation of the dystrophic muscle environment
and the challenges and opportunities for stem cell therapy that arise as a result.

4.2 Stem Cell Transplantation for the Treatment of DMD

Stem cell transplantation is a specific form of cell therapy where isolated progenitor
cells, derived from autologous (the individual) or allogeneic (same species) sources,
are administered to repair tissues or treat diseases. Bone marrow transplantation is
a classic example of stem cell transplantation and is commonly used clinically to
treat a variety of hematopoietic diseases. In degenerative muscle disease, the goal of
stem cell transplantation is to restore musculoskeletal function and integrity through
muscle regeneration. For long-term success, stem cell transplants must establish a
quiescent pool of progenitor cells for future maintenance of muscle regenerative
capacity. In order to achieve both regeneration and a quiescent niche, stem cells
must survive implantation, proliferate, undergo myogenesis, and maintain a quies-
cent cell population in the long-term.

For many years, satellite cells were considered to be the only muscle progenitor
cells and were extensively studied for use in stem cell transplantation applications.
Satellite cells were first identified by Alexander Mauro in 1961 as mononuclear
cells located between the basal lamina and the sarcoplasmic membrane [23].
Satellite cells are present in a quiescent state in healthy adult muscle and represent
2.5-6 % of nuclei of a given myofiber [24]. In the mouse, the transcription factor
paired box 7 (Pax7) is required for satellite cell specification and survival and is a
commonly used satellite cell marker [25, 26]. In addition, Myf5, MyoD, and Pax3
can be used to isolate or track satellite cells in skeletal muscle [27, 28]. Satellite
cells become activated in response to several cues including HGF, FGF, IGF, and
NO following myofiber injury [29-32]. Activated satellite cells, also referred to as
myoblasts, proliferate and fuse to regenerate myofibers. The Pax7*MyoD~ subset
of cells return to quiescence to maintain the satellite cell pool in a process known
as asymmetric differentiation [33].
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resent potential sources of stem cells for cell therapy for the treatment of degenerative muscle
diseases

More recently, multi-lineage stem cells capable of myogenic differentiation have
been identified, as shown in Fig. 4.2. Among these are muscle-derived stem cells
(MDSCs), CD133+ progenitor cells, and mesenchymal stem cells. These multi-
lineage stem cells have shown extensive myogenic differentiation in controlled
experiments and are hypothesized to play a role in muscle turnover during normal
physiological conditions [34-36]. In addition to resident MPCs, there exist progeni-
tor cells closely associated with muscle vasculature that also demonstrate myogenic
ability, including mesoangioblasts, myoendothelial cells, and pericytes.
Mesoangioblasts are located in the dorsal aorta of mammalian species [37].
Myoendothelial cells are associated with blood vessels and express surface markers
of both myogenic and endothelial cell types [38, 39]. Pericytes are associated with
capillaries, where they modulate vessel permeability [2, 40]. Mesoangioblasts,
myoendothelial cells, and pericytes have all been documented to promote muscle
regeneration in vivo [41].

Finally, advances in the stem cell field over the past several years have harnessed
the power of pluripotent stem cells for cell therapy. Pluripotent stem cells give rise
to all three germ layers (endoderm, mesoderm, ectoderm) when coaxed to differen-
tiate under appropriate culture conditions. Embryonic stem cells (ESCs) are plu-
ripotent cells derived from the inner-cell mass of a blastocyst. Protocols to induce
the differentiation of ESCs into skeletal myoblasts and other MPCs have been
developed in an effort to treat muscle disease [42, 43]. While the generation of new
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ESC cell lines is heavily restricted, existing lines have been studied extensively in
muscle regeneration. The heavy restrictions placed on ESC use prompted the inge-
nious induction of pluripotent stem cells from terminally differentiated somatic
cells. Induced pluripotent stem cells (iPSCs) were developed in 2006 by reprogram-
ming skin fibroblasts by activation of the Yamanaka genes: Oct3/4, Sox2, c-Myc,
and Klf4 [44]. iPSCs offer the versatility of pluripotent differentiation without the
ethical disadvantages associated with ESC isolation. These iPSCs have also been
used to treat muscle disease by differentiation into various MPC lineages [45, 46].

In the following sections, we describe the critical experiments whereby satellite
cells, multi-lineage progenitor cells, or pluripotent stem cells were transplanted to
ameliorate symptoms of DMD. While the list of MPCs is not exhaustive, it includes
the most well-studied adult stem/progenitor cell sources at the clinical and preclinical
stages. Comparing cell sources can be challenging since each research group used
different animal models and/or isolation and administration protocols; however,
there are very clear advantages and disadvantages of the various cell sources that
will be highlighted throughout the discussion [47]. While clinical trials that utilize
stem cell transplantation have seen only marginal success in the past, new technolo-
gies are on the horizon which offer hope for the treatment of degenerative muscle
diseases through the use of cell therapy.

4.2.1 Satellite Cells/Myoblasts

Given that satellite cells represent the major regenerative cell population in adult
skeletal muscle, they have been the most extensively studied for use in stem cell
transplantation both preclinically and clinically [41, 48]. Transplantation of satellite
cells/myoblasts into the skeletal muscle of mdx mice restores dystrophin and forms
new myofibers while producing a reserve pool of undifferentiated satellite cells
within the host muscle [18, 49-51].

Initial attempts at cellular therapy for the treatment of DMD focused on the
administration of dystrophin-positive satellite cells or myoblasts from allogeneic
sources combined with immunosuppression. Several clinical trials were performed
in the early 1990s but were generally met with disappointing results including low
levels of engraftment and/or insignificant improvements in muscle function [52-55].
Further in vitro examination of myoblasts found that passaging the cells on tissue
culture plastic significantly reduced their myogenic capabilities [56]. In order to
obtain a sufficient number of myoblasts for transplantation, they require extensive
expansion which may influence the efficacy of the transplanted cells. Recently,
Blau’s group found that culturing satellite cells on elastic hydrogels achieved a four-
fold increase in self-renewal capacity and engraftment up to 1 week, which could
improve the feasibility of myoblast expansion prior to transplantation [57].

Although satellite cells are the classic myogenic stem cell, the transplantation of
other MPC populations may also lead to improved clinical outcomes for numerous
reasons including increased myogenic potential, ability to maintain a quiescent cell
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pool upon administration, increased tissue engraftment, and paracrine signaling
effects. The following is a discussion of promising results from other MPC types
currently under investigation for DMD therapy.

4.2.2 Muscle-Derived Stem Cells

Our laboratory has isolated and described a population of muscle-derived stem cells
(MDSC) isolated from murine skeletal muscle using a technique that takes advan-
tage of the specific adherence properties of the different cell types, also known as
the preplate technique. While fibroblasts and myoblasts rapidly adhere to collagen-
coated flasks, the MDSCs are considered slowly adhering cells [47]. MDSCs are
known as a primitive muscle progenitor cell population that gives rise to the satellite
cell population; therefore, MDSCs play a role in muscle homeostasis and repair.
Although the exact origin of mouse MDSCs remains to be determined, these cells
express endothelial factors, such as von Willebrand factor, that can spontaneously
form blood vessels after transplantation into skeletal muscle. This phenomenon
is likely a result of their VEGF expression, suggesting that the actions of MDSCs
are closely related to those of endothelial cells [58]. In addition, the cells display
stem cell characteristics such as long-term proliferation, high self-renewal, and
multi-lineage differentiation capacities [5].

Unlike satellite cells, MDSCs possess a noncommitment cell marker profile
resembling adult stem cells; yet the cells possess an inherent myogenic potential
marked by their expression of desmin and MyoD [5]. Furthermore, MDSC trans-
plantation offers many more benefits than myoblast transplantation with regard to
newly formed myofiber quantity and engraftment in vivo, likely due to an increased
resistance to oxidative stress that results in superior cell survival [34, 59].

Several studies have proposed that MDSCs work via a “bystander effect”
whereby they secrete paracrine factors that can modulate the microenvironment and
promote muscle regeneration [60, 61]. A recent study using an accelerated aging
mouse model (progeria) found that wild-type MDSC transplantation into progeroid
mice improved their lifespan compared with PBS-injected controls. Further studies
showed that age-related stem cell defects in MDSCs could be rescued by cocultur-
ing the cells with young wild-type MDSCs, which supports the existence of rejuve-
nating paracrine factors [62, 63]. In the context of natural aging, GDF-11 has been
shown to be one of these rejuvenating paracrine factors that exert anti-aging effects
in skeletal and cardiac muscle [63, 64],

While MDSCs have not yet moved to clinical trials for degenerative muscle dis-
ease, human MDSC-like cells have been studied in phase I and II clinical trials for
the treatment of stress urinary incontinence (SUI). After 1 year, improvement of
SUI was seen in five out of eight subjects, where one subject achieved total conti-
nence [65]. These improvements occurred a median of 10 months post-treatment,
with no serious adverse effects reported. The success of MDSCs in clinical trials for
SUI will aid in expediting the use of MDSCs for the treatment of other disorders
including degenerative muscle diseases.
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4.2.3 Myoendothelial Cells and Pericytes

Interestingly, the cells that exist along the walls of the blood vessels within human
skeletal muscle, including endothelial cells, myoendothelial cells (MECs), and peri-
cytes demonstrate high myogenic potentials, much like murine MDSCs [38—40,
61]. Myoendothelial cells represent less than 0.5 % of cells in degenerative adult
skeletal muscle and express both endothelial (CD34, von Willebrand factor,
VE-cadherin) and myogenic (CD56, Pax7) markers [38, 39, 66]. Transplantation
of myoendothelial cells was recently shown to be superior to myoblast transplanta-
tion in DMD using an mdx/SCID model (mice that are both dystrophin deficient and
immunocompromised) [6]. Human myoendothelial cell transplantation was also
found to reduce muscle atrophy associated with sciatic nerve injury [67]. These
findings suggest that MECs may be closely related to murine MDSCs [68].

Studies have demonstrated that pericytes, the contractile cells providing struc-
tural support to blood vessels, may contribute to muscle formation during develop-
ment [2]. Isolated from human skeletal muscle, these pericyte-derived progenitor
cells (PDPCs) display a cell marker profile consistent with pericytes (annexin V,
vimentin, smooth muscle actin, desmin, PDFGFR-beta, alkaline phosphatase).
However, PDPCs inherently lack myogenic cell markers (MyoD, myogenin, Myf5),
providing evidence for a non-muscle origin [2]. PDPCs can undergo myogenic dif-
ferentiation in vitro when cocultured with murine myogenic cells or in muscle-
differentiation medium [2]. Although PDPCs display a capacity to rejuvenate the
muscle progenitor pool in vivo (similar to MDSCs), limitations regarding poor
migration, engraftment, and differentiation capabilities still persist [2, 40].

A recent study directly compared the regenerative capability of endothelial cells,
myoendothelial cells, pericytes, and myoblasts isolated from human cryopreserved
skeletal muscle by fluorescence-activated cell sorting (FACS). The MECs exhibited
the highest regenerative capacity after transplantation into injured mouse skeletal
muscle, followed by pericytes, which were both superior to myoblast transplanta-
tion [69]. Therefore, pericytes may be most efficient at promoting angiogenesis
which may also improve the muscle remodeling process. Therefore, human myoen-
dothelial cells and pericytes offer great hope for improving the success of the next
generation of myogenic stem cell transplantation protocols.

4.2.4 Mesoangioblasts

Mesoangioblasts are another population of human vessel-derived progenitor cells
that express endothelial markers in the embryonic stage and pericyte markers in
postnatal tissue [70]. In addition, mesoangioblasts can cross vessel walls, making
them an intriguing candidate for systemic transplantation delivery. Wild-type or
genetically-corrected mesoangioblasts delivered intra-arterially (IA) into dystro-
phic a-sarcoglycan (SCGA) mutant mice significantly improved the functional
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outcome of the mice [71]. Furthermore, canine mesoangioblasts transduced to
express micro-dystrophin were delivered IA into the golden retriever muscular dys-
trophy (GRMD) canine model, which resulted in widespread expression of dystro-
phin and significantly improved muscle morphology and function [72]. These
studies have led to an ongoing phase I clinical trial in Europe with mesoangioblast
allotransplantation in patients with DMD [73].

Because DMD is a disease that affects both skeletal muscle and cardiac muscle,
the versatility of mesoangioblasts is of great benefit when developing potential cell-
based therapies. Aorta-derived mesoangioblasts (ADMs) expressing cardiomyocyte
markers in vitro possess the ability to delay dilated cardiomyopathy formation in
dKO mice upon transplantation as determined by heart function, interventricular
septal hypertrophy, and ventricular size [74]. Furthermore, ADM transplantation is
capable of increasing cardiac angiogenesis alongside the restoration of dystrophin
expression in dKO heart tissue, thus supporting the pursuit of mesoangioblast-based
cell therapy for the treatment of DMD [74].

In addition to their roles in skeletal and cardiac muscle regeneration, mesoangio-
blasts also have an intrinsic anti-inflammatory function. Even after upregulation of
human leukocyte antigen (HLA) surface proteins, human mesoangioblasts fail to
stimulate T-cell proliferation in vitro which implies a lack of immunogenicity [75].
Furthermore, human mesoangioblasts possess the ability to hinder T-cell prolifera-
tion and inflammatory cytokine secretion in vitro. Interestingly, mesoangioblast
transplantation was recently combined with tissue engineering strategies to treat
acute and chronic muscle degeneration [76]. Consequently, mesoangioblasts are an
exciting potential candidate for therapeutic stem cell transplantation.

4.2.5 CDI133+ Cells

In humans, a subpopulation of blood cells that express CD133 and exhibit myogenic
properties when cocultured with myoblasts has been reported [77]. Recently, lenti-
virus-mediated gene-skipping studies have restored a truncated-yet-functional dys-
trophin protein in dystrophic CD133+ stem cells. These CD133+ cells were delivered
via intramuscular or IA injection into mdx/SCID mice, which resulted in significant
dystrophin restoration as well as improvement in muscle function and morphology
[35]. In addition, autologous CD133+ cells derived from bone marrow induced
angiogenesis and myocardial tissue survival following infarction [78]. Clinical trials
utilizing these cells have also been initiated for the treatment of DMD [79].

The phase I clinical trial demonstrated that CD133+ cell transplantation was
safe, but ineffective in patients with DMD. Autologous muscle biopsies were
obtained from 5 patients with DMD enrolled in the trial and CD133+ cells were
isolated from each biopsy. Three parallel injections of CD133+ stem cells were
performed in the left abductor digiti minimi muscle and muscle function was
assessed over 7 months. Interestingly, four of the five patients showed increased
numbers of capillaries per myofiber, which may be related to paracrine signaling
from the CD133+ stem cells [79].



4 Stem Cell Transplantation for Degenerative Muscle Diseases 95
4.2.6 Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs)are adherent, non-hematopoietic stem cells that
express CD90, CD105, and CD73, are negative for CD14, CD34, and CD45 surface
markers, and can be isolated from bone marrow or other sources such as adipose
tissue [80]. Functionally, MSCs are defined by their ability to differentiate into adi-
pocytes, chondrocytes, myocytes, and osteocytes when appropriate differentiation
protocols are followed [81]; however, MSCs have also been reported to differentiate
into neurons, hepatocytes, and muscle cells [82—85].

MSCs have two distinct advantages when considering degenerative muscle dis-
ease. MSCs have been reported to selectively localize to injured tissues and differ-
entiate into appropriate progeny without the need for ex vivo reprogramming, as
observed in myocardium and bone defects [86, 87]. Furthermore, MSCs have well-
characterized anti-inflammatory properties and have been shown to modulate
chronic inflammation in several diseases including autoimmune arthritis, type I dia-
betes, and multiple sclerosis [88—90]. The anti-inflammatory mechanism of MSCs
includes the suppression of macrophage activation, inhibition of cytotoxic natural
killer cell and T-cell function, and regulation of T-cell production [91-93]. The
paracrine effects of MSCs include the inhibition of apoptosis, stimulation of endog-
enous cell proliferation, and activation of resident tissue stem cells [94]. For these
reasons, MSCs have been explored as a potential cell source for the treatment of
skeletal muscle disease.

MSCs have been examined for their myogenic regeneration capacity in mdx
mice. By inducing Pax3 gene expression, the MSCs engrafted and formed myofi-
bers in the dystrophic muscle; however, no functional recovery was observed [95].
This discrepancy may have resulted from use of the mdx model, which exhibits a
less-severe phenotype compared to human DMD as described above.

Recently, studies have explored the use of bone marrow-derived mesenchymal
stem cells enriched for CD271 as a potential cell type for the treatment of dystro-
phic muscles in GRMD dogs [36]. Canine MSCs transduced with MyoD demon-
strated increased myogenic differentiation capacity in vitro as well as in vivo
after allogeneic transplantation [36]. Furthermore, MSC transplantation displayed
long-term engraftment and favorable cell migration properties upon administration.
In GRMD dystrophic skeletal muscle, transduced MSCs also restored dystrophin
expression while also exhibiting the above transplant-related properties, such as the
absence of imunogenicity [36]. Despite the lack of intrinsic myogenic potential,
MSC:s are a potential cell source for DMD treatment in the future [36].

4.2.7 Embryonic Stem Cells

The above-mentioned multipotent progenitor cells have a variety of benefits in the
context of DMD therapy; however, drawbacks related to the use of adult myogenic
stem cells may include their limited self-renewal capacity, senescent tendencies,
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and limited pluripotency [96]. Genetically engineered Pax7-inducible embryonic
stem cells (ESCs) have been shown to display robust myogenic differentiation
in vitro as well as the ability to regenerate skeletal muscle in vivo [96]. Two separate
groups have been successful at deriving myoblasts and satellite cells from human
embryonic stem cells [42, 97]. Upon transplantation, the ESC-derived satellite cells
regenerated myofibers in the mdx model [97]. Not only do ESCs contribute signifi-
cantly to new myofiber formation in vivo, but ESCs also contribute to the pool
of quiescent host stem cells [96]. These results suggest that ESCs may be a promis-
ing potential cell source for the treatment of DMD; however, several drawbacks of
ESC therapy-based studies include the ethical dilemma surrounding their use,
immunogenicity, and the potential for tumor formation once ESCs are transplanted
into adult tissue.

In 2013, a human embryonic stem cell line derived from DMD was approved for
NIH funding in the United States [98]. Sixteen newly approved lines also include
cells that carry genes for other hereditary disorders, such as spinal muscular atro-
phy, myotonic dystrophy, and neurofibromatosis. These ESCs may offer an alterna-
tive strategy to murine modeling of disease and may lead to exciting findings in
high-throughput drug screening that will likely affect how degenerative muscle dis-
eases are treated in the future.

4.2.8 Induced Pluripotent Stem Cells

iPSCs offer the versatility of embryonic stem cells without the ethical and medico-
legal issues associated with ESC isolation. However, iPSC technology is still in its
infancy due to the limited efficiency of cell reprogramming, the potential immuno-
genicity of cell transplants, and potential for oncogenic transformation. Nonetheless,
several protocols have been established that are relevant to degenerative muscle
disease [99].

Through the introduction of specific reprogramming genes into dKO fibroblasts,
dKO iPSCs can be generated quite efficiently. These dKO iPSCs transduced with
micro-utrophin can also be engineered to conditionally express Pax3 with doxycy-
cline stimulation in order to stimulate myogenic potential [100]. Similar to Pax7/3-
induced ESCs, gene-corrected micro-utrophin dKO iPSCs possess high myogenic
potential (both in vitro and in vivo) as well as a high capacity for regeneration [100].
Systemic transplantation of iPSCs demonstrates skeletal muscle engraftment results
comparable to those of ESC transplantation in that the iPSCs can reach many mus-
cles groups throughout the body that are distant from the site of injection. Moreover,
the role of iPSCs may not be restricted to to the treatment of skeletal muscle in
DMD. Recent evidence suggests that iPSC-mediated systemic delivery of micro-
dystrophin in the dKO model may also correct pathologies related to fat/lipid
metabolism [101]. Additionally, a protocol to produce mesoangioblasts from human
iPSCs was recently described which could provide a new source of mesoangioblasts
for subsequent transplantation studies [102].
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4.2.9 Acellular/Cellular Combination Strategies

The collective efforts of researchers involved with the development of cell-based
therapies for the treatment of DMD are truly admirable; however, it is possible that
combining these efforts with acellular therapies may prove even more useful in the
future. Recent studies that explored the molecular mechanisms of aging in MDSCs
have found that pharmacological blocking of the p38a/f mitogen-activating protein
kinase (MAPK) pathway prevented age-related reduction in MPC proliferation
[103]. Furthermore, blocking this pathway restored the engraftment capacity of pre-
viously defective aged MPCs with respect to graft survival and regenerative capac-
ity within injured host skeletal muscle [103]. Of note, blocking p38a/f also allowed
for the long-term rejuvenation of the MPC pool in vivo, which is a desirable char-
acteristic of any cell-based DMD therapy (Table 4.1) [103].

4.3 Interaction between Progenitor Cells
and the Surrounding Microenvironment

In order to design effective cellular therapies for the treatment of degenerative
muscle diseases, it is necessary to have a thorough understanding of the cellular and
molecular environment that exists within the degenerating muscle tissue. In DMD,
loss of the functional dystrophin-glycoprotein complex leads to sarcomere rupture
and the release of cytoplasmic proteins, ions, and nuclear material into the extracel-
lular space. Abnormal skeletal muscle physiology also results in calcium release-
activated calcium channel protein 1 (Orail) dysregulation, which has been shown to
accelerate myofiber breakdown in DMD [104—-106]. In response to tissue break-
down, inflammatory cell infiltrates, cytokines, and activated complement create an
inflammatory environment to clear the cellular debris [80, 107]. MPCs are then
activated primarily by IGF-1, a cytokine produced by invading macrophages and
endothelial cells [108, 109]. The MPCs proliferate and fuse with existing fibers (or
themselves) to create new myofibers. Furthermore, there is an upregulation of
integrin-like kinase (ILK) and cytoskeleton-associated proteins such as vimentin in
order to compensate for the lack of dystrophin within the myofibers [105]. These
myofibers also downregulate and upregulate the calcium transporters SERCA1 and
NCX3, respectively, which has been theorized as a compensatory mechanism to
restore calcium homeostasis in patients with DMD [110]. Despite the many mecha-
nisms set in place to curb the evolution of muscle pathology, the absence of dystro-
phin still leads to eventual disruption of the newly formed fibers.

Increased metabolic/oxidative stress may also contribute to the deterioration of
MPC function in DMD [104]. Recently, defects in autophagy in the mdx mouse
model mediated by mTOR and Src-kinase have been shown to contribute to this
oxidative stress [104]. Furthermore, the mdx mouse model exhibits generalized
mitochondrial dysfunction as evidenced by the reduction of protein expression
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Table 4.1 Comparison of muscle progenitor cells (MPCs)

MPC

Satellite cells/
myoblasts

MDSCs

MECs

Pericytes

Mesoangioblasts

CD133+

MSCs

ESCs

iPSCs

Anatomical
location

Sarcoplasmic
membrane

Unknown

Vasculature

Vasculature

Vasculature

Peripheral blood
and bone marrow

Mesenchymal
tissue and bone
marrow

Blastocyst

Reprogrammed
terminally
differentiated
cells

Advantages

Unipotent
muscle
progenitor
Establish
quiescent pool
Multipotent
muscle
progenitor
Increased
expansion and
survival
Angiogenesis
More effective
muscle
regeneration than
myoblasts

More effective
muscle
regeneration than
myoblasts

Systemic
delivery
Anti-
inflammatory
Easily isolated
Promote
angiogenesis
Migrate to
injured tissue
Anti-
inflammatory

Pluripotent

Pluripotent
Derived from
readily available
cell source
Withstand
oxidative stress

Disadvantages

Limited expansion
Poor engraftment

Rare population

Rare population

Lack myogenic
markers

Limited migration
and engraftment
Senescence

Rare population

Limited restoration
of dystrophin

Require myogenic
gene activation

Require myogenic
gene activation
Ethical
implications
Teratoma
formation
Require myogenic
gene activation
Oncogenic
transformation
Low efficiency of
reprogramming

. Akpinar et al.

DMD
clinical trials

Phase 11

N/A

N/A

N/A

Phase I

Phase I

N/A

N/A

N/A
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and activity within their mitochondria [105, 111]. Upregulation of reactive
oxide-producing enzymes, such as NADPH oxidase, have also been shown to con-
tribute to the muscle degeneration observed in DMD patients [112]. These studies
suggest that, in DMD, there exists an ongoing process of metabolic dysregulation
which leads to a reduced capacity for aerobic energy production and an excessive
production of harmful oxidizing molecules and free radicals. These deficits in meta-
bolic and mitochondrial function in the MPC microenvironment may also contribute
to MPC depletion. For these reasons, robust cells capable of withstanding a higher
threshold of oxidative stress could represent suitable targets for cell therapy [113].

The onset and progression DMD are associated with the upregulation of inflam-
matory genes, including cytokines such as TNF-a, IL-1, and IL-4 [114-116]. The
nuclear factor kappa B (NF-xB) pathway is strongly implicated among these inflam-
matory genes. Inhibition of the NF-kB pathway in the mdx model results in a thera-
peutic benefit by decreasing macrophage infiltration and promoting myogenesis
[117, 118]; however, the complete depletion of inflammatory cells negatively
impacts muscle regeneration [119]. In fact, corticosteroids are commonly pre-
scribed for the treatment of patients with DMD due to their immunosuppressive
effects that inhibit long-term muscle degeneration through the reduction of muscle
inflammation [120, 121]. Long-term use of corticosteroids, however, also causes
negative side effects such as increased appetite, weight gain, loss of bone mass,
pathologic fractures, and cataracts [122]. Therefore, an optimal strategy for stem
cell therapy in the context of this harsh, pro-inflammatory environment must
involve the use of cells that are able to modulate the immune response to prevent
chronic inflammation.

Chronic inflammation not only results in monocytic and lymphocytic infiltration
of musculoskeletal tissues, but it also severely alters the tissue architecture and
microenvironment, both of which hinder healthy muscle regeneration. For example,
chronic inflammation has key roles in the induction of fibrosis formation and
the dysregulation of adult stem cell compartments, thus leading to ectopic calcifica-
tion and fat deposition. Chronic inflammation leads to the activation of TGF-f via
the renin-angiotensin system, which further promotes the deposition of extracellular
matrix (ECM) by myofibroblasts and ultimately replaces functional muscle with
scar tissue [123]. In addition, the expression levels of matrix metalloproteinases
(MMPs) and their inhibitors (i.e., TIMPs) are skewed in that TIMPs are more highly
expressed, leading to an accumulation of connective tissue. The expression of
MMPs in mdx mice has a potential therapeutic benefit on dystrophic muscle by
decreasing the synthesis of new ECM and limiting fibrosis [124]. In addition,
patients with DMD often present with heterotopic ossification (HO) and intramyo-
cellular lipid accumulation (IMCL), suggesting that there exists a dysregulation in
the pathways for stem cell differentiation [125].

HO is the formation of ectopic pathological calcification within muscle tissue,
whereas IMCL arises as a result of dysregulated fatty acid metabolism [126].
Although seemingly unrelated, the aforementioned “side effects” and reduced
myogenic potential of underperforming muscle progenitor cells may be partially
mediated by the activation of RhoA, a GTPase regulator of the actin cytoskeleton.
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Fig. 4.3 Schematic representation of late-stage DMD muscle with molecular factors regulating
inflammation, fibrosis, and fat and bone formation. Transplanted stem cells with paracrine signal-
ing capabilities can modulate the microenvironment and self-facilitate improvements in survival,
engraftment, and tissue regeneration capacities

Recent studies have shown that HO and IMCL levels in 8-week-old dKO murine
muscle are associated directly with the degree of local myofiber necrosis and
inflammation [125]. RhoA is upregulated in HO-containing skeletal muscle with
additional upregulation of the inflammatory factors TNF-a and osteogenesis-related
BMPs. Strikingly, inactivation of RhoA results in a significant decrease in HO
which implies a causal relationship [125]. Additionally, RhoA inactivation lowers
IMCL in dystrophic skeletal muscle and increases the myogenic potential of the
stem cell pool [125]. Thus, manipulation of RhoA levels may provide an alternate
avenue for the treatment of these manifestations observed in DMD patients.

The skeletal muscle environment continuously worsens with the progression of
DMD and is characterized by inflammation, fibrosis, dysregulation of calcium
homeostasis, metabolic dysfunction, increased oxidative stress, and ectopic bone
and fat formation (schematically represented in Fig. 4.3). Thus, exhaustion of the
stem cell pool is only one of the challenges we face as we continue to develop new
strategies for the treatment of DMD. Transplanted stem cells must not only form
new myofibers, but they must also survive in a hostile inflammatory microenviron-
ment and engraft within tissues that contain mixed signaling cues. While stem
cells are classically thought to directly contribute to new cell formation, an emerg-
ing role for the importance of paracrine signaling has surfaced in the literature as
of late. As new information emerges regarding the systemic barriers to muscle/
MPC health, such as metabolic and calcium-related dysfunction, paracrine-medi-
ated cell therapies are of significant appeal. An ideal role for these stem cells is to
secrete paracrine factors that modulate the microenvironment by regulating the
expression of molecules such as NF-kB, RhoA, TGF-f, Src-kinase, mTOR, ILK,
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Orail, and MMPs in order to reestablish tissue homeostasis. Several groups have
documented the paracrine effects of MPCs. MSCs and mesoangioblasts have dis-
played anti-inflammatory effects while also modulating the microenvironment and
promoting cell engraftment. It has also been described that MDSCs can secrete
rejuvenating factors that influence endogenous progenitor cells. Consideration of
the microenvironment and the numerous advantages of paracrine signaling will
allow for the success of the next generation of cell therapies for DMD.

4.4 Summary

In degenerative muscle diseases such as DMD, constant activation of MPCs ulti-
mately leads to stem cell depletion and a dramatic decline in muscle repair capac-
ity and function. Stem cell transplantation offers hope in the battle against
degenerative muscle diseases through replenishment of the depleted pool of MPCs.
Over the past 25 years, many clinical and preclinical studies have attempted to treat
muscular dystrophy using satellite cells/myoblasts, MDSCs, myoendothelial cells,
pericytes, mesoangioblasts, CD133+ cells, mesenchymal stem cells, ESCs, and
iPSCs. Consideration of the interaction between transplanted stem cells and the hos-
tile microenvironment characteristic of degenerative muscle tissue is crucial to the
success of any future therapeutic strategies for DMD. This interaction can be modu-
lated using pharmacological agents or intrinsic paracrine signaling pathways that
regulate stem cell function.

The MPCs outlined in this chapter have intrinsic advantages and disadvantages
with regard to cell-based therapeutics for the treatment of degenerative muscle dis-
eases. In general, the ideal stem cell therapy would include the following character-
istics: (1) isolation from an easily accessible source, such as blood, muscle, or bone
marrow, (2) expansion in vitro without compromise of myogenic ability or induc-
tion of early senescence, (3) efficient transduction capacity for genetic corrections,
(4) global muscle engraftment upon administration, and (5) long-term in vivo sur-
vival in the absence of immunosuppression. Although there are no curative, long-
term therapies for DMD at the time of this writing, there has been an influx of new
cell sources and genetic engineering techniques in addition to an improved under-
standing of the characteristic pro-inflammatory microenvironment in recent years.
With this gain in knowledge and technology, the future of stem cell transplantation
for the treatment of degenerative muscle diseases appears promising.
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Chapter 5
Spinal Cord Cellular Therapeutics Delivery:
Device Design Considerations

Khalid Medani, Jonathan Riley, Jason Lamanna, and Nicholas Boulis

5.1 Introduction

Three primary delivery approaches may be attempted when delivering a cellular
graft to the spinal cord. Intravascular, intrathecal, and intraparenchymal delivery
methodologies have each been explored in clinical trials. A list of recent domestic
and international trials that utilize each of these techniques is provided in the
attached Table 5.1. These vary widely in procedural complexity and invasiveness,
potential for associated neurologic morbidity, and anatomic specificity of graft
delivery. Indirect delivery approaches (e.g., intrathecal, intravascular) are less inva-
sive than current methodologic approaches for intraparenchymal delivery, respec-
tively, requiring either vascular access or a lumbar puncture. Indirect approaches
require a demonstrated capability of CNS homing to the area of treatment within the
spinal cord. Preclinical studies have supported a variable capability to achieve hom-
ing to the CNS with both intravascular or intrathecal delivery. Some studies have
supported engraftment at the site of interest. Others have supported limited paren-
chymal penetration (e.g., clustering on the pial surface or dependent clustering in
the thecal sac) with intrathecal delivery [39, 40] and a lack of homing with intravas-
cular delivery. Preclinical studies that have attempted a direct comparison between
the delivery approaches have favored the substantially higher engraftment efficiency
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observed with intraparenchymal administration [41, 42]. Additional considerations
relevant to both indirect delivery approaches include the possibility of disseminated
tumorigenesis and delivery-associated vascular complications. Early reports of
tumorigenesis with endovascular approaches have subsequently been attributed to
graft contamination [43, 44]. Intravascular delivery may also be complicated by
delivery-associated vascular congestion [45] though this has only been reported to
date in small animal studies.

Intraparenchymal delivery is associated with an additional set of considerations
that are predominantly technical in nature. These include: design of the injection
device, stabilization technique that accounts for device or patient movement, choice
of targeting approach, and employed dosing parameters. Our group has developed an
intraparenchymal delivery platform and approach that have been explored in pre-
clinical studies, in a recently completed phase I clinical trial [46, 47] and now in an
ongoing phase II trial for delivery of a cellular therapeutic to the ALS spinal cord.
Here we describe design considerations relevant to an intraparenchymal microinjec-
tion approach and explore how these considerations have been clinically managed.

5.2 Intraparenchymal Microinjection Design Considerations

5.2.1 Stabilization Approaches

Varied procedural methodologies have been used to deliver different biologic
payloads (e.g., cellular grafts, viral vectors) to targeted intraspinal sites of interest in
both preclinical and clinical studies. Broadly, intraparenchymal microinjection
approaches may be divided into non-stabilized (e.g., freehand) and stabilized (e.g.
table mounted, patient mounted) methodologies. Freehand delivery, a non-stabilized
approach, has been the predominant approach explored in early preclinical and clini-
cal investigations [3-5, 13, 48-50]. Published clinical reports utilizing a freehand
delivery approach are summarized in Table 5.2. This technique employs a cannula
that is manually manipulated and held at the injection target area by the surgeon.
Graft delivery may take place through either manual injection by the surgeon or
through the use of a programmable infusion pump. The primary advantage of this
approach is optimized mobility when manipulating the injection cannula.
Disadvantages include concerns for shear-related parenchymal injury at the injection
site related to patient or needle movement, an inability to accurately target the
intended injection site, and poor reproducibility of targeting between injections.
With this technique, damage might occur to the spinal cord with the inadvertent
movement of the needle or of the patient during the injection procedure. Concomitant
use of a manual surgeon-controlled injector (e.g., syringe), as has been employed
clinically, further complicates payload delivery. The uncontrolled infusion rate may
lead to concern for mass effect with resultant local cord injury or payload reflux
through the catheter tract. Broad variability in outcome measure reporting between
these trials precludes rigorous evaluation or comparison [51].
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Fig. 5.1 Stabilized intraspinal microinjection platforms. (a) A table-mounted microinjection system
is employed. A Yasargil retractor system, mounted to the patient bed, was used to hold an injection
needle and syringe. This particular system utilized a surgeon-actuated syringe. This image has been
reproduced from Blanquer et al. [52]. (b) An alternative table-mounted design utilizes the circular
Synthes Synframe. The circular table-mounted frame accommodates an attached micromanipulator,
syringe, and injection cannula [19]. (¢) A patient-stabilized microinjection platform utilized by our
group is demonstrated. This platform is stabilized by the use of an integrated retractor system and the
use of percutaneous posts at either end. A “floating” microinjection needle operated by a program-
mable microinjection pump is utilized (*Permission to republish images from Blanquer et al. and
Feron et al. has not yet been obtained and will be processed during manuscript review)

Stabilized direct microinjection approaches include the use of both table-mounted
and patient-stabilized microinjection platforms. Examples of table- and patient-stabi-
lized platforms are provided in the attached Fig. 5.1a—c. Clinical studies utilizing each
stabilized approach are, respectively, summarized in Tables 5.3 and 5.4. Table-mounted
microinjection platforms provide advantages not seen with freehand injection. Rigid
fixation of an injection platform and microinjection cannula substantially reduces con-
cern for needle tip movement during the injection process. Attachment of the microin-
jectionneedle to a platform-mounted micromanipulator stage allows for multidimensional
control of the cannula trajectory, improving both the achievable accuracy and precision.
Patient-mounted microinjection platforms include the advantages of stabilization shared
with table-mounted devices. However, instead of rigid fixation to the operating room
table or alternate structure, patient-stabilized microinjection platforms are rigidly affixed
to the patient. Stabilization to the patient can be accomplished through attachment to a
self-retaining retractor, bony prominence, or both.
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5 Intraspinal Cellular Therapeutics Delivery 119

Table 5.4 Pending and completed patient-stabilized spinal cord cell injection trials

Indication Injection
Delivery # Cell cannula
method Year | Location |patients) |line type Immunosuppression
Intraparenchymal | 2012 | Atlanta, | ALS Fetal Floating Methylprednisolone,
(patient GA, (12) spinal | cannula basiliximab,
stabilized) USA cord- and tacrolimus,
[1,2] derived | microinject | mycophenolate
stem or pump, mofetil
cells 30-gauge
needle

5.2.2 Injection Cannula Design

Delivery of cellular payload in both large animal preclinical studies and in clinical
application has utilized some variation of an injection cannula or needle. In this sec-
tion, factors to be considered when choosing a cannula design, examples of current
generation cannula alternatives, and possible future design alternatives are discussed.
An optimized cannula design should minimize infusate reflux, reduce local injection-
related tissue trauma, maintain cell viability, and result in a homogenous distribution
of delivered cells. Modifiable factors that contribute to graft reflux include: targeting
accuracy, injection parameters (e.g., volume, rate, graft concentration), and the injec-
tion cannula construction. Likely due to the anisotropy encountered in white matter as
opposed to the spinal gray matter, large animal data supports preferential graft disper-
sion rostrocaudally when in white matter while maintaining a more focal distribution
in the gray matter (data not published). Further, elevations in volume and rate of deliv-
ery result in an increased predilection towards payload reflux. Innovations to improve
the tissue seal around the cannula tip have been demonstrated to retard infusate reflux
over a range of volumes and rates. These include an increased injection needle/can-
nula insertion speed [54], the use of a stepped cannula design [55, 56], and coating the
outer cannula surface with a hydrogel that expands on contact with tissue [57].
When considering graft delivery for both local (e.g., spinal cord injury) and dif-
fuse (e.g., SMA, ALS, MS) afflictions, care must be taken to minimize local tissue
trauma. This is a priority both because of the functional importance of all spinal
cord tissue and the possible need to complete serial unilateral or bilateral injections
to achieve adequate cell delivery to the sites of interest. In vitro data supports an
elevated needle insertion speed as a modifiable factor to reduce local tissue trauma
[54]. Cannula design represents another modifiable parameter to minimize trauma
during the injection process. As compared to traditional rigid injection cannulas,
our group has developed a “floating cannula”-based design that allows the cannula
and silastic tubing to move with cardioballistic and cardiorespiratory-associated
cord movements. The injection cannula enters the spinal cord in rigid conformation.
The needle is introduced to a predetermined depth, physically limited by a flange.
Once firmly seated, the outer cannula is retracted allowing the injection needle to
move freely during the injection process. In our experience, preclinical large animal
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studies support a faster recovery to neurologic baseline and toleration of multiple
bilateral injections with this process as opposed to with a rigid cannula. An alternate
approach initially designed for cranial application includes the use of a “steerable”
injection cannula. Steerable injection cannulas have been described that allow an
injection cannula to be inserted at up to 25° from the axis of the guide cannula [58,
59]. More recently, Silvestrini et al. [54] describe the use of dual opposed side ports
and rotation of a guide cannula to allow radial branched deployment (RBD) of the
inner injection cannula at up to 90° from the primary guide cannula axis. While the
described RBD cannula is 20 gauge, future reductions in cannula caliber may allow
broadened application to intrapsinal parenchymal delivery.

The delivery of cellular suspensions is associated with a unique set of constraints
that can affect both cellular viability during the injection process, homogeneity of
the delivered suspension, and long-term cell survival at the engraftment site. These
issues have recently been reviewed [60]. The comparative differences in size when
considering delivery of a cellular versus viral or peptide-based therapeutics result in
cellular payloads behaving like a suspension in their carrier fluid. By contrast, viral-
and peptide-based payloads act as a solution. As a consequence, cell suspensions
are prone to sedimentation during the delivery process. This introduces the possibil-
ity of wide variations in the cell concentration delivered, with very high concentra-
tions delivered during initial injections and progressive decreases during later
injections. The unintentional delivery of high cellular concentration into an engraft-
ment site can result in decreased post-transplant cellular viability due to a lack of
necessary nutrients in the comparatively avascular engraftment site [61]. Gentle
agitation has been explored as a method to reduce cell suspension sedimentation
[62]. Graft viability may also be affected by the extensional forces experienced dur-
ing transition zones (e.g., wide syringe to narrow cannula) and along the lengths of
narrow injection cannulas. To minimize exposure to these extensional forces, effort
should be given to empiric optimization of infusion parameters, minimization of
cell interaction with shifts in internal cannula diameter, and use of minimum neces-
sary lengths of cannula tubing. Further, recent data supports the use of a hydrogel-
based cell carrier as a means to reduce cell exposure to extensional forces during the
injection process and to improve cell injection viability [63]. Fibrin-based matrices
have also been published as a basis for improving cellular engraftment [64].

5.2.3 Targeting Methodologies

Tables 5.2, 5.3, and 5.4 provide the methodologies utilized for targeting intraspinal
sites of interest, when described in the literature. Regardless of injection stabiliza-
tion method employed, published literature generally indicates the use of anatomic
surface landmarks to guide introduction of an injection cannula to a prespecified
depth. In some instances, investigators have indicated histopathological findings
from human specimens or data from preclinical injections in large animals to sup-
port the choice of chosen injection coordinates. Our preclinical experience initially
attempted the use of microelectrode recording to target the ventral horn by mapping
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the borders of the gray and white matter [65]. While achievable, this technique
required making one or more passes with a recording microelectrode, in addition to
the pass required for payload delivery. Subsequent shift to the use of anatomic sur-
face landmarks and an injection platform that allows correction for anatomic vari-
ables to ensure orthogonal injection cannula entry to the spinal cord has improved
the speed, accuracy, and precision of payload delivery to the ventral horn in pre-
clinical delivery studies to swine. In our clinical experience, somatosensory evoked
potentials (SSEPs) have been utilized as a surrogate for possible spinal cord injury
associated with the injection process. We have chosen to include a 50 % decrement
in SSEP signal that persists over a 30 min period as an indication to terminate the
injection process. In a series of 120 spinal cord injection penetrations in a recently
completed phase I trial that utilized a patient-stabilized device and a “floating”
microinjection cannula, prolonged SSEP decrement during the injection process
was not observed [46, 47]. A paucity of histopathological data exists from the trials
listed in Tables 5.2, 5.3, and 5.4 to evaluate the accuracy of anatomic landmark-
based targeting. A combination of histologic graft site identification and develop-
ment of methods to achieve in vivo graft tracking will help to optimize utilized
targeting approaches.

5.3 Future Considerations, Cell Labeling, and In Vivo Graft
Tracking

The in vivo fate of transplanted intraspinal cell grafts is poorly understood. Delivery
method, transplanted cell dose, in vitro cell viability, graft location, host immune
response, and many other factors interact to modify in vivo graft survival. Much of
the data analyzing graft survival comes from postmortem histopathology in small
animal xenograft models. The applicability of these reports to human cell transplan-
tation is debatable. To date, published clinical reports lack histopathological evi-
dence of in vivo graft survival. Furthermore, many of these reports lack confirmation
of successful graft delivery and initial post-transplant graft location. The difficulties
in histological identification of transplanted allografts are the result of methodologi-
cal limitations in identifying the origins of chimeric tissue, that is, tissue of the same
species but from different hosts. Confirmation of successful graft delivery and
determination of initial graft location require a method of identifying and tracking
cells in vivo. These limitations highlight the utility of a method for labeling cells for
identification and tracking.

Several methods have been proposed for tracking transplanted cells in vivo. Cells
can be genetically modified with viral vectors engineered to express reporter genes.
The expression of reporter genes can be used to place markers on the cell surface for
identification of the transplanted cell graft with injected probes for imaging with
positron emission tomography (PET) [66, 67] or magnetic resonance imaging
(MRI) [68, 69]. A case report has shown the utility of genetic modification of trans-
planted cells with a PET reporter gene in the brain of a patient with glioblastoma
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multiforme [70]. However, the scalability of this approach to large animal models
and eventually to the clinic requires further investigation. Alternatively, the vector
can be designed to allow the cell to accumulate additional iron to produce contrast
for identification with MRI [71, 72]. Initial results in small animal models have
demonstrated the ability to identify the transplanted graft in vivo. The main advan-
tage of this approach is the specific identification of transplanted cells with a reduced
risk of label transfer to host cells. Limitations of this approach include the low sig-
nal to noise ratio produced and the increased risk of oncological transformation and
tumorigenesis from random integration of the viral vector in to the cell.

Cells may be labeled ex vivo, prior to transplantation, with physical particles that
produce contrast for in vivo tracking with MRI or PET. This is comparatively
straightforward as the cells can be forced to internalize the particles. However, the
intracellular concentration of particles can be reduced from cell division and exter-
nalization. The externalized particles can be internalized by host cells and create a
false-positive signal that can be incorrectly interpreted as a surrogate of cell graft
survival [73]. Superparamagnetic iron oxide (SPIO) nanoparticles have been used to
track transplanted cell grafts in vivo with MRI in the central nervous system in
many small animal models [74, 75]. Furthermore, SPIO nanoparticles have been
used to histologically identify a cell graft 1 year after transplantation in a rodent
model of stroke [76]. SPIO nanoparticles have been successfully used in clinical
trials to track cell grafts vivo in the brain [77] and spinal cord [31, 78]. However,
further investigation must be taken to confirm the cells internalize the particles,
assess both in vitro and in vivo cytotoxicity, and determine the feasibility of this
approach in large animal studies.

The continued development of in vivo cell graft tracking methodologies and
improvement of intraoperative imaging techniques raise the prospect of a minimally
invasive, image-guided approach to the spinal cord. A minimally invasive approach
could alleviate the need for dural opening, laminectomy, and incision. Clinical
experience with percutaneous cordotomy [79-81] provides foundation and prece-
dent for an MRI- or CT-guided approach. Furthermore, percutaneous intraspinal
transplantation has been performed under fluoroscopic guidance in a canine model
[82]. The spatial resolution of MRI is unparalleled, and MRI is regularly used to
guide the placement of DBS electrodes with millimetric accuracy [83—-85]. The
development of a minimally invasive, MRI-based injection device and targeting
approach for intraspinal transplant has the potential to both reduce the risk for surgi-
cal complications associated with access to the spine (e.g., infection, postoperative
kyphosis) and to greatly improve targeting accuracy and precision. However, poten-
tial limitations specific to a minimally invasive approach include pial vessel hemor-
rhage and hematoma formation, CSF leak, and inaccurate targeting due to cord
displacement. While these concerns must be addressed in preclinical large animal
studies, the approach remains promising.
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5.4 Conclusion

Multiple international trials have been completed with the intent to deliver a puta-
tive cell-based therapeutic to the spinal cord. The published literature and our per-
sonal experience have informed an iterative approach towards an intraparenchymal
microinjection approach. This has resulted in a design that has successfully com-
pleted evaluation in a phase I clinical trial and is currently being employed in a
phase II clinical trial. Each of the design elements discussed, however, holds con-
tinuing challenges for future innovation and improvement. Efforts will continue
towards: creating a lower profile microinjection platform and less invasive surgical
approach, improving the targeting methodology and achieved accuracy, and opti-
mizing the utilized dosing parameters. In future applications, intraparenchymal
microinjection strategies may be expected to incorporate image-guided delivery
approaches and mechanisms to track the delivered cellular grafts for viability and
distribution. Additionally, current experiences with allograft delivery will help to
clarify the needs for immunosuppression on a graft specific basis. Finally, continued
technological improvement and an increased experiential understanding will help to
better elucidate the roles for both direct and indirect cell delivery approaches for
treatment of intrinsic spinal cord pathologies.
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Chapter 6

Patient-Derived Induced Pluripotent Stem
Cells Provide a Regenerative Medicine
Platform for Duchenne Muscular Dystrophy
Heart Failure

Xuan Guan, David Mack, and Martin K. Childers

6.1 Introduction

Mutations in the dystrophin gene cause dystrophinopathy, a hereditary disorder
with variable allelic clinical presentations including Duchenne muscular dystrophy
(DMD), Becker muscular dystrophy (BMD), and X-linked dilated cardiomyopathy
(XLDC). Though the disease is well known for the skeletal muscle involvement,
most patients develop cardiomyopathy and eventually succumb to congestive heart
failure. With ventilatory support preventing respiratory-related mortality, the greater
cardiac workload associated with longer life expectancy is believed to increase the
incidence of heart failure. Currently there are no effective therapies to contain the
decline of heart function in these patients. Thus, it is urgent to devise new strategies
to prevent, halt, or reverse the cardiomyopathy. To address this unmet medical need,
we modeled dystrophin-deficient cardiomyopathy using cellular reprogramming
technology, which involves converting adult somatic cells into pluripotent stem
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cells, termed induced pluripotent stem cells (iPSCs). Upon further induction, iPSCs
can give rise to vast number of heart cells that can be used to study disease etiology
and screen therapeutic compounds.

6.2 Dystrophin-Deficient Cardiomyopathy

6.2.1 Background

Dystrophinopathy refers to a group of genetic disorders, encompassing DMD, its
milder variant BMD, and XLDC [1]. Though varied in clinical presentation, these
diseases share common gene defects in dystrophin resulting in varying levels of dys-
trophin deficiency. Cardiac symptoms are invariably associated with all dystrophi-
nopathy patients. Rare mutations cause localized dystrophin protein defects restricted
to the heart, making the heart the only affected organ in XLDC. More commonly,
mutations cause devastating skeletal muscle weakness for muscular dystrophy
patients that overshadows any underlying cardiac abnormality. 98 % of DMD patients
develop cardiac abnormalities, while congestive heart failure (CHF) and sudden car-
diac death account for 10-20 % of the mortality in DMD patients. In contrast to their
relatively mild skeletal muscle involvement, many BMD patients develop evident
cardiac symptoms likely due to the cardiac workload imposed by the longer life span
and vigorous physical activities. Cardiac complications are estimated to account for
up to 50 % of the mortality in patients with DMD [1]. The mortality associated with
cardiac failure is expected to rise even further, due to improved respiratory manage-
ment that decreases fatal respiratory failure and extends the patients’ life span.
Other reports have highlighted the linkage of dystrophin with several forms of
acquired cardiomyopathy [2—4], suggesting that dystrophin protein remodeling may
represent a common pathway underlying contractile dysfunction in failing hearts
[5]. Thus, restoring normal function of the dystrophin-associated glycoprotein com-
plex (DGC) could serve as a potential therapeutic target for heart failure patients.

6.2.1.1 Dystrophin Gene and the Mutations

The gene encoding dystrophin locates to the X chromosome, spanning 79 exons and
covering 2.4 Mbp [6]. While the shortest isoform, DP71, is ubiquitously expressed in
multiple tissues, the full-length transcript variant Dp427m is mainly expressed in
muscle tissue, including the heart [7]. By forming a dystrophin-associated glycopro-
tein complex (DGC) together with the sarcolemma, dystrophin mainly functions as
the hub to connect the intracellular actin filament with the extracellular matrix (ECM),
providing mechanical support to reinforce the sarcolemma. On the other hand, dystro-
phin also serves as a scaffold protein to organize molecules in proper position for
function, such as membrane receptors and signaling proteins like neuronal nitric oxide
synthase (nNOS) [8]. Hence, dystrophin plays a critical role in both mechanical mem-
brane support and in proper function of certain cell signaling pathways.
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Numerous genetic mutations have been identified across the whole length of the
dystrophin gene, but mainly enriched within two “hotspots.” The most common
region, 3’ end hotspot lies within exon 4555 with genomic breakpoints at intron 44,
while the 5’ end hotspot covers exons 2—19 with breakpoints in intron 2 and 7 [7].
Exon deletions and duplications are the most common forms of mutations. The
severity of symptoms heavily depends on the maintenance of the open reading frame,
rather than the size of mutated genomic regions. The frame shift hypothesis suggests
that mutations maintaining the original open reading frame lead to the production of
a truncated but partially functional protein, which usually leads to a milder clinical
presentation in BMD. On the other hand, mutations shifting the reading frame com-
pletely cease protein production [7] with prominent disease manifestations.

6.2.1.2 Clinical Symptoms and Management

Cardiomyopathy in dystrophic patients is largely underdiagnosed and poorly man-
aged [9], partly due to the fact that symptoms dynamically progress over time. To
monitor disease progression, electrocardiogram, echocardiogram, and magnetic res-
onance imaging (MRI) can be used to determine the appropriate time and course of
intervention. Cardiac manifestations associated with dystrophin deficiency include
rhythmic disturbance, organ structural alteration, and hemodynamic abnormalities.
A typical disease course includes three distinct but continuous stages [10]. The pre-
clinical stage usually presents with an abnormal electrocardiogram, demonstrating a
variety of findings such as sinus tachycardia, premature contractions, and conduction
delays [1, 11]. As the disease progresses, imaging finds evidence of cardiac hypertro-
phy such as increase of ventricular septal thickness and left ventricular free wall/
septum ratio in the hypertrophic stage. In the advanced dilated cardiomyopathy
stage, echocardiogram usually reveals ventricular dilation coupled with hemody-
namic disturbances that eventually progresses to congestive heart failure.

Available therapies are limited and palliative. Conventional anti-heart failure
regimens, including ACE inhibitors (ACEI), angiotensin II receptor blockers
(ARBSs), beta-adrenergic receptor blockers, and aldosterone antagonists, are typi-
cally prescribed in an attempt to delay heart function decline [12—14]. Corticosteroids
also demonstrated benefit in several reports, although most of these studies are ret-
rospective observations with limited sample size. More recently a cohort of 86
patients was retrospectively analyzed, and the investigators concluded on top of
ACETI therapy that the use of steroids was associated with a 76 % decrease of mor-
tality, largely driven by the reduction of heart failure-associated death. However, the
corticosteroid-treated group received ACEI treatment 3 years earlier, which may be
the alternative explanation for the observed effect [15]. Other therapeutic modali-
ties, such as pacemaker [16—18], ventricular assist device (VAD) [19-22], and car-
diac resynchronization therapy (CRT) [23-25], may be beneficial in decreasing fatal
arrhythmias and temporarily boost heart function.

With existing regimens, the majority of patients still face inevitable cardiac fail-
ure. This cruel reality makes it imperative to pursue new strategies. However, this



132 X. Guan et al.

attempt is largely hindered by the lack of a reliable disease model. Existing animal
models such as the mdx mouse fail to precisely reproduce human pathophysiology.
For example, pharmacotherapy proven effective in mdx mice failed to demonstrate
the equivalent efficacy in DMD patients and even worsened heart performance [26].
On the other hand, utilization of primary human cardiomyocytes is limited by risky
isolation procedures and poor proliferation capacity of cells captured from human
biopsy material. Therefore, a disease model system that closely mimics human
symptoms and is capable of predicting in vivo efficacy is invaluable.

6.2.2 Pathogenesis

A plethora of evidence suggests that the outer cell membrane of the skeletal or car-
diac muscle cell, the sarcolemma, is abnormally susceptible to mechanical stress in
the face of dystrophin deficiency. This “vulnerable membrane” is characterized by
the decrease of membrane stability when subjected to mechanical stretch during
contraction, predisposing muscle cells to rupture. On the other hand, a spectrum of
abnormal phenotypes across multiple physiological domains have also been linked
to the absence of dystrophin, including but not limited to disturbance of calcium
homeostasis, mitochondria dysfunction, and aberrant nNOS-cGMP signaling
(Fig. 6.1). The pleiotropic effects of dystrophin deficiency are likely due to the

Absence of
dystrophin

Membrane
instability

Sarcolemma Stretch activated Storage Operated | Hypersensitive
Rupture Ca?*Channel (SAC) | Ca?*Channel (SOC) RyR
nNOS-cGMP Caz+ MROS
dysregulation mishandling production

Ca?* dependent protease Mitochondrial

mediated degradation abnormality

!

Cell death
(Necrosis/apoptosis)

Fig. 6.1 Mechanistic scheme of the dystrophin-deficient cardiomyopathy. The absence of dystro-
phin causes membrane instability, triggering the abnormal calcium influx through various calcium
channels. Improper accumulation of extracellular calcium together with hypersensitive ryanodine
receptor leads to calcium mishandling. Coupled with dysregulated nNOS-cGMP pathway and
heightened oxidative stress, the disease network triggers cell death through calcium-dependent
protein degradation and mitochondria-mediated apoptosis
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multifaceted function of dystrophin and to some degree complicate the clear
delineation of the pathogenic process. Consequently, it is still elusive how dystrophin
deficiency leads to abnormal phenotypes. Earlier work suggests that those afore-
mentioned phenotypes are not merely concomitants of dystrophin deficiency, but
actively contributing to disease progression. Corrections of these abnormalities,
such as amplifying cGMP signaling or correction of calcium mishandling, are
accompanied by ameliorated tissue pathology and improved muscle function.
Because successful disease modeling in vitro is determined by faithful reproduction
of in vivo disease characteristics, confirmation of the presence of the disease fea-
tures in dystrophin-deficient cardiac cells renders credibility to further exploration.

6.2.2.1 Impairment of Membrane Barrier Function

Dystrophin is a cell membrane anchoring protein. Based on its sarcolemma local-
ization, others postulated that the absence of dystrophin causes membrane barrier
dysfunction. This idea is supported by the findings of “leaky sarcolemma.” For
instance, measuring serum levels of intracellular proteins, such as creatine kinase
(CK), has been widely employed to assess the degree of muscle damage in muscular
dystrophy. Experimentally introduced membrane impermeable substances such as
albumin [27-31] and Evans Blue dye were found to accumulate within damaged
dystrophin-deficient myofibers. Although these early studies confirmed the pres-
ence of an altered membrane barrier function, they failed to precisely define the
biophysical nature of the membrane lesion. Normally, skeletal and cardiac muscle
endures mechanical strain during contraction. In dystrophin-deficient DMD muscle,
discontinuation of the normal sarcolemmal membrane structure in non-necrotic
muscle fibers was observed by transmission electron microscopy. This observation
was coupled with pathological intracellular changes and hyper-contracture of the
surrounding myofibers leading to the speculation that physical breakage of the
membrane, or “micro-ruptures,” induced by mechanical strain during muscle con-
traction is the underlying membrane defect in dystrophin deficiency [32]. This
notion is further supported by the observation that a synthetic polymer, poloxamer
188, seals membrane ruptures and reversed the dystrophic phenotype [33, 34]. In
contrast to this prevailing view, Allen et al. argued that in dystrophin-deficient mus-
cle, slow kinetics of trans-sarcolemmal calcium ingress following injury could not
be accounted for by abrupt physical breakage. Instead, the investigators proposed
that pathological activation of preexisting membrane channels are responsible for
heightened membrane permeability [35]. Various calcium-permeable channels have
been scrutinized for this purpose and will be discussed in the following section.

6.2.2.2 Dysregulated Calcium Handling

Calcium is a critical ion with diversified biological functions in both physiological
and pathological processes of muscle. As a result, muscle has evolved highly regu-
lated machinery to keep calcium flow in check. Thus, malfunction of critical
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proteins in this system may jeopardize the delicate balance with a detrimental effect.
Increase of intracellular calcium concentration triggers muscle contraction and
attenuates cellular compliance [36]. Excessive activation of calcium signaling net-
works could lead to cell death [11], partly through the mitochondrial death pathway
[5, 37]. It is also worth noting that skeletal muscle differs from cardiac muscle in
calcium-handling processes. Opening of the membrane-bound L-type calcium chan-
nel in skeletal myocytes physically interacts and activates the ryanodine receptor
(RyR), the gatekeeper of sarcolemma reticulum (SR) calcium storage. While in
cardiomyocyetes, it is the local elevation of subsarcolemmal calcium concentration,
following calcium influx through the dihydropyridine receptor (DHPR), that acti-
vates the SR RyR. This difference in calcium handling could potentially contribute
to different pathophysiologies and account for organ-specific phenotypes such as
heart rhythm disturbances.

1. [Ca2+]; handling in dystrophin-deficient cardiomyocytes
Aged mdx cardiomyocytes demonstrate elevated resting [Ca2+]; [38] and attenu-
ated SR calcium storage [39] (Fig. 6.2), not present in young mdx mice. When
young mdx cells were stressed by mechanical stretch, they responded with a
profound calcium transient that largely surpassed the WT controls [34, 39, 40]
(Fig. 6.2). Both adult and young mdx cardiomyocytes demonstrated prolonged
calcium reuptake [38, 41, 42]. On the other hand, overexpression of sarco-/endo-
plasmic reticulum Ca?-ATPase 2 (SERCA?2), the pump responsible for
sequestering calcium in SR during repolarization, normalized intracellular cal-
cium load and corrected the abnormal EKG [43].

2. Extracellular calcium entry
It is generally accepted that abnormal extracellular calcium entry through a
disrupted membrane triggers downstream disease networks. In support of this
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Fig. 6.2 Schematic representation of the abnormal calcium handling detected on cellular level
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idea, removal of extracellular calcium completely abrogates pathological [Ca*];
accumulation [40]. However, the biophysical identity of the entry route is still
obscure. Though membrane tears resulting from mechanical injury has long
been suspected to be the culprit instigator, recently Whitehead et al. argued that
the delayed [Ca2+]i uprise following mechanical stretch contradicts membrane
micro-rupture to be the leading path of calcium entry [44]. Alternatively, they
suggested a group of calcium-permeable cation channels. The so-called stretch-
activated channels (SACs) were first described by Franco and Lansman to be
abnormally active in mdx mice myotubes [45]. Squire et al. later confirmed that
the occurrence and opening probability of this channel were greater in mdx myo-
fibers [46]. Blocking this channel by gadolinium, streptomycin, and GsMT-4
significantly ameliorated intracellular calcium overload induced by mechanical
stretch [38, 47, 48]. Unfortunately, though the functionality of SAC has been
confirmed by electrophysiological exams, little is known about its protein iden-
tity. Some suggested involvement of a transient receptor potential channel
(TRPC). For example, a recent study revealed in mdx heart a twofold increase of
TRPC vanilloid channels type 2 (TRPV2) expression and a mislocalization from
the cytoplasm to the sarcolemma. Knocking down TRPV2 by siRNA or antibody
blocking TRPV2 channel abrogated mechanically induced intracellular calcium
accumulation [49].

Other membrane-localized Ca** channels have also been investigated in the
context of dystrophin deficiency. The sarcolemma L-type calcium channel,
DHPR, is the main calcium channel that triggers excitation-contraction coupling
and directly interacts with dystrophin in the t-tubule system [50] [51]. DHPR
channel inactivation was delayed in cardiomyocytes from neonatal [50] and
adult mdx mice [52, 53]. Moreover, on mdx cardiomyocytes, the L-type calcium
channel mediates an enhanced calcium influx that contributes to prolonged
action potential duration [52]. These findings inspired studies to test the effect of
calcium inhibitors in DMD patients. However, neither animal experiments nor
clinical trials have demonstrated significant benefit [54, 55].

3. Intracellular calcium release through hyperactive RyR

Trans-sarcolemmal calcium influx is augmented in DMD cardiomyocytes.
However, this change alone is insufficient to account for the cyclic abnormal
calcium oscillations observed in DMD cardiomyocytes, as shown in Fig. 6.2 [36,
40]. The self-sustaining nature of the calcium oscillation suggests the involve-
ment of intracellular calcium storage of the SR. Several groups have reported
that the function of RyR, the molecule gating SR calcium release, is altered in
DMD cardiomyocytes [36, 56]. A “leaky” RyR loses control over intracellular
SR calcium release, contributing to calcium dysregulation. Ullrich et al. reported
that the sensitivity of RyR is increased in mdx cardiomyocytes, responding to
low concentration of extracellular calcium that could not activate wild-type RyR
[37]. Prosser et al. further demonstrated that sensitized RyR responds to stimuli
by a profound SR calcium liberation, which potentially accounts for DMD
cardiac rhythm disturbances [36].
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6.2.3 Excessive ROS Production

Cumulative evidence suggests a key role of elevated oxidative stress in the
degeneration of dystrophin-deficient skeletal muscle [44, 57, 58]. Exposing mdx
cardiomyocytes to hypoosmotic or stretch stress triggers higher-than-normal
reactive oxygen species (ROS) production [36, 40], likely through upregulating key
enzymes in ROS production such as NAPDH oxidase 2 (NOX2) [36], NOX4, and
Lysyl oxidase (LOX) [59]. Antagonizing ROS by supplementing the ROS scaven-
ger, N-acetylcysteine (NAC), attenuates calcium-handling abnormalities, preserves
heart function, and mitigates inflammation and fibrosis [60].

The role of oxidative stress and its downstream molecular consequences has
been well documented in other forms of cardiomyopathy [61]. Though direct evi-
dence is lacking, it is reasonable to argue that a similar pathway may also be acti-
vated in dystrophin-deficient cardiomyocytes. Excessive oxidation of functional
proteins inflicts cell damage and deteriorates heart function. Those susceptible tar-
gets include membrane channels, contractile proteins [62], signaling proteins [63],
and EC coupling components [64]. For example, Prosser et al. revealed that the
ROS generated via NOX2 oxidize RyR, which is the molecular basis of its hyper-
sensitivity [36].

6.2.4 Mitochondria Dysfunction

Functional imaging studies through positron emission tomography (PET) identified
regional abnormalities in the DMD heart, characterized by energy substrate shift
from fatty acid to glucose [65-67]. Lately, alterations of metabolic substrate were
experimentally confirmed in young mdx heart, prior to overt cardiomyopathy, cou-
pled with increased oxygen consumption, glycolysis, and ATP production rate [68].
The same group also discovered that the mitochondria permeability transition pore
(mPTP), an important mediator of mitochondrial apoptosis pathway, is more sus-
ceptible to open when challenged by stressors [5], suggesting that mitochondria are
actively involved in disease progression and may represent an intervention target.

6.2.5 Abnormal nNOS-cGMP Signaling

In skeletal muscle, the neuronal nitric oxide synthase (nNOS) is anchored to the
c-terminus of dystrophin to control nitric oxide (NO) production. While active NO
modulates target proteins by binding to a thiol residue via s-nitrosylation, NO can
also function through activating soluble guanylyl cyclase (sGC) to produce cGMP
as the secondary messenger. In DMD patients, the absence of dystrophin causes nNOS
mislocalization, which greatly dampens NOS function by up to 80 %. The benefits of
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nNOS overexpression in skeletal muscle include anti-inflammation, anti-fibrosis,
and additional protection of myofibers against mechanical stress [69]. nNOS-medi-
ated NO production also exerts a protective effect in the heart [8]. Differing from its
sarcolemmal localization in skeletal myofiber, nNOS mainly associates with SR
[70] and mitochondria [71] in the heart, without direct interaction with dystrophin.
Surprisingly, Bia et al. discovered in dystrophin/utrophin double knockout mice an
80 % decrease of cardiac nNOS activity. Encouraged by their previous success in
skeletal muscle [69], overexpressing nNOS in mdx heart demonstrated salutary
effect to decrease inflammation and fibrosis [72]. Another group overexpressed the
sGC and administration of the PDES inhibitor sildenafil with the goal to activate the
sGC pathway. Remarkably, both these strategies improved mitochondrial function,
attenuated stress-induced mPTP opening, and exerted sarcolemma protection
against workload-induced damage [73, 74]. Sildenafil has also been shown capable
to reverse cardiomyopathy in aged mdx mice, boosting depressed cardiac function
to comparable levels to age-matched controls [75]. Taken together, evidence sug-
gests that cGMP-mediated effects account for benefits associated with modulating
the nNOS pathway. Commercially available PDES inhibitors may hold promise in
treating heart disease in DMD.

6.3 Regenerative Cellular Technologies

Advances in genetics, epigenetics, and stem cell biology have empowered scientists
with new tools to control cell fate. A variety of human tissues, including cardiomyo-
cytes, neurons, hepatocytes, and endothelial cells can now be produced from stem
cells in large quantities. This new technology paves the way for a myriad of down-
stream applications, such as studying disease mechanisms, screening therapeutic
compounds, and enabling cellular replacement therapy.

6.3.1 The Germination of Nuclear Reprogramming

Mammalian development is accompanied by diversification of progeny cell identity,
realized by a gradual loss of cell plasticity. It was once believed that development is
an irreversible process. Unidirectionality was ensured by a gradual loss of genetic
material [76]. Consequently, cell fate was considered to be static and inter-lineage
switch of cellular identity impossible. In the middle twentieth century, this dogma
of a “one-way street” was challenged. John Gurdon discovered that differentiated
tadpole muscle and intestinal nuclei could generate mature fertile adults after being
transplanted into enucleated Xenopus eggs. This discovery unequivocally proved
that the genome is relatively stable across the life span of individual organisms. The
development process is not coupled with attrition of genetic material. When pro-
vided with the correct cue, an adult nucleus is capable to initiate and maintain
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normal development in a similar fashion as zygotes [77]. Miller and Ruddle had
also shown that differentiated thymus cells could be reset to a primitive stage equiv-
alent to pluripotent embryonic stem cells by fusing with embryonic carcinoma cells
[78]. These findings broadened the “one-way street” to “two-way traffic” but were
still constrained within a longitudinal developmental path. Later, Helen Blau uti-
lized a similar cell fusion technique, termed heterokaryon, to successfully convert
human non-muscle cell nuclei to acquire a skeletal muscle gene expression profile.
This was the first demonstration of an inter-lineage switch [79]. Together, these
findings revealed the surprising plasticity of nuclei and foreshadowed an era of
nuclear reprogramming to manipulate cellular fate by altering gene expression.

6.3.2 Nuclear Reprogramming 2.0
6.3.2.1 Induced Pluripotency

A lesson learned from the somatic nuclear transfer and heterokaryon experiments is
that certain molecules within the recipient’s cytoplasm redirect a terminally differenti-
ated cell type to acquire a different identity. Consequently, identifying these limited
molecules and overexpressing them in donor cells might simplify the process. The
cosmologically vast number of molecules contained in the cytoplasm made this a for-
midable task. After decades of exploration, a seminal breakthrough occurred in 2006.
Yamanaka and Takahashi identified ectopic expression of four transcription factors,
Oct-4, Sox-2, c-Myc, and KIf4 [80], that converted both mouse [80] and human [81]
fibroblasts to pluripotent stem cells. Another report around the same time demon-
strated that nanog and Lin28 could replace c-Myc and Kif4 [82]. Converted somatic
cells, termed, induced pluripotent stem cells (iPSCs), possess indefinite self-renewal
capacity and the potential to generate virtually any cell types within the body. To date,
although small differences have been reported between iPSC and hESC [83-87], these
two behave largely the same. Not only do iPSC and ES cells share similar morphology
and gene expression profiles, more importantly, iPSC cells acquire bona fide pluripo-
tency, forming teratoma tumors after engrafting into immune-compromised animals.
Mouse iPSCs could even pass the most stringent tetraploid complementation assay to
generate progenies solely composed of cells differentiated from iPSCs [88].

Recent technique evolution has overcome some major hurdles for clinical trans-
lation of iPSC technology. The poor reprogramming efficiency and slow kinetics
once the bottlenecks of iPSC derivation were overcome by optimizing the repro-
gramming factor combination and starting cell population [89-90]. Lately, a
remarkable 100 % efficiency was achieved by simultaneously knocking down the
MDB3 gene [91] together with reprogramming factor delivery. On the other hand,
the concern of insertional mutagenesis, elicited by random viral integration, is
addressed by “footprint-free” reprogramming technology. Non-integration delivery
vectors, such as sendai virus, episome, or mRNA, can achieve efficient reprogramming
without any genome perturbation.
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6.3.2.2 Inter-Lineage Cell Fate Conversion

Derivation of iPSCs by transient, ectopic expression of transgenes demarcates the
new era of nuclear reprogramming. Compared to previous SCNT experiments, the
major improvement of this new version of nuclear reprogramming is that cell fate
conversion is achieved through manipulating a small set of predefined factors. This
breakthrough considerably lowered the technical barrier and encouraged further
exploration. Following experiments demonstrated that other cell fates could also be
rerouted via ectopic expression of a handful transgenes (Table 6.1). Inter-lineage
cell fate conversion bypasses the pluripotent stem cell stage. This process, termed
“trans-differentiation,” usually occurred with a donor cell developmentally related
to the target cells, although trans-germ layer conversions have also been documented.

Table 6.1 Summary of human cells inter-lineage conversions

Donor cells Target cells Reprogramming factors
Fibroblasts Melanocyte Mitf, Sox10, and Pax3 [92]
Pancreatic exocrine Pancreatic beta cells Activated MAPK and STAT3 [93]
cells
Fibroblasts Hematopoietic progenitor with | Sox2 [94]
macrophage potential
Fibroblasts Multipotent neural crest Sox10, Wnt activation [95]
progenitor
Endothelial cells Hematopoietic progenitors Fosb, Gfil, Runx1, and Spil with
vascular niche monolayers [96]
Fibroblasts Hepatocytes FoxA3, Hnfla, and Hnf4a [97]
Fibroblasts Hepatocytes Hnfla, Hnf4a, Hnf6, Atf5, Prox1,
and CEBPA [98]
Fibroblasts Retinal pigment epithelium like | c-Myc, Mitf, Otx2, Rax, and Crx
cells [99]
Fetal lung fibroblasts | Cholinergic neurons Neurogenin2 supplemented with
forskolin and dorsomorphin [100]
Cardiac fibroblasts Cardiomyocytes Gata4, Mef2c, and Tbx5 Mesp1 and
Myocd [101]
Proximal tubule cells | Nephron progenitors Six1, Six2, Osrl, Eyal, HoxAll,
and Snai2 [102]
Fibroblasts Cardiomyocytes GATA4, Hand2, Tbx5, myocardin,
miR1, and miR133 [103]
Fibroblasts Cardiomyocytes Ets2 and Mesp1 [104]
Fibroblasts Multipotent neural stem cells Sox2 [105]
Fibroblasts Dopaminergic neurons Mashl, Ngn2, Sox2, Nurrl, and
Pitx3 [106]
Fibroblasts Motor neurons Brn2, Ascll, Mytll, Lhx3, HB9,
Isl1, Ngn2 [107]
Fibroblasts Neurons Brn2, Mytll, miR124 [108]
Fibroblasts Neurons Ascll, Mytlll, NeuroD2, miR9/9%*,

miR 124 [109]



140 X. Guan et al.

The majority of these trans-differentiation transgenes are transcriptional factors,
chromatin modifiers, and miRNAs critical to normal development of certain lin-
eages. Surprisingly only a handful of factors are required to achieve these transfor-
mations, which may emphasize that cell identities are maintained through certain
“master regulators,” such as MyoD for skeletal muscle [110]. Several studies have
demonstrated that similar cell fate conversion could be achieved in vivo, such as
cardiomyocytes [111], pancreatic beta cells [112, 113], and neurons [114, 115],
showcasing the versatility of the reprogramming technology.

6.3.3 Guided Differentiation

An alternative strategy to achieve in vitro cell fate control is to guide pluripotent
stem cells to differentiate into desired cell types. Insights gained from embryonic
development have enabled scientists to harness the physiological cues to hijack the
intrinsic developmental program. The key is to recapitulate those early events gov-
erning lineage commitment and germ layers’ specification, by temporally modulat-
ing critical signaling pathways [116]. A broad spectrum of cell types including
cardiomyocytes, hepatocytes, pancreatic beta cells, endothelium, and dopaminergic
neurons have been generated in this fashion. The advantages of this method are
twofold. First, large quantity, highly purified target cells can be manufactured
through an optimized induction protocol. For example, cardiomyocyte production
can be over 90 % in purity with 3 output cardiomyocytes for every input stem cell.
This scale is compatible with an industrial setting to produce clinically relevant cell
numbers, usually in the billions [117]. Secondly, starting from a pluripotent stem
cell offers a unique opportunity for genetic engineering to generate homogenous
cell line with desired genetic modifications. The following section will focus on
cardiac induction. The specification of other germ layers is well reviewed by Murry
etal. [118].

It was noticed that beating cardiomyocytes could be generated from embryoid
bodies (EB), stem cell aggregates mimicking early developing embryo structure.
The efficiency of spontaneous cardiogenesis is low (less than 10 %) with large
batch-to-batch variation [118, 119]. Not until insights gained from development
were applied have investigators started to consistently generate adequate cardio-
myocytes for downstream studies. In the embryo, cardiac progenitors are derived from
brachyury T- and Emos-positive mesoderm cells, which further give rise to KDR-
and PDGFRa-positive cardiac mesoderm cells and gradually turn on the cardiac
master regulator MESP1. Further specification of cardiac mesoderm generates car-
diac progenitors, characterized by the expression of a panel of cardiac-specific tran-
scriptional factors such as Nkx2.5, GATA4, Tbx5, and Isl1. Temporally and spatially
orchestrated Nodal, BMP4, and Wnt3 signaling ensure this organized sequential pro-
gression. Artificially supplementing these ligands in culture medium, mimicking the
physiological strength and timing, can also differentiate pluripotent stem cells into
cardiomyocytes. With some technical variation, this scheme consistently generates
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cardiomyocytes in around 2 weeks, with an efficiency ranging from 30 to 90 %
[120]. It is important to note that the Wnt signaling has a unique biphasic role in
cardiac development. Lately the Palecek group had shown that by fine-tuning Wnt
pathway alone by two molecules, GSK-3f inhibitor CHIRO-99021 and Wnt inhibi-
tor IWP-4 or IWR-2, cardiomyocytes can be generated from multiple cell lines with
an efficiency over 90 % [121].

Various strategies have demonstrated that in vitro cardiac induction follows the
same gene expression pattern that would occur during embryonic development.
Downregulation of pluripotent genes is accompanied by upregulation of mesoderm
markers Brachyury T and MESP1, which peak around day 2. Cardiac progenitor
markers KDR, ISL1, and PDGFR-a peak at day 5, followed by a steady increase of
mature myocyte markers such as Nkx2.5, myosin heavy chain (MHC), and troponin
[122-125]. Differentiated cells manifest sarcomere striation, typical action poten-
tials and associated ion channels [126], potent gap junctions for synchronized con-
traction, as well as positive humeral regulation response following isoproterenol
stimulation [119, 127, 128]. Klug et al. demonstrated that stem cell-derived cardio-
myocytes express dystrophin [129]. While this evidence suggests that these are
bona fide cardiomyocytes, stem cell-derived cardiomyocytes largely mimic a devel-
opmentally immature cardiac phenotype. Transcriptional profiling suggested that
the cardiac gene expression pattern was similar to 20-gestational-week fetal cardio-
myocytes [130]. Electrophysiological assays indicated that stem cell-derived car-
diomyocytes possess fetal-type ion channels [122], leading to a fetal-like negative
force frequency relationship, blunted post-rest potentiation [131], higher resting
potential, and slow action potential upstroke [130, 132]. Ultrastructure analysis
revealed that the characteristic components, such as contraction machinery, sarco-
meric reticulum, transverse tubules (t-tubule), and mitochondria, were all present,
but their abundance, distribution, and organization failed to reach the level of adult
cardiomyocytes [133].

6.3.4 From Urine to Dystrophin-Deficient Cardiomyocytes

Our group demonstrated that urine harbors a unique cell population capable to
adhere to plastic and undergo extensive proliferation. These urine-derived cells
manifest spindle-shape morphology and express classic MSC surface markers
including CD44, CD73, CD90, CD105, and CD146 [134, 135]. Functional assays
reveal that urine-derived cells possess progenitor properties and give rise to several
somatic cell types [136]. When transduced with lentiviral vector containing classic
OKSM reprogramming factors, these cells demonstrate faster reprogramming
kinetics compared to mesenchymal stem cells, generating iPSC colonies within 2
weeks [134]. Urine-derived iPSC colonies, from both normal individual and DMD
patient urine, can give rise to embryonic tumors containing characteristic tissue
structures of all three germ layers, demonstrating bona fide pluripotency.
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Fig. 6.3 Cell fate controlling. Strategies to ex vivo manipulate cellular identities, including guided
differentiation following developmental cues, reprogramming to pluripotency by forced overex-
pression of reprogramming factors, and inter-lineages by various techniques

Exposing the urine-derived iPSC cells to a combination of growth factors, includ-
ing Activin A, bone morphogenetic protein 4, and dickkopf-1, in a strict sequence and
defined duration [137] forms beating cardiomyocytes with an efficiency from 40 to
90 %. These differentiated cardiomyocytes show typical sarcomere structure and
are positive for sarcomeric a-actinin, cardiac myosin heavy chain, as well as mem-
brane-localized connexin43. They also exhibit functional cardiac properties, spon-
taneous action potentials characteristic of nodal, ventricular, and atrial subtypes.
On the other hand, dystrophin expression was absent from DMD cardiomyocytes,
recapitulating the essential aspect of the DMD disease [134] (Figs. 6.3 and 6.4).

6.4 Dystrophin-Deficient Cardiomyocytes Generated
Via Cellular Reprogramming Are a Novel Biological
Reagent for the Study of DMD Cardiomyopathy

The list of iPSC-based disease models is steadily growing. Impressively, different
diseased cells manifest phenotypes analogous to symptoms in patients in culture
dishes. A partial list includes models for amyotrophic lateral sclerosis, spinal
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Fig. 6.4 A strategy to model dystrophin-deficient cardiomyopathy via cellular reprogramming

muscular atrophy, familial dysautonomia [138], Rett syndrome [139], schizophre-
nia [140], Parkinson disease [141-144], Timothy syndrome [145], and long QT
syndrome [146]. The explosion of the iPSC application is largely due to the fact that
cellular reprogramming is a powerful tool that strongly resonates in the era of per-
sonalized medicine, which enables identifying and optimizing solutions for specific
mutations. DMD cardiomyopathy is well suited to iPSC-based “disease-in-a-dish”
platform. First, there is currently no effective treatment for DMD cardiomyopathy.
Secondly, the molecular mechanism of the cardiomyopathy is not well understood.
Though the disease root cause is clear, a variety of subdomains, such as membrane
stability, calcium handling, and mitochondria abnormalities, have been suggested in
the pathogenic process. The complexity of the underlying pathogenic network
makes identifying therapeutic targets a daunting task. Thirdly, the most widely used
DMD animal model, the mdx mouse, does not accurately reproduce the cardiac
pathology observed in human patients [148]. Thus it is imperative to study this dis-
ease in a human context to render clinical relevance. Furthermore, the risk associ-
ated with cardiac biopsy makes acquiring samples from DMD patients nearly
impossible. These limiting factors impose significant constraints in developing
therapies for human patients. As a result, human cardiomyocytes differentiated
from patient iPSCs represent an attractive option to overcome these limitations.

It is technically favorable to model Duchenne cardiomyopathy using the iPSC
approach mainly because DMD is a classic Mendelian monogenic disease with
complete penetrance in male patients. A large body of literature suggests that the
disease phenotype is cell-autonomous, indicating that disease traits can be readily
observed independent of the diseased body environment. Compared to polygenic
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genetic disorder or complex disorders involving strong environmental attributes, the
technical complexity associated with modeling dystrophin-deficient cardiomyopathy
ex vivo is considerably lower. Moreover, the existence of a highly efficient cardiac
induction regimen bolsters this strategy by lowing the technical hurdle [121, 137].

6.4.1 Personalized Diagnosis: Exploring Disease Etiology

Presently, disease diagnosis has evolved from clinical and functional to molecular
diagnosis using biomarkers [148, 149] and genome sequencing [ 150, 151]. However,
genotype-phenotype relationships are not always strongly correlated, and some-
times it is difficult to elucidate a causal relationship. Toward this end, iPSC technol-
ogy represents a unique opportunity to converge information from multiple levels
and directly link them to a change in cellular function. For example, in iPSC-
differentiated disease target cells, the mutated gene can be sequenced, biochemical
reactions can be measured, and abnormal metabolites can be quantified. Readouts
from these measurements can be further linked to cellular responses in a quantifi-
able fashion. In addition, cell culture systems allow intricate experimental interven-
tions at virtually any level, from genetic to environmental, greatly aiding in
determining the disease root cause. Lastly, because clinically relevant cells are dif-
ferentiated stepwise from stem cells in a fashion that recapitulates the embryonic
development, disease initiation and early progression, hard to assess by other
modalities, can now be closely monitored. It is possible to exploit these models to
uncover early disease markers before overt symptoms, increasing the opportunity
for early intervention or even prevention. For instance, Kim et al. identified in
patient iPSC-derived cardiomyocytes an abnormal peroxisome proliferator-
activated receptor gamma (PPAR-y) activation that underlies the pathogenesis of
arrhythmogenic right ventricular dysplasia (ARVC), a previously unrecognized
mechanism [152]. iPSC-based platforms also simplifies the diagnosis procedure
since tests only need to be conducted on single diseased lineage in isolation,
removed from potential secondary effects of residing within a sick animal.

6.4.2 Personalized Therapy: In Search for the Ideal Treatment

Because of its individualized nature, iPSC technology can also serve as an invalu-
able tool to identify new therapies. First, it can be employed as a platform to predict
the potency and toxicity of existing therapies [153, 154]. It is not uncommon that a
spectrum of drugs is available for a single disease, yet not every drug is equally
effective for all patients. The potency and toxicity, which largely depend on indi-
vidual’s unique genetic background, are hard to predict based on existing modali-
ties. On the other hand, iPSC cells have the potential to be the stage for such
forecasts, since the patients’ own cells are tested. Such tests are not necessarily
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limited to chemical compounds. As a cellular assay, other therapeutics, such as gene
therapy vectors, can also be assayed as a quality control measure to predict its clini-
cal efficacy. For those disorders without effective treatment, like DMD cardiomy-
opathy, de novo screening against an extensive compound library can potentially
identify new treatments with no risk to the patient [155].

The differentiated cells themselves can also serve as therapeutics. One route to
cure a genetic disorder may involve replacing the diseased cells with genetically
corrected counterparts. The emergence of novel genetic engineering tools, such as
CRISPR and TALEN enzymes, has greatly improved the feasibility of complex
genome modification of human stem cells [144, 156—159]. Barrier of immunogenic-
ity could be overcome by autologous transplantation of the progeny differentiated
from iPSC. This strategy has been applied to improve skeletal muscle function in
dystrophin-deficient mdx mice [160]. In terms of the heart, though previously it has
been shown that genetic heart disease benefited from embryonic stem cell trans-
plantation [161], the delivery method still imposes the biggest challenge for inher-
ited disorders including DMD.

6.4.3 Dystrophin-Deficient Cardiomyocytes Generated
Via Cellular Reprogramming Recapitulate Certain
Aspects of the Disease Phenotype

Though studies have shown that disease target cells differentiated from patient’s iPS
cells faithfully reproduce disease-associated abnormalities, it is still questionable
whether the cells created in laboratory, at a developmentally naive stage, will be
able to fully demonstrate a phenotype of late-onset pathology observed in
DMD. Therefore the first task is to demonstrate progeny differentiated from iPSC
cells that retain certain disease hallmarks, which will then lend credibility to novel
insights gained on an iPSC platform. For example, ventricular cells differentiated
from a long QT syndrome patient demonstrated the characteristic prolongation of
the QT interval as well as an abnormal potassium channel [146, 154, 162].

In our hands, to model DMD cardiomyopathy, cardiomyocytes were assessed
both molecularly and phenotypically for well-established DMD features. For exam-
ple, the absence of dystrophin protein is the root cause of DMD. Confirmed both by
immunostaining (Fig. 6.4), cardiomyocytes differentiated from DMD iPS cells
were negative for dystrophin expression, recapitulating an essential aspect of the
disease. It is well established that the absence of dystrophin causes a spectrum of
physiologies deviating from normal control. As discussed earlier, membrane fragil-
ity is suspected to be a direct consequence of the absence of dystrophin and initiates
downstream pathological cascades. One way to assess the membrane barrier func-
tion is measuring the release of intracellular content during a hypotonic stress chal-
lenge. In vitro, an increase of intracellular hydrostatic pressure passively stretches
the cell’s sarcolemma. DMD cells are abnormally susceptible to mechanical stress,
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and their fragile membrane predisposes cells to rupture, leading to the liberation of
intracellular contents. As an example of a hypotonic stress assay, red blood cells are
subjected to a series of graded hypotonic solutions, and intracorpuscular hemoglo-
bin release is assayed to diagnose hereditary spherocytosis [163]. We employed a
similar strategy to mechanically stretch the cardiac sarcolemma by incubating
normal and DMD cells in hypotonic solutions ranging from normal tonicity to 1/8
tonicity. The cardiac-specific injury marker CK-MB, a widely used clinical marker,
was measured after 30 min. Dystrophin-deficient cardiomyocytes demonstrated an
abnormally high release CK-MB profile. Measured as CK-MB concentration,
increased levels were demonstrated even at relatively normal tonicity and became
marked greater than normal cells as tonicity decreased (Fig. 6.4). This evidence sup-
ports the notion that dystrophin deficiency leads to sarcolemma fragility, which
predisposes cardiomyocytes to mechanical stretch damage.

Calcium mishandling is another characteristic feature of DMD. Loaded with the
calcium indicator Fluo-4, iPSC-derived DMD cardiomyocytes were paced by exter-
nal field stimulation. Compared to dystrophin replete (normal) control cells, DMD
cells demonstrated a prolonged calcium decay time Ts,, consistent with previous
reports in the dystrophin-deficient mouse [38, 41, 42].

Mitochondria dysfunction observed in DMD patients was recently recognized as
an important mediator of disease progression. Two prominent features, a lowered
opening threshold for mitochondrial permeability transition pore (mPTP) and
altered bioenergetics, have been linked to the disease in the mdx mouse. To evaluate
mPTP pore opening, cardiomyocytes were loaded with mitochondria potential
(Aym) indicator tetramethylrhodamine ethyl ester (TMRE) and then exposed to
focused laser to induce oxidative stress-mediated mPTP opening. The opening of
mPTP leads to the decrease of Aym, reflected by lowering of TMRE fluorescence.
Dystrophin-deficient cardiomyocytes manifested a 50 % shorter mPTP time com-
pared to normal cells. In other experiments, an extracellular biochemical analyzer
(Seahorse) was employed to examine the bioenergetics of cardiomyocytes. Oxygen
consumption rate (OCR) was measured as the parameter of metabolism activity.
Surprisingly, DMD cells demonstrated augmented basal and maximal oxygen con-
sumption, different from the report on mdx skeletal muscle but in agreement with a
study using a Langendorff perfused mdx adult heart, in which the mdx heart exhib-
ited elevated level of glycolysis, carbohydrate utilization, oxygen consumption, and
overall ATP production [5].

6.5 Summary

Duchenne muscular dystrophy causes degeneration of both skeletal and cardiac
muscle. All DMD patients inevitably develop heart disease, but the mechanism of
DMD heart failure is still elusive, partly due to the hard-to-access heart cells from
patients. We modeled heart disease in DMD using cellular reprogramming by con-
verting patient urine cells into induced pluripotent stem cells or iPSCs. IPSCs were
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further transformed into heart cells for study. This regenerative medicine technology
provided an unprecedented opportunity to study DMD heart disease from several
physiological perspectives including membrane fragility, calcium handling, and
energy metabolism. This regenerative medicine platform will facilitate exploration
of DMD disease etiology and provide unlimited patient biologic material to screen
new therapeutic compounds.
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Chapter 7

Overview of Chemistry, Manufacturing,
and Controls (CMC) for Pluripotent Stem
Cell-Based Therapies

Amy Lynnette Van Deusen and Michael Earl McGary

7.1 Introduction

The necessary requirements for completing the Chemistry, Manufacturing, and
Control (CMC) section of a Food and Drug Administration (FDA) Investigational
New Drug (IND) application as it pertains to the production of pluripotent stem cell
(PSC)-based cell therapy products will be described in this chapter. The expecta-
tions for IND content are located in 21 CFR 312.23 [1] and regulations enacted for
Phase 1 investigational products are described in an FDA Guidance for Industry
titled “cGMP for Phase 1 Investigational Drugs” [2].

PSC-based products, generated from either embryonic or adult cell sources, are
regulated under the general classification of Human Cells, Tissues, or Cellular or
Tissue-Based Products (HCT/Ps) under Title 21 of the Code of Federal Regulations
Part 1271 (21 CFR 1271) [3]. Additional regulations intended to prevent the intro-
duction, transmission, or spread of communicable disease are contained within sec-
tion 351 and 361 of the Public Health Service (PHS) Act [4, 5]. Regulatory
implementation is primarily determined through risk-based assessments at each
clinical phase and varies with the source, manipulation, and intended application of
cells used in PSC-based therapies. As the clinical cohort increases in size, the scope
and expectations of regulations will expand significantly.

While there are several criteria set out in 21 CFR 1271 Subpart A to determine if
a cell therapeutic is exempt from any part of these regulations [6], the necessary
ex vivo manipulation of cells and their intended use for transplantation into human
patients renders the majority of PSC-based cell therapeutics fully regulated under
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all previously mentioned statutes [7]. Examples of biologically similar HCT/Ps not
regulated under 21 CFR 1271 include minimally manipulated bone marrow and
blood products. However, the phrase “minimally manipulated” has been controver-
sial, even resulting in a legal battle before the United States District court between
the FDA and a cell therapy manufacturer in 2010 [8].

During preclinical and IND phases of development, emphasis is placed on gen-
eration of verifiable proof-of-concept studies and prevention of communicable dis-
eases within the laboratory through Good Laboratory Practice (GLP) [9] and Good
Tissue Practice (GTP) [10]. As a trial advances to Phase 1, current Good
Manufacturing Procedures (cGMP) must be more rigorously implemented. As stud-
ies progress into even later stages, there is an increased focus beyond safety onto
control of the manufacturing process including assessments of product stability and
consistency. This largely occurs through evaluation of all generated documentation,
including manufacturing and quality control records.

While this chapter will frequently refer to applicable regulations and guidelines,
it is not intended to fully recapitulate any section or subsection of the 21 CFR or any
FDA Guidance for Industry issued by the Center for Biologics Evaluation and
Research (CBER). Rather, this chapter is intended as a general overview of the
many regulatory requirements that must be considered in order to generate a com-
plete CMC section for a successful IND application. As there are a multitude of
regulations distributed throughout the CFR and US Pharmacopeial Convention
(USP), we have provided a list of relevant statutes in Table 7.1.

Table 7.1 Regulatory Statutes for Development of an IND for PSC-based Cell Therapies

Title of Regulatory Statute Location

Good Laboratory Practice for Nonclinical Laboratory Studies 21 CFR Part 58
Current Good Manufacturing Practice in Manufacturing, 21 CFR Part 210
Processing, Packing or Hold of Drug

Current Good Manufacturing Practice for Finished Pharmaceuticals 21 CFR Part 211
Investigational New Drug Application 21 CFR Part 312
General Biological Products Standards 21 CFR Part 610
Quality System Regulation 21 CFR Part 820
Human Cells, Tissues and Cellular and Tissue-Based Products 21 CFR Part 1271
Sterility Tests USP <71>
Bacterial Endotoxins Test USP <85>
Growth Factors and Cytokines Used in Cell Therapy Manufacturing USP <92>
Transfusion and Infusion Assemblies and Similar Medical Devices USP <161>
Flow Cytometry USP <1027>
Cell and Gene Therapy Products USP <1046>
Gene Therapy Products USP <1047>
Microbiological Evaluation of Clean Rooms and Other Controlled USP <1116>
Environments

Validation of Alternative Microbiological Methods USP <1223>
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7.2 Pluripotent Stem Cell Platforms

The most essential component of any cell-based therapeutic is the cellular platform
from which the therapeutic is generated. Stem cells from adult and embryonic
sources have individualized considerations with regard to their potential use in the
clinic, making the origin of stem cells integral to the regulatory risk assessment. For
example, risks associated with human embryonic stem cells (hESCs) are primarily
linked to the health of the donor, quality of the derivation process, and subsequent
storage and handling procedures. However, induced pluripotent stem cells (iPSCs)
pose additional safety concerns due to the nature of current technologies used to
transform adult somatic cells into PSCs. Additionally, some evidence suggests
iPSCs may be more tumorigenic than their hESC counterparts [11].

Safety concerns about iPSC-based therapies largely emanate from the methodol-
ogy used to reprogram cells. The original method (for which Shinya Yamanaka
received the Nobel Prize in Medicine in 2012) is not suitable for the production of
clinical-grade cells due to incorporation of retrovirally induced expression of c-Myc,
a known oncogenic factor [12]. However, since the discovery of induced pluripotency,
various alternative reprogramming strategies have been investigated to address this
safety concern including the use of episomal plasmids [13], cell-permeable proteins
[14], sendai viruses [15], minicircle vectors [16], synthetic mRNAs [17], and non-
integrating microRNAs [18, 19]. Recently, a group at the University of California in
Los Angeles reported the generation of “putative clinical-grade status” iPSCs derived
from adult human dermal fibroblasts using a polycistronic “stem cell cassette”
(STEMCCA) method that incorporates an excisable lentiviral reprogramming system.
By utilizing cGMP to develop and characterize transgene-free iPSCs, this group has
provided proof-of-principle for the generation of clinically relevant iPSCs [20].

Whether cells are hESC, iPSC, or derived from other sources, federal and state
governments administer registration and licenses for facilities that host HCT/Ps
[21]. Compliance with federal and state regulatory statutes entails proper disposal
and handling of both biohazardous and medical waste, as well as adherence to all
applicable occupational health and safety requirements [22]. These regulations
must be identified and met within the individual state where production of HCT/Ps
is to occur, and compliance with these procedures should be acknowledged in the
IND application. Specific state restrictions should be investigated prior to obtaining,
storing, or distributing these materials.

7.2.1 Autologous Cell Sources

Potential sources of PSCs include a patient’s own (autologous) cells or cells obtained
from another human donor (allogenic). There are many benefits to using autologous
cell sources for PSC-based therapeutics including reduced potential for negative
immune responses and the ability to generate patient-specific products. Further, autol-
ogous cell-based therapies are exempt from donor eligibility determination [23].
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Autologous cells for regenerative medicine research have traditionally been har-
vested from dermal fibroblasts for reprogramming. However, in recent years, sev-
eral additional adult cell sources have been successfully reprogrammed into iPSCs.
Depending on the intended clinical use and cell manipulation protocols required,
iPSCs reprogrammed from blood, adipose tissue, or other sources may provide
more versatility or stability in the clinic. While clinical procedures used to obtain
these cell types may be slightly more invasive than for dermal keratinocytes or
fibroblasts, it is possible that the genetic condition of blood and adipose cells
remains more stable over a human lifetime because of reduced exposure to environ-
mental factors such as UV light [24].

There are logistical benefits to using blood cells as a source of reprogrammable
cells instead of dermal fibroblasts. First, the ability to utilize established blood bank
systems and relative ease of cell harvesting processes for the creation of new banks
potentiates immediate and consistent supplies of iPSCs and derived cells. Second,
iPSCs generated from blood sources may prove an excellent source for generating
mass quantities of de novo hematopoietic stem cells or mature blood cell types [25].
Considering the Red Cross uses only donated sources to supply approximately 40 %
of the blood and blood products used in the USA [26], the ability to generate and
expand blood from iPSCs could potentially solve problems associated with limited
donor pools and issues with a comparably small ratio of product generated per donor.

In 2013, a research group at the National Institute of Health’s (NIH) Laboratory
of Host Defenses reported using a STEMCCA method to generate iPSCs from
small volumes of peripheral blood [27]. Additional groups have also generated
iPSCs from blood mononuclear cells (BMCs) [28] and CD34+ cord blood progeni-
tor cells using this method. Though integration-free cells were produced, residual
reprogramming factors that impaired subsequent differentiation procedures were
reported in the latter instance [29].

More recently, a research group from the University of California in San
Francisco reported the creation of iPSCs from adult mobilized CD34+ and periph-
eral BMCs using a non-integrating Sendai viral vector. After several passages in
culture, the viral vector could no longer be detected in cells by real-time quantitative
reverse transcription-polymerase chain reaction (RT-PCR), suggesting that iPSCs
produced by this method could potentially be used for future clinical applications if
reproduced under cGMP [30].

It is important to note that while adipose-derived stromal cells may have been
touted by some for their use in many “stem cell” therapies, these cells are multipo-
tent and more similar in nature to mesenchymal stem cells (MSCs) found within
bone marrow stromal cells than to hESCs or iPSCs [31]. However, several groups
have successfully reprogrammed adipose cells into iPSCs using a traditional retro-
viral method [32], a STEMCCA method [33], and a nonviral DNA minicircle tech-
nique. These cells are readily isolated from adults and, reportedly, are easy to
expand and maintain in culture even under xeno-free conditions [34].

Beyond initial donor eligibility requirements, the use of autologous cells does
not decrease the regulatory burden for production of cellular therapeutics in which
cells are more than “minimally manipulated.” All of the previously described methods
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used to reprogram adult cells constitute significant manipulation and, therefore,
render products generated from these cells “drugs” as defined by the FDA. Though,
until 2005, the FDA did not regulate autologous adult stem cell therapies under its
standard regulations for cell therapies, which state “regulations for this chapter do
not apply to autologous human tissue” [35].

The status of regulatory oversight changed in July 2008 when the FDA sent a
letter to Regenexx (Broomfield, CO) stating that their “Regenexx™ Procedure”
constituted a “drug” under section 201(g) of the Federal Food, Drug and Cosmetic
Act and a “biological product” under section 351(i) of the Public Health Service Act
[36]. After several attempts by Regenexx to prove in court that their product was
only “minimally manipulated,” in August 2012, the FDA’s jurisdiction over autolo-
gous stem cell therapies was solidified with a victory in the US District Court for the
District of Columbia and codification [5]. Currently, Regenexx offers a range of
procedures that take only a few hours to process at its Colorado facilities. However,
its RegenexxC™ Cultured Stem Cell Procedure, which incorporates more extensive
ex vivo culturing, is now only available in the Cayman Islands [37].

The increased authority of the FDA over autologous cell therapies has been
viewed somewhat controversially [38], but in September 2012, the FDA again
asserted its authority by sending a similar letter to Celltex Therapeutics (Houston,
TX). This company specializes in isolation of mesenchymal stem cells (MSCs) to
“treat” a range of disorders including multiple sclerosis, arthritis, back pain, and
Parkinson’s disease [39]. With the governor of Texas as a vocal advocate and their
first patient, Celltex waged a public battle against the FDA’s decision, but has since
announced plans to relocate their practice to Mexico [40].

In an effort to raise awareness about unapproved stem cell therapies, the FDA has
published informational materials through its Consumer Health Information initia-
tive to warn about the safety risks of unregulated treatments [41] and clearly states
on its website:

Stem cells, like other medical products that are intended to treat, cure, or prevent disease,
generally require FDA approval before they can be marketed. At this time, there are no
licensed stem cell treatments [42].

Virtually all PSC-based therapies, whether because of reprogramming or differ-
entiation processes, will require more than minimal manipulation for formulation
into clinical products. Thus, regardless of the origin and source of cells, there are
numerous steps to qualify autologous PSC-based cell therapies.

7.2.2 Allogenic Cell Sources

The use of hESCs, adult-derived PSCs, or cultured PSC lines not harvested directly
from the intended patient constitutes an allogenic cell therapy product. For all allo-
genic HCT/Ps, there are several criteria that must be met to ensure suitability of
donors. Procedures for all steps of eligibility determination and testing must be
established in compliance with 21 CFR 1271, Subpart C, and departure from these
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procedures in any manner must be documented with justification [43]. All human
cells and/or tissues collected must be accompanied by appropriate informed consent
documentation in order to be used for clinical research or therapeutics generation.
The general requirements and established language for informed consent documen-
tation procedures can be found in 21 CFR 50.20 [44] as well as an additional
Guidance for Industry published by CBER in August 2007.

The two main components of donor eligibility determination for allogenic cell
therapies include a comprehensive review of the donor’s medical history and screen-
ing for pathogenic agents. Relevant risk factors observed in medical histories
include illicit drug use, high-risk sexual activities, previous diagnosis with a com-
municable disease, blood transfusions, and transplantation recipients [45]. There
are extensive recommendations regarding review of medical records in 21 CFR
1271.75 [46] as well as additional recommendations regarding physical assess-
ments of living and cadaveric donors outlined in 21 CFR 1271.3 [7].

To prevent source-related contamination, donor cells must be screened for the
presence of adventitious agents that may potentially infect downstream materials
and patients. General recommendations regarding donor testing are covered in 21
CFR 1271.80 [47] and an additional list of required screening for cell therapy prod-
ucts including cytomegalovirus (CMV), human immunodeficiency virus (HIV-1 and
-2), Epstein-Barr Virus (EBV), Parvovirus B19, hepatitis B virus (HBV), hepatitis C
virus (HCV), and human transmissible spongiform encephalopathy/Creutzfeldt-
Jakob disease [48]. Additional pathogenic screening is required for donors of cer-
tain cell types based on specific potential downstream risks to patients. For example,
donation of leukocyte-rich cells and tissues requires a negative screening result for
human T-lymphoropic virus, and donors of reproductive cells or tissue must be
screened for Chlamydia and gonorrhea prior to determination of eligibility.

There are also nonspecific provisions for diseases that pose a risk of transmission
when used in cell therapeutics that include potentially life-threatening diseases for
which appropriate screening measures are available. Relevancy is determined by
risk of transmission and severity of potential health risks posed by the pathogenicity
of the agent [45]. For example, Ureaplasma urealyticum, a mycoplasma bacterium
associated with urethritis, is considered to have a low pathogenicity and therefore
would not singularly disqualify a potential donor. However, West Nile Virus, which
is highly transmissible and can result in permanent impairment or damage to the
body, would certainly render a donor unsuitable.

The final determination of eligibility must be made by a medical professional
who reviews the potential donor’s medical history and confirms screening tests were
performed by appropriately trained personnel following standard operating proce-
dures [49]. A summary of these records and the donor eligibility determination must
be anonymized and subsequently provided to facilities that acquire donated cell or
tissue products. Further, records must be kept until 10 years after the last adminis-
tration of product obtained from donor cells [50].

If generating a de novo cell platform is not feasible or desired, there are several
clinical-grade hESC lines available [51]. These lines were produced under cGMP
and have been fully characterized for genetic normality and sterility, as well as being
compliant with informed consent and donor eligibility requirements. A license is
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required to use these lines for research or commercial purposes, and this may prove
an expensive aspect to initial manufacturing. However, there are significant benefits
to using an established line including increasing availability of both performance
and safety data. Additionally, characterization of cell lines is a costly venture, and
satisfactory results are not guaranteed. Therefore, using established lines could
prove a less risky investment for manufacturing hESC-based HCT/Ps. To date, there
are no iPSC lines approved in the USA for generating clinical products.

7.2.3 Cell Mobilization and Collection

When cells are harvested from a patient, whether for autologous or allogeneic uses,
it is necessary that cells for donation and donor testing be recovered at the same
time, or at least within 7 days of the initial recovery of cells [47]. Cells mobilized
and collected prior to determining donor eligibility must be quarantined until a
determination has been made [52]. These protections are put in place to ensure
screening results are properly obtained, analyzed, and reviewed prior to making a
donor eligibility determination.

The procedure by which cells are collected (e.g., surgery, leukapheresis) must be
fully documented and performed by a qualified professional. If cells are mobilized or
activated in any manner prior to acquisition, this procedure and its administration
must also be documented [47]. If acquired cells are shipped to another facility for
further manufacturing, transport conditions must be also recorded [53]. Further, donors
of hematopoietic stem cells (HSCs) obtained from blood or bone marrow need to be
qualified for eligibility prior to receiving any type of myeloablative chemotherapy.

To assist in qualification of allogenic donors in extraordinary circumstances, test
specimens may be collected up to 30 days prior to donation [47]. There are addi-
tional recommendations for testing donors who have received transfusions and infu-
sions in the weeks prior to donation due to the possibility of plasma dilution
rendering donor screening test results unreliable [48]. As requirements may vary
greatly, consultation with FDA regulators is recommended for nonstandard cell col-
lections or harvesting procedures.

7.2.4 Cell Bank Systems

Once a cell line is generated and chosen as the platform for manufacturing products,
it is highly recommended that a cell bank system be generated. The structure of the
bank will depend on whether cells are obtained for autologous or allogeneic uses as
shown in Fig. 7.1 [54]. Whether purchased or prepared in-house, manufacturers are
responsible for ensuring the quality of each lot of cells used in the production of
HCT/Ps [55]. For each ampoule of cells used in manufacturing investigational prod-
ucts, a description of the history, source, derivation, and characterization must be
included in the CMC [56].
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Fig. 7.1 Generalized schemes for allogeneic and patient cell banks [68]

Banking cells allow a common source material for manufacturing production
lots and ensures a sufficient supply of cell material over the lifespan of a product.
Product manufacturers should describe their intended strategy to provide a contin-
ual source of cells in the CMC section, including projections for utilization rate and
expected intervals between generation of new cell banks [57]. Additionally, descrip-
tions of vessels in which cells will be stored, labeling standards, and cryopreserva-
tion procedures must be detailed in full. As with all manufacturing processes, each
test and procedure to establish cell banks must be reported and conducted in accor-
dance with 21 CFR 58, otherwise known as Good Laboratory Practice (GLP) [7].

For all cell banks, it is strongly suggested to establish redundant storage facilities
to protect from catastrophic events that could render an entire supply or cell bank
unusable. Such events may include power outages, natural disasters, or even human
error [57]. Manufacturers should describe all precautions taken to ensure uninter-
rupted production in the CMC, including use of automated liquid nitrogen systems,
secondary power sources, and offsite storage. In this regard, there are several compa-
nies that offer guaranteed, monitored storage facilities that are suitable for back-up
storage of any amount of clinical cell products, from a few vials to entire cell banks.

7.2.4.1 Master Cell Bank

The master cell bank (MCB) is defined as a collection of cells of uniform composi-
tion derived from a single tissue or cell. Generally, the MCB is stored in cryopre-
served aliquots in the liquid or vapor phase of liquid nitrogen. The location and
identity of individually labeled ampoules of cells should be thoroughly documented,
as should the daily temperature of the storage environment. The process to fully
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characterize cells is fairly expensive and time-consuming, therefore developing and
protecting the MCB is key to sustaining long-term production capabilities.
Characterization testing should be performed once on aliquots or cell cultures
derived directly from the MCB and should include all tests required to establish
significant properties of the cells [58].

Characteristics of the MCB that must be established in the CMC include indica-
tions of the safety, identity, purity, and stability of cells [57, 59]. The identity of the
MCB should be verified by confirming the species of origin through isoenzyme
analysis or the presence of unique cell line markers using phenotypic and/or geno-
typic analysis [57]. After initial verification, identity should be confirmed periodi-
cally to ensure robustness of inventory procedures and cell line stability [56, 57]. It
is important to note that while isoenzyme analysis allows for quick identification of
human rather than animal cells, this type of analysis is only adequate to qualify
product identity for facilities producing a single product from a single source. When
multiple human products or cell sources are used in a single facility, more extensive
identification procedures will be required.

Examining DNA sequences and polymorphisms are far more accurate methods for
assessing the identity of cells. To verify the identity or chromosomal stability of PSC
lines or products over time, karyotypic or cytogenetic analyses (e.g., fluorescent in situ
hybridization techniques (FISH) or DNA microarray) may also be used [60]. Not only
can these methods identify specific donors or sources, they are useful for detecting
chromosomal aberrations that may occur in cells during culture. While these analyses
are initially required to establish the character of the cell line, performing these proce-
dures is time-consuming and expensive in comparison to isoenzyme analyses making
their use for routine identity analysis unfeasible, especially for in-process testing.

Determining the purity of the MCB includes identifying and quantifying all
existing cells as well as any contaminating elements. These tests are often per-
formed using an array of biomarkers that target desired cell types as well as specific
and nonspecific contaminants. Tests for specific pathogens will be required includ-
ing CMV, HIV-1, HIV-2, EBYV, Parvovirus B19, HBV, and HCV as well as tests for
adventitious agents including bacteria, fungi, mycoplasma, and viruses [46, 61]
(Testing procedures will be discussed later in the chapter).

In addition to documenting characterization test results, all culture conditions should
be recorded throughout cell banking and testing processes. This includes recording
all media and reagents used during production, as well as the storage condition of cells
and materials. Additionally, results of phenotypic and genotypic stability tests must
confirm viability of cells before and after any cryopreservation procedure [10].

7.2.4.2 Working Cell Bank

A tiered cell bank that contains both a MCB and working cell bank (WCB) will
decrease the potential for unidentified cross-contamination and catastrophic events
involving adventitious agent contamination. Generally, cells expanded for produc-
tion purposes are from the WCB, and the MCB is held in reserve. The WCB should
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be derived from the MCB and propagated for an approved number of passages in
culture before cryopreservation banking.

While limited identity testing is required, WCB cells should be investigated for
contaminants that may have been introduced during the culture process prior to
banking. Recommended tests include cell line authenticity to check for cross-
contamination, as well as bacterial and fungal sterility, mycoplasma, and in vitro
adventitious viral agent testing [56].

7.2.4.3 Patient Cell Bank

For autologous cell therapies, it may be beneficial to generate a patient cell bank.
Donor eligibility testing requirements may be waived [24]; however, testing of
patient cells and tissues for communicable diseases is still recommended for the
safety of staff handling these materials during production processes. Otherwise, cell
characterization and documentation requirements are similar to the development of
allogeneic cell banks.

Performing identity testing to differentiate numerous specific individuals would
entail time-consuming DNA sequencing procedures. Therefore, successful imple-
mentation of labeling procedures, inventory accountability methods, and product
segregation strategies are key to demonstrating and maintaining control for facilities
that will host numerous patient cell samples. To ensure patient safety and guaran-
teed administration of autologous cells, the CMC section should detail the various
production processes, documentation procedures, and physical aids designed to pro-
vide multiple levels of assurance in this regard [9].

There are considerations for patient privacy that must be addressed along with
additional labeling regulations for autologous cell banks. Individual autologous
specimens must be labeled “For Autologous Use Only” and “Not Evaluated for
Infectious Substances,” unless screening and testing have been performed as previ-
ously described [46—48]. An individual’s personal health information must be pro-
tected, and this includes information and documentation regarding stored cells or
tissues [62]. As drug developers move into later stages of clinical trials, there is an
increased burden to provide protected data services for a larger number of patients.
Many HIPAA and CFR-compliant software options are currently available for man-
aging clinical trial data and patient information; however, their cost may be prohibi-
tive during preclinical and early phases.

7.3 Materials Management

To demonstrate control over manufacturing processes, it is necessary to verify and
document that supplies and reagents “meet specifications designed to prevent cir-
cumstances that increase the risk of the introduction, transmission, or spread of
communicable diseases.” In more general terms, all reagents used in the
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manufacture of investigational HCT/Ps must be sterile, and systems must be estab-
lished to reasonably ensure all product components maintain sterility before, during,
and after the manufacturing process through to final product administration [63].

Every chemical entity that “touches” the final product at any point during the
manufacturing process must be accounted for in CMC documentation in order to be
compliant with FDA regulations regarding cGMP. Further, each of these manufac-
turing components must be suitable for clinical use and/or proven to be removed
from the final product in order to gain final regulatory approval [64]. Because of
these limitations, there are many factors beyond supply and cost to consider when
sourcing product components and materials for clinical cell therapeutics.

For example, how and where a material is produced will often play a key role in
defining clinical suitability. Further, HCT/P manufacturers must be able to docu-
ment that all materials were obtained from legitimate and approved sources [65].
For most product components, this is achieved by requesting product documenta-
tion from the distributor regarding the origin of manufacture as well as any product
quality testing that has been performed. However, for HCT/P components of human
origin, this process must include ensuring products are thoroughly tested for com-
municable diseases and were acquired with proper informed consent documenta-
tion, as previously described.

In this section, the regulatory considerations and documentation required for
production of PSC-based cell therapy products will be described. This will include
cells, reagents, and other materials necessary to manufacture products, but that may
or may not be included as part of the final product formulation. As with many
aspects of PSC-based cell therapeutic manufacturing, meticulous documentation
demonstrates control of manufacturing processes and substantiates regulatory
compliance.

7.3.1 Tabulation of Reagents Used in Manufacturing

For all reagents used to manufacture an HCT/P, there must exist a tabulation of
reagent concentrations, vendors/suppliers, and their source. The reagent concentra-
tion must be listed for each manufacturing step in which it is used. For traceability
of reagents, it is necessary to record the name of the vendor materials were pur-
chased from as well as the supplier that actually manufactured the material [66]. In
certain cases, the supplier and vendor are the same entity, but often reagents are
distributed through larger vendors and it is important to establish the exact origin of
all product components.

Identifying the source of a reagent requires discerning the geographical origin
and physical nature of components. Generally, items are natural or synthetic chemi-
cals, plant-derived materials, or are of microbiological, animal, or human origin.
For chemical or plant-derived entities, toxicity and safety profiles should be exam-
ined to ensure suitability for clinical use in humans. If product components are
made from human- or animal-derived substrates of any type, this must be identified,
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documented, and approved. If any component will be removed during the
manufacturing process, it is considered and excipient—a topic that will be discussed
in a later section of this chapter.

The use of animal products should be avoided when human equivalents are avail-
able as xeno-free culture conditions are best in the eyes of FDA regulators. However,
there may be extraordinary situations in which an animal product is the only option.
In these circumstances, porcine products may be used when Certificate of Analysis
(COA) documentation is available that certifies products are free of porcine parvo-
virus. Additionally, bovine products may be substituted, but due to the existence of
prion diseases, there are additional documentation requirements [67] including full
verification of each bovine specimen’s history from birth to slaughter [68].

Where human serum products are used, there must be procedures in place to
ensure lots used during manufacture were not previously or subsequently recalled.
Additionally, the use of human serum is limited to licensed products obtained from
approved blood banks that guarantee donor testing and eligibility. For all other
human-derived products, it should be determined if the product is licensed and
clinical-grade prior to production [63]. This is often determined by examining the
COA and Certificate of Origin documentation, a quality system process required for
compliance with cGMP.

There are a number of clinical-grade products that facilitate conformance with
cGMP and, therefore, streamline product development. These include disposable,
presterilized consumables and process aids that reduce the burden of cleaning and
potential for contamination. Prepackaged and presterilized materials such as Water
For Injection also reduce the need for sterilization equipment and are prequalified
for medical uses [2]. Generally, where FDA preapproved products are available and
suitable, they will be highly recommended or required by FDA regulators.

In the extraordinary circumstance that no clinical-grade human or animal prod-
uct is available and a research-grade product must be used in the manufacturing
process, a qualification program exists. Product developers may submit testing data
to FDA regulators who will then review testing and vendor information to determine
if the product is suitable for use in manufacturing. Analysis must verify the source,
safety, and performance of the reagent in order to qualify, which minimally include
sterility, endotoxin, mycoplasma, and adventitious agent testing. Additional func-
tional analysis, including purity testing and assays demonstrating the absence of
potentially harmful substances, must also be completed as part of qualification [59].
If questions exist about a particular product component, there are procedures and
FDA committees in place to assist product manufacturers select suitable products.

7.3.2  Qualification and Oversight of Product Components

The oversight and management of materials used in the production of HCT/Ps is an
important facet of cGMP and, therefore, should be thoroughly described in the
CMC section. Management of materials begins with procurement, where there are
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specific requirements for maintaining data and establishing appropriateness of sup-
pliers [69]. The next step is receiving materials, which should be inspected for pack-
age integrity and stored at a proper temperature immediately upon arrival to
manufacturing facilities. These materials must be evaluated for appropriate product
documentation and conformance to manufacturer’s specifications before being
released for use. Depending on the nature of the product, additional testing beyond
visual examination (e.g., functional tests) may be required to define if individual
lots are acceptable for use in manufacturing investigational products.

Federal regulations regarding the verification of reagents used in manufacturing
investigational PSC-based HCT/Ps can be found in 21 CFR 211.84 “Testing and
approval or rejection of drug components, drug product containers, and closures”
[55] and 21 CFR 1271.210(a,b) [63]. Strategies for materials management and
oversight must be outlined in the CMC section and should be individualized for the
facilities and personnel available during early clinical phases. Establishing oversight
of all product components should be instituted as early as possible since expecta-
tions for robustness of these systems will increase as a clinical trial progresses.

7.3.2.1 Specifications and Acceptance Criteria

For each product component, specifications must exist that include acceptance cri-
teria for qualifying each lot and aliquot safe for use in manufacturing [56]. Written
procedures should be established to describe the handling, review, acceptance/rejec-
tion, and control of all materials used in manufacturing investigational product. This
includes examining all packaging and closures to ensure product integrity as well as
conformance to the manufacturer’s description of product. Prior to examination by
quality control, all materials should be quarantined and stored according to the man-
ufacturer’s directions until such time they can be examined and released for use in
manufacturing [2]. Labeling systems should be implemented such that quarantined
and released items are clearly distinguishable from one another in addition to physi-
cal requirements for separation of these items.

It is the responsibility of the manufacturer to be able to identify and trace all
materials used in the manufacture of investigational products from receipt to use in
individual batches [69]. Therefore, it is recommended that a log containing the date
of receipt, quantity, supplier’s name, material lot number, storage conditions, and
corresponding expiration date be rigorously kept [2, 63]. A comprehensive strategy
for examining, qualifying, and releasing materials for use in manufacturing should
be developed early to provide consistent oversight of these functions as production
increases.

Acceptance criteria should be established for each material used in manufactur-
ing investigational product as well as for final products. These criteria should
include relevant attributes such as color, consistency (e.g., powder or liquid) and
description of properly secured container. Many acceptance criteria can be inferred
from the supplier’s product description and/or Certificate of Analysis, while others
must be determined through more extensive testing. For example, Becton
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Dickinson’s (Franklin Lakes, NJ) Matrigel™ is basement-matrix product com-
monly used in stem cell culture to propagate adherent cells. However, individual
lots of this product may vary significantly in levels of protein and endotoxins, mak-
ing in-house testing of each lot necessary prior to production to ensure consistency
of investigational product. (In-process and final product testing will be described in
a later section of this chapter.)

7.3.2.2 Certificates of Analysis and Certificates of Origin

Product suppliers and vendors that distribute clinical-grade products should provide
documentation supporting analysis of product composition and safety. These docu-
ments are usually in the form of COA and COO, which must state individual lot
numbers to be considered valid. These documents must be obtained and retained for
each lot of product used to manufacture investigational materials.

It is imperative that manufacturers of investigational products examine each and
every COA and COO to ensure that materials meet established acceptance criteria
for defined attributes [70]. If materials are human or animal-derived, documentation
supporting the source/origin of the material as well as tests for adventitious agents
must be included in records. Additionally, if documentation confirming a specified
attribute is unavailable, it is recommended that the HCT/P manufacturer test the
material to evaluate its conformance to acceptance criteria when feasible.

7.3.3 Excipients

Final products must be tested for residual manufacturing agents with known or
potential toxicities. Performance of test procedures used to make these determina-
tions must be documented with appropriate standard operating procedures included
in the CMC [56]. Residual contaminants for PSC-based HCT/Ps may include stem
cells, other mature cell types, chemicals, viruses, proteins, and other agents. While
efforts should be made to avoid using materials that will need subsequent removal
when developing manufacturing processes, there will inevitably be purification
steps included as part of production.

Additional concerns exist about specific products that, while commonly used in
cell culture research, may pose safety risks in a clinical setting. If these products are
to be included in the final product, they are considered excipients and must be docu-
mented and approved prior to distribution. Examples of such excipients include
antibiotics, serum products, and other chemical entities necessary for manufactur-
ing procedures such as selection or cryopreservation. Using potentially hazardous
materials should be avoided or minimized wherever possible during the manufac-
turing of HCT/Ps; however, when such materials must be included, their use, con-
centration, and/or procedures for removal from final product must be thoroughly
documented [55, 56].
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7.3.3.1 Antibiotics

Commonly, patients are sensitive to penicillin-based antibiotics. For this reason, it
is recommended that the use of antibiotics be avoided during the manufacturing of
therapeutic products for human use. However, if the use of beta-lactams is required
for the production of an HCT/P, a rationale for their use must be submitted and
approved by FDA regulators. This rationale should include precautions taken to
prevent hypersensitivity reactions during downstream use and reasoning for why an
appropriate substitute could not be identified. If antibiotics of any class are used
during production, bacteriostasis and fungistasis data must substantiate that sup-
pression of these entities has not occurred during culture [71].

7.3.3.2 Dimethyl Sulfoxide (DMSO) and Other Cryoprotectants

Dimethyl sulfoxide (DMSO) is a commonly used cryoprotectant for preserving
human cells. It permeates cells to prevent the formation of ice crystals that are
severely detrimental to cell health and survival. Other cryopreservation agents that
act by permeating cells include glycerol [72], sucrose [73], and trehalose [74],
though some tests have demonstrated poor survival rates when used to cryopreserve
stem cells as compared with DMSO. Other strategies for cryoprotection include high
molecular weight polymers that are non-permeating such as polyvinylpyrollidone
(PVP) and hydroxylethyl starch [75]. Recently, a group from Japan reported using a
carboxylated poly-L-lysine construct to successfully cryopreserve human bone mar-
row-derived mesenchymal stem cells without the use of proteins or DMSO [76].

Issues with cryoprotective agents may arise from their use at potentially toxic
molar levels to cryopreserve cells, which complicates the ability to use products
directly from a thawed state. Further, evidence suggests that addition and removal
of cryoprotectants such as DMSO may lead to osmotic shock [77] or other detri-
mental processes in cells, which may compromise the integrity of final products
and/or impact the safety of patients [78—82]. Logistically, the ability to ship frozen
products that can be thawed with high viability for immediate use is an ideal prac-
tice for providing HCT/Ps to investigational study sites, not to mention a strategy
that is feasible for full-scale product distribution.

Identifying cryoprotective agents that are xeno-free and nontoxic is a priority to
many manufacturers of HCT/Ps since developing optimal cryopreservation proce-
dures can enhance the usefulness and performance of cell products. Fortunately,
options for cryopreserving human cells are expanding as the number of investiga-
tional products being researched increases. For further information, we suggest an
excellent review by Dr. Mirijana Pavlovic and Dr. Bela Balint that details the many
considerations that must be taken into account when developing standard cryo-
preservation procedures for stem cells, many of which are equally applicable to
stem cell-derived HCT/Ps [83].
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7.3.3.3 Human Serum Albumin

As previously described, the use of human products in manufacturing HCT/Ps
entails ensuring products are free of communicable diseases and other adventitious
agents. Thus, the use of human serum albumin (HSA) or other serum products
necessitates some additional consideration when developing suitable CMC. While
it is possible to use autologous serum for the production of autologous HCT/Ps [84],
this process is costly, requires preoperative blood donation [85], and is not easily
scalable for large-scale production purposes [86]. Commercially, there are a limited
number of sources for clinical-grade, FDA-approved human serum albumin.
Currently, only Octapharma USA, Inc. (Centreville, VA) and Baxter Pharmaceutical
(Deerfield, IL) market HSA as Buminate for clinical use.

As HSA or some form of serum-replacement is often required for the production
of HCT/Ps or storage of product components, it is important to identify reliable,
clinical-grade products. However, with limited options, many manufacturers have
worked to identify serum replacements. There are currently several alternative
serum products on the market including Gibco’s Knockout™ Serum Replacement
distributed by Life Technologies (Carlsbad, CA). This defined formulation has been
incorporated into numerous serum-free media recipes for the growth, maintenance,
and cryopreservation of various types of stem cells including iPSCs [87]. Similar
products include PluriQ™ Serum Replacement offered by Globalstem® (Rockville,
MD) and HyClone AdvanceSTEM™ Serum Replacement distributed by
ThermoScientific™ (Waltham, MA).

7.3.3.4 Combination Products

For some PSC-based therapies, it may be advantageous to combine products with
existing delivery systems or other drug entities to enhance performance or stability.
For example, one strategy for delivering cell therapies includes encapsulation in
biopolymers [88]. Another PSC-based cell therapy may require a new surgical
instrument or device to implant cells within the body. Because the nature and type
of devices that may be combined with an HCT/P vary significantly, providing spe-
cific regulations are outside the scope of this chapter.

However, generally, if the drug or device component already has FDA marketing
approval and will be used in a similar manner, then the CMC previously filed for
this entity may be referenced in the new CMC for the combination therapy.
Otherwise, the regulatory status of the drug or device for the new intended use must
be established through a New Drug Application (NDA), PreMarket Approval appli-
cation (PMA), or a premarket notification (510 (k)) depending on the exact nature
of the combination of products. A consultative review with FDA regulators is sug-
gested early in the process for potential combination products to clarify the best
path for regulatory application and oversight.
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7.4 Manufacturing

Sponsors of PSC-based cell therapies must consider a range of activities involved in
generating, evaluating, and distributing clinical-grade products. A schematic repre-
sentation of steps required to develop a PSC-based product is shown in Fig. 7.2 [89].
Cell banking and early features of process development have been described previ-
ously. In this section, we will focus upon regulations applicable to manufacturing
facilities and processes used to generate PSC-based clinical materials for investiga-
tional use.

Manufacturing PSC-based cell therapies includes generating and testing prod-
ucts as well as logistics such as packaging, labeling, and transport. Depending on
the complexity and intended use of a therapeutic, significant optimization may need
to occur in order to translate a research-grade entity into a safe, commercially viable
product. In addition to procedures to create products or components, the environ-
ment, equipment, and personnel involved must be thoroughly described within the
CMC section.

Further, manufacturers of investigational product must demonstrate that the
manufacturing environment and equipment contained within are adequately con-
trolled for the generation of sterile HCT/Ps in accordance with cGMP [90, 91] and
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Fig. 7.2 Schematic of processing and manufacturing steps involved in development of a PSC-
based cell therapy product [101]
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as described in a 2004 guidance entitled, “Sterile Drug Products Produced by
Aseptic Processing—Current Good Manufacturing Practice” [92]. While full adher-
ence to all facets of cGMP is not expected at the IND and Phase 1 level of clinical
studies, a detailed description of all procedures used during the collection, produc-
tion, and purification of PSC-based cell therapeutics must be provided.

A comprehensive and systematic evaluation of all manufacturing facilities, pro-
cesses, equipment, materials, and personnel to identify potential hazards is the first
step in developing a robust strategy to eliminate or mitigate possible threats [2]. As
with all clinical regulations, expectations for quality increase as trials progress.
Taking future manufacturing needs into consideration early will assist in the devel-
opment of scalable systems for quality by design—an important principle we will
discuss later in the chapter.

7.4.1 The Manufacturing Environment

Production of sterile products is one of the most critical elements to ensuring
human subject safety in clinical trials; therefore, a thorough plan is required as to
how aseptic manufacturing processes and controls will be implemented throughout
production and packaging of materials. Aseptic processing begins with proper
facilities, equipment, and personnel to conduct the scope of required aseptic
manipulations and is further maintained with proper disinfection regimes and rig-
orous quality control [2]. For PSC-based therapies, Good Tissue Practice (GTP) is
at the core of maintaining a manufacturing environment that produces sterile, qual-
ity products. The goals and scope of these regulations are outlined in 21 CFR
1271.190(a, b); however, individual regulations may be found throughout 21 CFR
1271, Subpart D [10].

7.4.1.1 Facilities

Facilities occupied by manufacturers of HCT/Ps do not have to register with CBER
until a product is given approval [93]. However, site inspections by FDA regulators
will occur prior to initiation of Phase 1 studies to verify suitability for intended
production. In several states (including California and Massachusetts), facilities
hosting and processing human cells and tissues must register these activities with
appropriate state authorities. A list of state-specific regulations is located on The
American Association of Tissue Bank’s website [94].

Regardless of location, suitable facilities should provide sufficient space, light-
ing, ventilation, heating, cooling, water, and sanitation for intended production pro-
cesses. Documentation supporting these features should include a diagram of
facilities indicating designated areas for sterile manufacturing and processing [2].
One example of a clean room facility schematic is shown in Fig. 7.3 [95]. Notice
that the two diagrams are for the same manufacturing space; however, the diagram
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Fig. 7.3 Example of floor plan for clean room production of human cell therapies [105]

on the right delineates separation of production activities while the left indicates
“clean” areas by International Organization for Standardization (ISO) designations
for particle limits.

It is important to evaluate the usage of space within manufacturing environment
for susceptibility to contamination with biological substances, including adventi-
tious agents such as bacteria, fungi, viruses, and mycoplasma. Separation and isola-
tion of “clean” activities is key to maintaining an environment suitable for clinical
manufacturing. The potential for the presence of adventitious agents should also be
minimized through coordinated cleaning and decontamination activities conducted
throughout the manufacturing process [69, 96].

Air-handling systems that prevent contamination and cross-contamination are
specifically required for the production of sterile products. Full regulations regard-
ing the environmental controls that should be put in place are outlined in 21 CFR
1271.195 [97]. If production of a PSC-based HCT/P involves the use of pathogenic
or spore-forming microorganisms, live viruses, or gene therapy vectors, there may
be additional containment considerations that must be discussed with the appropri-
ate Center within the FDA prior to manufacturing product [2].

Facilities manufacturing multiple products are required to provide strategies for
preventing cross-contamination in addition to contamination by adventitious agents.
Within current regulatory standards, stem cells cultured and maintained in a plu-
ripotent state for production are a separate product entity from cells that have
entered specific differentiation or manufacturing processes that render them no lon-
ger “stem cells.” Therefore, environmental control strategies for separating these
two product entities must be implemented to prevent potential cross-contamination
of final product with highly oncogenic stem cells [93, 98]. Prevention strategies
should be outlined in the CMC as they apply to specific elements of the manufactur-
ing process (e.g., multiple incubators as an equipment-based strategy or multiple
rooms as a physical barrier).
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In the circumstance that manufacturing activities will take place at more than one
facility, it is necessary to include descriptions for all procedures and safety measures
for both facilities as part of the IND submission. Additionally, intermediate ship-
ment processes to transfer product components or in-process materials between
facilities should be outlined in the CMC. Strategies to control and oversee consis-
tency of production at multiple facilities should also be described.

Generally, the US Department of Health and Human Services requires an envi-
ronmental impact study for facilities manufacturing new products [99]. However,
a categorical exclusion exists for sponsors of IND studies for human drugs and
biologics under 21 CFR 25.31(e) [100]. Unless there are extraordinary circum-
stances, this exemption should be applicable for the generation of PSC-based
therapeutics.

7.4.1.2 Equipment

A diverse range of equipment will be required to produce, analyze, and store PSC-
based HCT/Ps. It is strongly suggested that dedicated equipment be employed in
manufacturing investigational product whenever possible. All equipment must be
calibrated yearly, or more frequently if recommended by equipment manufacturer.
Additionally, all equipment employed for safety-related functions (e.g., viral clear-
ance or bacterial detoxification) must be regularly tested to ensure proper perfor-
mance with a “high degree of assurance.” Expectations regarding equipment for
cGMP during Phase 1 studies are outlined in a July 2008 FDA Guidance [2] as well
as 21 CFR 1271.200 [101].

The 2008 guidance includes specific recommendations for aseptic workstations
employed in the manufacture of cell therapy products. First, the placement and
installation of workstations must allow sufficient airflow around the apparatus.
Next, the placement of all items in and around the workstation should not disrupt
the unidirectional airflow necessary for sterile processing applications. Prior to
manufacturing investigational product, the workstation should be calibrated to ver-
ify proper function and performance by a certified professional [2]. The inside of
the workstation should be disinfected with sterile disinfectant solution frequently,
and a thorough decontamination procedure should be applied yearly or after any
significant contamination event. All use and maintenance of workstations for pro-
duction of HCT/Ps should be documented to support control of the manufacturing
process [97].

Generally, cell manipulations and all other sterile processing (e.g., media prepa-
ration) should be performed only under laminar airflow conditions that meet ISO 5
standards. The ISO clean room classification system is related to the number and
size of airborne particles allowed within a contained environment. Current ISO
classes are outlined in Table 7.2 [102]. Commonly, biosafety cabinets are incorpo-
rated into manufacturing procedures to meet FDA requirements regarding sterile
production activities, as only the environment to which product will be exposed
must meet this standard.
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Table 7.2 1SO 14644 Cleanroom Classes for Particle Monitoring [111]

Maximum Particles per Cubic Meter (m?)

ISO Class 0.1 um 0.2 um 0.3 um 0.5 um 1.0 um 5.0 um
1 10 2 - --- --- ---
2 100 24 10 4 --- ---
3 1,000 237 102 35 8 ---
4 10,000 2,370 1,020 352 83 ---
5 100,000 23,700 10,200 3,520 832 29
6 1,000,000 237,000 102,000 35,200 8,320 293
7 -—- -—- - 352,000 83,200 2,930
8 --- --- - 3,520,000 832,000 29,300
9 --- --- - 35,200,000 8,230,000 293,000

Sterility of the production environment can be confirmed using touch and set-
tling plates containing bacterial growth media and/or active air monitoring to dem-
onstrate the absence of adventitious agents on surfaces or in the air [10]. The
viability of all particles is calculated by dividing the number of colonies grown on
plates by the total number of particles as measured by a calibrated instrument
designed specifically for this purpose. Routines and methods for performing this
testing during production, as well as strategies to document and review results
should be outlined in the CMC section.

Temperature appropriate storage must be dedicated for HCT/Ps as well as vari-
ous product components [103]. This equipment will likely include a range of incu-
bators, refrigerators, freezers, and possibly cryogenic storage units that must be
monitored for proper function and ability to maintain an appropriate temperature
range. Automatic monitoring or user-generated logs are acceptable for recording
daily temperatures; however, alarm systems should also be implemented to ensure
the integrity of items contained within. Additionally, this equipment must be
connected to adequate power sources, and alternative sources of energy should be
identified for equipment critical to maintaining production capabilities (e.g., cryo-
genic storage unit containing MCB). Storage logistics must be outlined for the
entire production cycle including intermediate and final product storage conditions
and locations.

7.4.2 Procedures and Personnel

Personnel conducting manufacturing activities must be trained and experienced in
aseptic technique in addition to standard operating procedures used to generate and
test various product components. Documentation of applicable training should
include the initial qualifications and experience of the trainee, a description of the
type of training, name of trainer, as well as the dates training was performed and
completed. These records should be reviewed by quality assurance periodically to
ensure training was appropriate and complete for each employee and process.
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As acell or tissue-based product, the methods used to produce PSC-based thera-
peutics should consistently be in alignment with the principles of GTP [10].
Therefore, in addition to training, personnel should be familiar with the principles
of quality control, cGMP and GTP. In each step of product preparation, extreme
care must be given to both aseptic processing techniques and adherence to standard
operating procedures, as maintenance of sterility and proper manufacturing docu-
mentation are key to generating materials suitable for clinical use. Quality assur-
ance must verify investigational product lots were manufactured by trained
personnel, in addition to ensuring aseptic technique and standard operating proce-
dures were adhered to at all times [2].

Manufacturing documentation must include standardized procedures for produc-
ing each component of the product as well as any adjunct materials used during the
manufacturing process (e.g., media for maintaining stem cells, substrate coating
solutions for culture ware, etc.). The novel and complex nature of methods used to
generate PSC-based HCT/Ps necessitates meticulous manufacturing procedures and
records.

Batch records must be designed specifically for each task to include space for
recording lot numbers of materials, calculations performed, measurements made
(e.g., pipetting a volume of liquid or weighing a mass of powder) as well as the
signature of the operator(s) and verifier. Procedural records for all maintenance and
differentiation of cells must be explicitly detailed (e.g., exact number of minutes for
an enzyme treatment or exact number of cell triturations). These records must be
reviewed in addition to quality control testing prior to release of products for clini-
cal use by the quality assurance unit.

7.4.2.1 Cell Collection, Culture Conditions, and Final Harvest

The methodology and conditions used to collect and culture cells for the production
of an HCT/P must be presented as an outline of precise procedures that are repli-
cable and easily understood by FDA regulators. This “product life cycle” should
include all of the processes involved in both manufacturing and evaluating thera-
peutic products as well as indicate specific control points at which pass/fail determi-
nations are made as to whether individual production batches proceed forward in
the manufacturing process [56].

A product life-cycle schematic should also include descriptions of the timing
required for specific steps and overall duration, as well as controls used to ensure
aseptic processing [57]. The entire manufacturing process may take place over the
course of days, weeks, or even months making it important to elucidate precise
control points within the manufacturing process that are indicative of the success
and/or sterility of each section of production.

Since terminal sterilization is not appropriate for generating PSC-based thera-
pies, a closed system and/or aseptic processing methods are required [92]. A detailed
description of culture systems, such as flasks, bags, or large-scale bioreactors, must
be included as part of the CMC. These descriptions must relate to the production of
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clinically relevant sized batches, that is, not for small-scale batches with the intent
to simply “scale up” when demand increases [S6]. Where consumable platforms are
used, as is this case for the majority of culture flasks or bags, it is generally a good
idea to identify and validate alternative suppliers. Beyond establishing flexibility
within control of the manufacturing process, it is beneficial to demonstrate that reli-
ance on specific components will not be hindered by changes in availability during
full-scale production runs.

While specific details included in the description of culture conditions will vary
greatly between HCT/Ps, there are several key features that must be addressed
because of their possible impact on final products. These features may include
mechanical manipulations of cells (such as trituration or sorting) or use of enzy-
matic digestion procedures that are common for passaging of many cell types [92].
Additionally, any procedures to isolate or sort cells, including separation devices,
density gradients, magnetic beads, or fluorescent activated cell sorting (FACS),
should be described in full with substantial data supporting the robustness of these
methods.

A detailed description of the procedures used to perform final harvesting of cells
must also be included as part of the CMC. As previously mentioned, enzymatic
applications or mechanical techniques, such as centrifugation, must be described
fully including any wash conditions or media used. If cells are cryopreserved, this
must be documented and performed using standardized equipment such as con-
trolled rate freezers that regulate and record the rate at which items are frozen.
Cryopreservation procedures should be tested and validated for suitability prior to
freezing lots of product intended for clinical use. Finally, the storage conditions for
harvested cells, including whether or not they are cryopreserved, should be included
in the description of culture conditions [56].

7.4.2.2 Ex Vivo Gene Modification and Irradiation of Modified Cells

For certain PSC-based therapies, it may be necessary to utilize ex vivo gene manip-
ulation strategies to generate final products. These modifications may include infec-
tion or transfection of cells with specific genetic modifiers in the form of viral or
plasmid vectors. In these circumstances, details should be included regarding meth-
ods, devices, and reagents used in the selection and modification of cells. Where
cells are placed back into culture after genetic modification, details of culture condi-
tions, including media components and duration, must also be described. Further,
there are specific safety issues that must be addressed when incorporating these
techniques into the production of an HCT/P, including insertional mutagenesis,
oncogenesis, immunogenicity, and the potential for inadvertent transmission and
expression in non-target cells.

If a genetically modified allogeneic cell product is subjected to irradiation prior
to injection, substantial data is required to demonstrate that cell products maintain
desired characteristics, but are replication-incompetent. Further, the device used to
perform cell irradiation must be regularly calibrated with a maintenance scheme
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outlined within the CMC. For additional information regarding regulations on the
use of gene therapy techniques for the development of clinical products, consult a
2008 FDA Guidance titled “Content and Review of Chemistry, Manufacturing, and
Control (CMC) Information for Human Gene Therapy Investigational New Drug
Applications (INDs)” [104].

7.4.2.3 Final Product Formulation, Packaging, and Labeling

A finalized product formulation that includes the HCT/P, as well as any delivery or
storage systems that are used to preserve, transport, or generate final dose prepara-
tions must be described in detail with schematic diagrams, as appropriate. This
description should include the unit dosage amount, total number of units produced
per manufacturing run, and appropriate storage methods for products. Whether
products are delivered fresh or in a cryopreserved state, instructions for clinical site
storage and preparation should also be included [56]. It is important to note that the
formulation is subject to change as more safety and efficacy data become available.
However, an initial formulation for intended Phase 1 studies must be included in the
IND application as a starting point for communication with regulators.

The types of containers and closures used for packaging HCT/Ps must be reli-
able, compatible with product and storage conditions, as well as compliant with all
regulatory standards. Full requirements for cGMP control of drug product contain-
ers and closures are included in 21 CFR 210 and 211 with additional USP require-
ments listed in the USP/NF [64, 90]. For submission of an IND, a description of
intermediate and final product packaging should be described, as well as any pre-
cautions needed to ensure the protection and integrity of HCT/Ps during use in clini-
cal trials [105].

For many HCT/Ps, intended administration is by injection, whether by intrave-
nous, intrathecal, or other routes. This fact renders the packaging of products of
highest concern to regulatory bodies, who will judge the quality and suitability of
individual product packaging based on its ability to keep the product sterile and
protected from environmental factors that may affect the overall quality, safety, or
potency of contents [55]. Common causes of product degradation include exposure
to light or reactive gases (e.g., oxygen), loss of solvent, absorption of water vapor,
or microbial contamination.

All investigational drug products and HCT/Ps must be labeled “Caution: New
Drug—Limited by Federal Law to Investigational Use” [106]. Other labeling
requirements specific to HCT/Ps are located in 21 CFR 1271.250 “Labeling
Controls” [107] and 21 CFR 1272.370 “Labeling” [108]. As previously described,
cell therapy products intended solely for autologous use must contain a label indi-
cating “Autologous Use Only” and, if donor testing and screening is not performed,
“Not Evaluated for Infectious Substances” [23]. For non-autologous HCT/Ps, dis-
tinct identifiers not containing a donor’s personal information must be contained on
all product labeling and records pertaining to that HCT/P [50].
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Generally, each HCT/P must contain a label that clearly and accurately indicates
the product’s distinct identification code, description, expiration, and any warning
required by 21 CFR 1271.60(d)(2), 1271.65(b)(2), or 1271.90(b), where applicable
and physically possible. Additional information is required either on package label-
ing or in accompanying product information, such as the name and address of the
establishment making the HCT/P available for distribution, storage temperature, as
well as appropriate warnings and instructions related to the prevention of transmis-
sion of communicable disease [52, 109, 110].

Accepted conventions for identification and labeling of final cell therapy prod-
ucts are contained within the International Standard for Blood and Transplant
(ISBT) 128 Technical Specifications for Cellular Therapies [111]. Responsibility
for implementation and management of these standards is maintained by the
International Council for Commonality in Blood Banking Automation (ICCBBA),
which ensures that medical products of human origin are assigned a unique identi-
fier that is standardized across international borders.

Quarantined materials defined in 21 CFR 1271.3(q) [7], including HCT/Ps for
which donor eligibility testing has not yet been completed, must be easily
distinguishable from materials that are available for release and distribution [52].
In the circumstance that donor eligibility testing fails, in addition to physically
separating these items from materials released for manufacturing, labeling must
indicate “For Nonclinical Use Only” and contain a Biohazard legend [7].
Alternatively, if there is a documented urgent medical need, a provision exists that
may allow for use of an otherwise ineligible product. However, in these circum-
stances, product labeling must state “Warning: Advise patient of communicable
disease risks” and “Warning: Reactive test results for (name of specific disease
agent or disease)” [109].

7.4.2.4 Product Shipping, Storage, and Handling

The CMC section must include information about systems to identify and track
products from the time of initial collection, through production and shipment until
administration of final products to individual patients. Documentation must account
for the location and environment of HCT/Ps at all times—including during the ship-
ment of products from manufacturing facilities to clinical sites. (Product tracking
will be discussed further later in this chapter.)

Exterior packaging must be constructed to prevent contamination of the product
and maintain proper temperature and pressure conditions [53]. The fragile and
potentially hazardous nature of PSC-based HCT/Ps makes it vital to label packag-
ing with all regulated and relevant information. This includes the general category
of products contained in the package, identification of a temperature-controlled
product, and proper UN classification codes.

It is vital to demonstrate that products will be stable throughout the duration of
short- and long-term storage, as well as any transport processes. This is achieved by
analyzing storage and shipment processes to establish acceptance criteria for
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handling of products. Standard operating procedures must be developed to fully out-
line the responsibilities of personnel on both shipping and receiving ends of pack-
ages. Federal regulations outlining specific responsibilities are located in 21 CFR
1271.265 “Receipt, predistribution shipment, and distribution of an HCT/P” [112].

Before standardized procedures can be developed, however, acceptable tempera-
ture limits must be established for storage and shipment of HCT/Ps [103]. Generally,
cryopreserved products that are shipped frozen should be maintained at a tempera-
ture appropriate to the freezing medium (e.g., —109 °F/-78 °C for dry ice ship-
ments). For non-cryopreserved cell therapy products, validated shipping services
and products are available to ensure relative homeostasis during the shipping pro-
cess. PSC-based products that are shipped “live” should never be exposed to freez-
ing temperatures (below 32 °F/0 °C) or high temperatures (above 75 °F/24 °C)
because of the potential for physiological damage and cell death.

In addition to validated shipping services, products are available to accurately
record temperatures inside product packaging to verify temperature criteria outlined
in product specifications are not breached. The feasibility of transportation strate-
gies should be supported by data obtained from “test” product shipments that
accurately reflect condition and duration of shipping process. Shipments should
include actual product in order to perform viability and any additional testing. When
shipping products to clinical sites for use, environmental monitoring of packages
will be required to ensure quality and safety of materials.

7.4.2.5 Process Validation

Any process that cannot be fully verified by subsequent inspection and test must be
justified, validated, and approved. Process validations should indicate that manufac-
turing procedures and equipment are able be used consistently and with a high
degree of assurance during production of investigational HCT/Ps. Generally, this
can be demonstrated by providing data from three or more productions runs that
consistently generate product batches meeting all acceptance criteria. More detailed
requirements for process validation are described in 21 CFR 820.75 [113].

7.5 Quality Control

For each lot of product component, adjunct material, or final investigational prod-
uct, tests must be performed to verify conformance with specifications regarding
identity, sterility, purity, and potency [114]. It may be difficult to fully qualify cer-
tain attributes of biological products such as PSC-based cell therapeutics, especially
during early studies where product knowledge and characterization is limited. For
this reason, it is critical to perform extensive product testing and retain samples of
each investigational lot for direct comparison to products used in later stages of
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clinical trials. In this manner, the reproducibility of comparable HCT/Ps for addi-
tional clinical or safety studies will be ensured.

To control manufacturing processes, intermediate test procedures should be
implemented in addition to final product testing. The timing of intermediate tests
should reflect significant points in the manufacturing process such as a change in
culture vessel or after the introduction of a new chemical agent [2]. All product and
intermediate testing should be performed in a controlled environment under GLP,
and significant consideration should be given to transfer of test samples from manu-
facturing areas to quality control areas to prevent potential contamination during
transport.

A written plan that describes quality control functions, personnel, and training
should be provided as part of the CMC. In addition to testing and oversight of mate-
rials, quality control is responsible for reviewing and approving test procedures, as
well as validating acceptance criteria have been met for all released products [115].
While quality should be a goal of every member of the manufacturing department,
it is highly recommended that at least one individual be assigned to perform quality
control functions independently of manufacturing responsibilities. Generally, it is
not cGMP-compliant for quality control personnel to review work they performed
or product they produced.

In some instances where resources are limited, it may be necessary for a single
individual to perform manufacturing and quality control duties. In such circum-
stances, it is recommended that another qualified individual not involved in manu-
facturing conduct periodic reviews of both manufacturing and quality control
activities [10]. As HCT/P production needs grow, there will be stricter requirements
for separation of quality and manufacturing activities. Regulations outlining pro-
duction and process controls necessary for quality systems are located in 21 CFR
1271.220 [116] and 1271.225 [117] as they apply to Good Tissue Practice (GTP),
as well as 21 CFR 820.70 for medical devices [118].

In this section, the various types of testing required to establish product safety
and quality will be described. For PSC-based therapies, this includes demonstrating
the identity and purity of final products, as well as establishing the presence of
viable cells free from potentially infectious agents. Of equal importance are tests
indicating the potency of a therapeutic product [119], a process that is far less
defined for novel regenerative medicine products.

7.5.1 Identity Testing

In addition to establishing cell bank identity, testing must confirm the unique iden-
tity of final HCT/Ps. Quantitative testing by previously described genotypic, pheno-
typic, and/or biochemical assays is generally required to confirm cell identity and
assess heterogeneity of cell populations [120]. All HCT/P lots must have their iden-
tity and corresponding labeling verified prior to release for use in investigational
studies.
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When generating PSC-based therapies, there are often cells present in the facility
at many different stages of development. Therefore, identifying cells often means
determining their specific maturation state from PSC to final derived cell product.
Frequently, this is achieved through the use of biomarkers such as cell-surface
receptors, transcription factors, or cytokines to specifically identify cells (e.g., Oct4
transcription factor to identify pluripotent stem cells). As cells evolve, often a panel
of markers will be required to fully identify and qualify cell products. For example,
to qualify mature oligodendrocytes, one might examine the expression of several
oligodendrocyte-specific markers including Oligl/2 [121] along with less specific
neuronal markers such as doublecortin.

7.5.2  Sterility Testing

Regulations regarding sterility and microbiological testing are located in 21 CFR
610.12, “Sterility” [122]. Generally, test methods must be validated for use in spe-
cific manufacturing paradigms and include standardized controls. Culture-based
methods that rely on growth of microorganisms as well as nongrowth-based meth-
ods that evaluate microbiological surrogates may be suitable depending on the prod-
uct and facilities.

Since many PSC-based therapies have a short “shelf life,” Rapid Microbiological
Methods (RMM) may be implemented to initiate release of final products prior to
the standard 14-day microbiological culture requirements for many growth-based
detection methods. However, implementing RMM procedures is only allowed when
in-process sterility tests are negative, and a rapid method such as a Gram stain is
incorporated and found negative in comparison to a known standard as part of final
product testing. In principle, these methods can detect either specific microorgan-
isms or other microbiological surrogates downstream of contamination; however,
the methods used to establish sterility must be validated and approved by the FDA.

Validation characteristics for sterility testing include the limit of detection, speci-
ficity, degree of reproducibility, and robustness of analytical techniques. Specific
guidelines for designing and selecting analytical microbiological methods for HCT/
Ps are described in detail in an FDA Guidance published in 2008, titled “Validation
of Growth-Based Rapid Microbiological Methods for Sterility Testing of Cellular
and Gene Therapy Products” [123].

7.5.2.1 USP Sterility Test

Requirements for performing and validating sterility test methods for HCT/Ps are
located in the USP 28 and National Formulary 23 General Chapter 71 [71] and 21
CFR 610.12 [122]. These tests must be approved for their ability to confirm either
the presence or absence of bacterial or fungal elements in cell-based products.
Generally, the first step in investigating product sterility includes performing a



7 Overview of Chemistry, Manufacturing, and Controls (CMC)... 185

Gram stain to rule out the presence of common Gram-positive bacteria. However,
because this method is unsuitable for definitively identifying Gram-negative and
Gram-variable bacterial species, other techniques are required for confirming full
sterility of clinical-grade products.

For a more comprehensive sterility profile, a methodology incorporating a vari-
ety of different growth media is described in USP <71> Sterility Tests [71]. This
methodology is time consuming due to its manual nature, which has led many
researchers to attempt new strategies to comply with sterility testing regulations. A
group at NIH’s Department of Transfusion Medicine compared methods using
Becton Dickinson’s (Franklin Lakes, NJ) Bactec™ and bioMerieux’s (Marcy-
I’Etoile, France) BacT/ALERT® automated testing equipment to the manual CFR/
USP method. The results of these experiments found that both of the automated
methods produced consistent, reliable results within 7 days when applied to cell
therapy products [126, 127]. These methods are currently being reviewed and USP
<1223> Validation of Alternative Microbiological Methods will be updated in the
future to reflect the results of this ongoing research [128].

7.5.2.2 Mycoplasma

Testing for mycoplasma must be performed after any pooling of cell cultures but
prior to washing, as this detection method requires media supernatant rather than
cells. Liquid samples collected are subjected to PCR-based amplification that allows
detection of small amounts of mycoplasma DNA [62]. While many companies pro-
vide qualified mycoplasma testing services, currently, there is only a single FDA-
approved product on the market for performing rapid detection methods in-house.
Approved in the US in 2012, the MycoTOOL® PCR Mycoplasma Detection Kit
from Roche Applied Science (Basel, Switzerland) has subsequently been approved
by the European Medicines Agency, the Japanese Pharmaceuticals and Medical
Devices Agency and over 60 other countries worldwide [129]. There are many other
available kits for “unofficial” detection of mycoplasma; however, none of these
have been approved for testing clinical-grade investigational products under cGMP.

7.5.2.3 Adventitious Agents

The presence of adventitious agents must be screened for in allogenic cells and tis-
sues used in product manufacturing. Generally, this includes Epstein-Barr virus,
cytomegalovirus, hepatitis B, hepatitis C, and human immunodeficiency virus. In
addition, tests for hemadsorbing viruses, retroviruses, adenoviruses, and adeno-
associated viruses may be required depending on the manufacturing and/or repro-
gramming processes used during production. These tests are performed using
in vitro and in vivo methodologies and must be conducted under GLP conditions.
Detailed descriptions of specific FDA-approved test methodologies for each of
these requirements are available on the FDA website [130].
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The facilities and diverse expertise required to perform this level of testing are
frequently outside the scope of a product manufacturer’s abilities and resources.
Because of the quality, number, and diversity of tests that must be performed, it is
highly recommended that these particular characterization tests be contracted out to
facilities that are specifically equipped to perform these analyses. In this regard,
there are many organizations that will perform adventitious agent testing in compli-
ance with federal regulations including BioReliance (Rockville, MD), Molecular
Diagnostic Services, Inc. (San Diego, CA), Genewiz (South Plainfield, NJ), Texcell
(Frederick, MD/Cedex, France), and SGS (Geneva, Switzerland). While contract-
ing this testing out may be an expensive prospect, using validated services will
ensure initial product characterizations are of adequate quality for rigorous FDA
standards.

7.5.3 Purity

Prior to release of an HCT/P, testing must be performed to demonstrate the final prod-
uct is free from undesirable materials potentially introduced during the manufactur-
ing process [112]. This includes residual contaminants specifically used during
production as well as pyrogenic/endotoxin contaminants that may result from process
impurities. For PSC-based therapies, this also includes establishing all the cells pres-
ent in the final product are desired and approximately equal with regard to quality.

7.5.3.1 Detection of Cellular Contaminants

The most obvious cellular contaminant may be stem cells, but there are many other
potential types of cellular contamination that could be present in PSC-based products.
This is due to the fact that numerous types of cells may be differentiated from a single
population of progenitor cells. Methodologies to identify cellular contaminants fre-
quently rely on the use of cell-surface markers because coordinated panels can be
used to identify discrete cells types or characteristics. An example of this type of
analysis is shown for hematopoietic progenitors derived from PSCs in Fig. 7.4 [131].

Two chemicals, 4’, 6-diamidino-2-phenylindole (commonly referred to as DAPI)
and Hoechst stain, are commonly used to identify all cells present in a sample
because of their ability to permeate cells and emit blue fluorescence once bound to
double-stranded DNA. This allows for a count of all cells that can then be used to
determine relative percentages of other cells present, although it should be noted
that Hoechst is only useful in identifying cells that are alive. Fluorescent micros-
copy is a relatively low throughput method to analyze cell-surface markers that are
reflective of the cellular content of final products.

Flow cytometry is a higher throughput method that quickly profiles cells using
panels of fluorescent biomarkers simultaneously. Guidelines for using flow cytom-
etry as an analytical technique are outlined in USP <1027> Flow Cytometry [132].
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Fig. 7.4 Flow cytometry analysis of cells differentiated from hPSC-derived blood progenitors [137]

Benefits of using flow cytometry include the ability to quickly evaluate cell viability
using propidium iodide and compare all generated sample profiles to standards as
part of test validation. Generally, calibration and performance of flow cytometry is
a more exact quantitative process than microscopic visualization; thus, it is highly
recommended this method be incorporated into the production of investigational
products where it is suitable to promote production capacity and consistency.

7.5.3.2 Identifying Residual Contamination

There are many potential types of residual contamination in cell-based products
including proteins, DNA, RNA, solvents, cytokines, growth factors, antibodies, and
serum. Accordingly, a range of tests may be required to verify levels of residual
contamination present in the final product. Though procedures to identify common
residual contaminants are mandatory, the selection of additional tests depends on
the exact nature of the manufacturing process and specific HCT/P.

Immunological assays (e.g., ELISA) may be used to quantify residual protein
contamination in products. RT-PCR methods are frequently utilized to qualify and
quantify the presence of contaminating DNA. A cytokine profile assay may be use-
ful to detect the presence of cytokines left over from the manufacturing process as
well as specific contaminating cell types potentially present in the final product
[56]. For example, to evaluate the presence of fibroblast or keratinocyte cells in the
final product of an iPSC-based therapy, the level of IL-1, PDGFa, and TGFf1 may
be examined. Finally, to identify contaminating small molecules and peptides, ana-
Iytical methods such as high performance liquid chromatography (HPLC) and mass
spectrometry are useful and robust.
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7.5.3.3 Pyrogenicity/Endotoxin Testing

A pyrogen is defined as any substance that has the potential to raise body tempera-
ture to physiologically high levels and includes endotoxins found in the cell wall of
Gram-negative bacteria. Traditional in vivo tests for pyrogenic activity use intrave-
nous injection of a drug product into rabbits. Due to the more complicated logistics
of performing this in vivo method, acceptable in vitro alternatives have been devel-
oped and approved for use. Limulus amebocyte lysate (LAL)-based methods detect
Gram-negative bacteria using the coagulation reaction that occurs between LAL
and any endotoxin present in samples.

Quantification of this reaction is achieved using either a gel-clot, turbidimetric,
or chromogenic technique to compare samples to known standards. The measure-
ments made are expressed in Endotoxin Units (EU) per milliliter (mL) where one
EU is approximately 100 picograms of E. Coli lipopolysaccharide representing an
estimated 105 bacteria. Gel-clot techniques are simple to perform; however, photo-
metric techniques allow for both end-point and kinetic measurements with detection
levels as low as 0.001 EU/mL. Unlike testing for mycoplasma, there are many avail-
able products and kits to perform LAL-based endotoxin analyses in-house as well
as an abundance of contract testing services.

The regulations for using LAL-based methodologies are described in the USP
<85> Bacterial Endotoxins Test [124] and, where an applicable device is involved,
USP <161> Transfusion and Infusion Assemblies and Similar Medical Devices
[134]. The FDA has set a maximum limit of 5 EU per kilogram (kg) for non-
intrathecal drugs and 0.2 EU/kg for drugs that will be administered intrathecally.
These values are expressed in EU/kg to account for variation in dosage volumes,
such that a 10 mL/kg maximum dose of a drug should contain no more than 0.5
EU/mL [135].

Reducing the level of endotoxin present in final HCT/Ps starts with utilizing
quality, sterile components that are low in endotoxin during the manufacturing pro-
cess. For example, Water for Injection (WFI) is required to have an endotoxin level
less of than 0.25 EU/mL, which makes it a better choice for cGMP preparation of
media or culture reagents compared to most other sterile waters. Thus, it is impor-
tant to examine each step of the production process, especially product components
and packaging materials, to prevent the introduction of potential pyrogenic agents
into final products.

7.5.3.4 Tumorigenicity

During the IND phase, production processes, especially use of growth factors and
purification procedures, will need to be evaluated and verified for overall robustness
in removing oncogenic elements such as stem cells. Factors influencing the overall
tumorigenicity of PSC-based products include the differentiation status of cells
within the final formulation, the extent and nature of cell manipulations, profile of
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expressed transgenes in transduced cells, previous demonstrations of tumorigenic
potential in preclinical studies and the target patient population.

The use of PSCs in manufacturing definitively necessitates tumorigenicity test-
ing for each lot of final product to ensure it is free from undifferentiated cells or
other oncogenic elements [60]. Traditional in vivo methods for assessing tumori-
genicity, dysplasia, and hyperplasia include the use of immunocompromised
rodents inoculated with cell products and observed for the formation of nodules
over an appropriate time period. Routine histological examinations confirming
either the presence of absence of tumor cells support the overall determination of
tumorigenicity for a product. Since this lengthy process requires approval and
facilities to host animals, which may not be feasible for small manufacturers, there
are many contract research organizations that will provide this type of preclinical
safety testing.

However, because this methodology is time-consuming and expensive, it gener-
ally unsuitable for in-process and final testing of products. Thus, flow cytometry
methods incorporating the use of recognized stem cell markers (e.g., Oct4) might
also be deemed acceptable for demonstrating freedom of final products from stem
cell/tumorigenic contamination on a routine basis. However, these methods must be
validated for their sensitivity, a process that involves “spiking” product samples
with increasingly dilute amounts of stem cells to determine at what point stem cells
are undetectable. Regulated limits for stem cells and other oncogenic contaminants
are very low, but individual acceptance criteria should be based on preclinical data
and discussed with FDA reviewers in consideration of specific products and
applications.

7.5.4 Potency

Tests for the potency of an HCT/P should demonstrate the specific characteristics of
transplantable cells that will produce desired clinical outcomes. Complicating mat-
ters, some HCT/Ps require transplantation of progenitor cells for engraftment rather
than cells with mature phenotypes. It is often challenging to qualify the ability of
progenitor cells to mature into fully functional cells in vivo at pre-engraftment/early
developmental stages. Thus in vitro or in vivo assays, or a combination of both,
must be specifically tailored to indicate the strength of each batch of HCT/P pro-
duced. These tests should qualitatively and quantitatively demonstrate specific
desired characteristics of final products that are highly specific for each HCT/P.
Frequently, potency tests occur through verification of a panel of biological indi-
cators including cell-surface markers or functional analysis. As cells differentiate
and mature, different cell type-specific markers must be utilized to qualify the exact
identity and maturity of cell products. For example, to qualify dopaminergic neu-
rons, one could examine the expression of tyrosine hydroxylase on the cell surface
using microscopy or flow cytometry. Additionally, assays could be performed to
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determine if cells are functional by appropriate electrophysiological profile or
measurement of dopamine release upon stimulation.

In vivo tests for engraftability of cells may include examining human biomarkers
in animals that were implanted with cells to assess viability and integration. While
a range of accepted methodologies exist to evaluate specific features and functions
of cells, assays indicating potency of PSC-based therapies and their capacity for
successful engraftment must be specifically justified for each HCT/P. The complex
nature of developing potency tests is covered in detail in a later chapter of this book.

7.5.5 Stability

For PSC-based therapies, there are two phases of product that need to be analyzed
for stability. First, cells that are used in production need to be evaluated for geno-
typic and phenotypic stability as well as suitability for specific production processes
as defined in acceptance criteria. Second, a stability assessment must be performed
on end of production cells as a one-time test to assess final product safety. While
these tests may be similar in nature, qualifying the stability of stem cells as pluripo-
tent entities is a vastly different exercise from demonstrating the stability of mature
cell types.

The stability of cell banks under defined storage conditions must be established
for short-term production (less than a year) and generated continually as clinical
trials proceed. The CMC should include a proposal of how the MCB and WCB will
be monitored throughout production as well as indications for newly thawed con-
tainers. If production or thawing of cells from either the MCB or WCB does not take
place for significant periods of time, viability testing should be performed at
predefined intervals described in the CMC. Establishing consistency and stability
of production activities through the redundancy of back-up systems is highly
recommended.

To evaluate the stability of cell lines as they are repetitively cultivated for pro-
duction, time points should be examined to determine the minimum and maximum
number of subcultivations during which cells are adequate for production. For cell
lines that contain recombinant DNA constructs, the coding sequence of the con-
struct should also be verified within these limits by either nucleic acid testing or
product analysis. For circumstances in which products cannot be analyzed by such
methods, other traits may be useful for assessment of stability including morpho-
logical or growth characteristics, biochemical or immunological markers, as well as
other relevant genotypic or phenotypic markers suitable for the HCT/P [56].

Often, the first criterion for release of final products is cell viability at the end of
production. The survival rate of cells must be established at the time when product
is released for distribution and include additional tests for all storage and preparation
conditions prior to clinical administration. When qualifying HCT/Ps, it is important
to demonstrate consistency with regard to viability as this indicates control over the
entire process of production and substantiates product acceptance criteria.
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Establishing absolute minimum release criteria for viable cells will greatly
depend on potential negative effects of delivering dead or unhealthy cells into the
body, methods for postproduction HCT/P preparation at clinical sites, and the mini-
mum dose requirement for engraftable cells. If cells are purified on-site by some
mechanism that guarantees the delivery of nearly 100 % viable cells, the first issue
is largely negated. However, the robustness of mechanisms used to generate consis-
tent viability should be clearly established in the CMC.

When cells are cryopreserved, viability data must support adequate survival of
preserved cells once they are reconstituted for clinical production purposes. If cells
demonstrate high viability after the preservation process, further testing is not gen-
erally required. However, if low viability is observed and considered an acceptable
part of the manufacturing process, this must be justified and supported by data
showing viable cells are fully functional and capable of producing an appropriate
amount of clinical product [57].

While establishing product stability is a key part of a successful CMC, it is
emphasized by the FDA that the amount of information required is dependent on the
scope and length of the clinical investigation [64]. For PSC-based HCT/Ps, this
entails demonstrating cells are within acceptable chemical and physical limits for
the duration of production and any storage or transport processes until administra-
tion of the cell therapy product to a patient. Significant consideration must be given
to postproduction preparation methods (e.g., syringe loading), and expiration limits
for each step of dose preparation must be established in the CMC. Additionally,
where cryopreservation procedures are used to store cellular product components,
in-process materials, or final products, the stability of each individual cryopreserva-
tion step should be assessed at appropriate time intervals.

7.5.6 In-Process Testing

Testing to evaluate in-process quality or stability may include assays to monitor
all product aspects including sterility, identity, purity, viability, and potency. For
each test to be included in the stability panel, a description of the test method,
sampling time point, and composition of test article should be included (e.g., cell
pellet or supernatant). Sampling time points should be outlined in the CMC and
determined by significant events in the production process (e.g., thawing of cells
or change in culture vessel) or, alternatively, by anticipated developmental level
of product.

Many of the tests previously described in this chapter could be used to establish
acceptance criteria for in-process materials. For example, stem cell lines can be
examined using karyotypic or cytogenetic analyses (e.g., FISH) to evaluate chromo-
somal aberrations that may have occurred over longer periods of time in culture.
Additionally, the use of intermediate biomarkers that are not included in the assess-
ment of final products may prove useful for developing in-process specifications or
control points.
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Specifications establishing acceptance criteria for release of in-process materials
into the next phase of manufacturing must be generated and adhered to by operators
[136]. The length of time to achieve test results for in-process testing should be
considered carefully such that contaminated or otherwise unsuitable in-process
materials do not move forward in manufacturing while waiting on test results.
Delayed results could lead to wasting of valuable resources and/or contamination of
other in-process materials.

For PSC therapies, it is often useful to evaluate spent media rather than testing
cells directly where appropriate. This is especially true for in-process testing of
adherent cell populations and should be taken into consideration when developing
product test procedures. Indirect assessments of HCT/Ps should be documented and
performed in accordance with specific test requirements and justified within CMC
documentation.

7.5.7 Establishing Product Expiration

Though final product specifications are not expected in an IND application, meth-
ods to optimize specifications and in-process testing should be developed to advance
Quality by Design—a topic discussed in the next section. Finalized expiration dates
may not be available if products are cryopreserved because available data suggests
that cells are viable even after long-term storage. However, products used for Phase
1 studies must have qualifying data that demonstrates they are used within accept-
able time limits according to all available stability data. The expiration date of a
product will be based on the specific HCT/P, processing methods, storage condition,
and type of product packaging [137]. Viability and functionality of long-term stor-
age of products should be evaluated on a yearly basis using appropriate methods
defined for final product testing.

The expiration of final products must also be assessed for usage conditions.
Clinical protocols defining the preparation and administration of final products
with specific expiration limits for products once they have arrived on-site or been
opened for use must be outlined in the CMC [138]. Determining the usage expira-
tion of PSC-based final products, generally, is a shorter objective than for lifetime
expiration because in vitro cells are typically only viable in culture for a matter of
days or weeks. Expiration criteria may be based on viability and/or the loss of a
specific biomarker or function as previously described for final product testing.

While final product expiration dates are a fairly concrete concept, the notion of
in-process materials “expiring” may not be as obvious. For individual product prep-
aration steps, there may be a specific point when the product is no longer suitable
for continuation in the manufacturing process. For example, if a PSC-based therapy
is dependent on cells being present at a particular maturation state to initiate the
next phase of the manufacturing process, but cells did not reach this stage within
their usual expansion profile, these cells may not be of the same quality as cells
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previously used to generate product. Beyond documenting any aberrations from
standard operating procedures or specifications, routine testing should measure in-
process materials to ensure the consistency and safety of all manufactured final
products.

7.6 Quality Assurance

The full scope of quality system regulation required for cGMP is described in 21
CFR 820 [71]. At the IND level, expectations for quality systems are less stringent
than for later phases of clinical trials. However, a quality control unit must be estab-
lished prior to manufacturing product or components in order to assess materials
management, production processes, and quality of final batches [115]. The over-
sight of all quality and production processes is expected to expand progressively
with each level of clinical production. In this section, the important facets of quality
systems and principles of Quality by Design as they apply to PSC-based therapies
will be presented.

Quality by Design is a concept that relates quality of product design, materials,
and processes to clinical performance of manufactured therapeutics. This occurs
through review of data contained within manufacturing and clinical documentation
to assimilate knowledge and identify areas for improvement of either processes or
product. A diagram from the FDA demonstrating Quality by Design as it applies to
manufacturing cell therapy products is shown in Fig. 7.5 [139]. The cyclical nature
of quality processes reflects continual optimization of products that occurs as clini-
cal studies progress.

7.6.1 Documentation Review

One of the primary roles of quality assurance is to review all documents generated
for materials management, facilities and equipment, safety procedures, manufactur-
ing, and quality control. Records must be examined for completion and to identify
any aberrations or errors [140]. Any deviation from standard operating procedures
must be investigated for potential effect on product safety and/or quality.
Investigations should be overseen by quality assurance, but involve all appropriate
departments in order to determine an appropriate course of action.

In addition to reviewing records, quality assurance is responsible for integrating
data from all departments in order to identify relevant trends. Trends may be posi-
tive or negative in nature, such that improvements are identified through either
refinement or corrective processes. For example, a positive trend might be estab-
lished through correlation of clinical benefit with specific product characteristics
demonstrated during product quality or potency testing. In an IND application,
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Quality

by
Design

Fig. 7.5 FDA graphic illustrating principles of quality by design [142]

product acceptance criteria will largely be based on preclinical studies performed
on nonhuman subjects. Therefore, it is important to identify lots that perform best
in human subjects during early clinical studies in order to refine acceptance criteria
for release of future products.

Conversely, if lots of a product component or product made by a particular oper-
ator have been of consistently poorer quality than lots made by other operators, an
investigation of this potentially negative trend would be warranted. The goal of
investigations into negative product trends is to determine proper corrective and
preventative action (CAPA) to ensure improved quality of future lots. An examina-
tion of manufacturing documentation for variations in operator technique, materi-
als, or use of equipment may determine additional training or a change in materials
or equipment would be corrective. Quality assurance must maintain records of all
investigations and CAPA, as well as oversee implementation of CAPA in coordina-
tion with appropriate departments.
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7.6.2 Document Controls

As previously described, documents outlining all procedures for materials manage-
ment, manufacturing, quality control, and quality assurance should be standardized
and include areas for appropriate signatures and verifications. Documents for new
procedures or changes to existing documents must be reviewed and approved by a
designated individual who is qualified to determine if changes are significant enough
to require validation studies. This process ensures that all production of investiga-
tional products is being conducted in exactly the same manner to promote product
consistency and validity of acquired clinical data.

All documents should be dated, and a history of changes to standardized docu-
ments should be meticulously recorded [141]. Previous versions of documents must
be archived in order to fully trace all changes to product manufacturing, regardless
of apparent significance of changes. Under 21 CFR 312.57, sponsors must retain all
supporting records for at least 2 years after a marketing application is approved for
the drug [142]. If a marketing application is not approved for the drug, records must
be kept until 2 years after shipment and delivery of the drug for investigational use
is discontinued and the FDA is notified [2].

7.6.3 Non-conforming Products and Adverse Events

Under 21 CFR 211.192, the quality control unit is endowed with the responsibility
to review and approve production and control records to determine compliance
before a batch is released or distributed [140]. This individual or unit is also respon-
sible for investigating any unexplained discrepancies or deviations in standard oper-
ating procedures or the failure of a batch or any of its components to meet
specifications, regardless if the batch is distributed.

Even early in the clinical process, adverse event reporting is required by federal
regulations. An adverse reaction to a drug or drug product occurs when any noxious
and unintended response is observed following the handling or administration of
said drug, for which there is a reasonable possibility that the HTC/P is the cause.
Any adverse reaction involving a communicable disease must be investigated to
determine potential exposure, especially in cases where infected batches were made
available for distribution. Additional reporting is required when the adverse reaction
involves life-threatening injuries, permanent impairment, necessitates medical or
surgical intervention, or is fatal [143].

An investigation into a failed or non-conforming product, component, or adverse
event must be extended to include other batches of the same or other drug products
associated with the specific failure or discrepancy [140]. For this reason, it is vital
to pursue initial investigations until a root cause can be identified with a high
degree of certainty. A written record of the investigation including conclusions
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and summary of follow-up actions is required for any potentially significant inci-
dent. Follow-up includes outlining any CAPA taken to ensure similar events do not
take place in the future [143, 144].

7.6.4 Product Tracking

Quality assurance must ensure each HCT/P is tracked during all phases of manufac-
turing, from donor to final disposition, in order to facilitate investigation of any
actual or suspected transmission event involving a communicable disease or adven-
titious agent [145]. The CMC should describe the system established to track and
segregate investigational products, including the assignment of distinct identifica-
tion codes that relate the HCT/P to the original donor and all associated records
[56]. As previously mentioned, identifier codes must not include any personal infor-
mation relating to the donor, such as name, social security number, or other medical
record number [45].

Prior to distribution of an HCT/P to a consignee, the consignee must be informed
in writing of the requirements for specific tracking systems to be implemented for
that product. Compliance with and maintenance of established tracking systems is
imperative and required by FDA regulatory authorities [145]. Strategies for facili-
tating communication between consignee and distributor should be included in the
description of tracking system.

7.6.5 Additional Regulatory Guidance for Product Developers

The FDA and CBER offer many different forms of assistance for developers of new
drug products including consultation with a variety of scientific and medical profes-
sionals. During early phases of development, there is support to ensure preclinical
experimental design and analysis will yield sufficient and relevant data necessary to
progress a drug candidate forward to the next clinical phase. In later phases, similar
assistance is available for the design and execution of clinical experiments, as well
as guidance to develop optimized product testing and specifications appropriate to
each product.

Because every HCT/P is unique in its origin, production, and intended use, the
regulatory approval process is highly individualized. A lengthy dialogue between
researchers and regulatory officials begins with a pre-IND consultation intended to
foster communication and clarification between sponsors/manufacturers and regula-
tors. For PSC-based therapies, there remain many technical and regulatory challenges
to overcome before products become commercially available. The novelty of these
products requires IND applications that demonstrate a well-considered plan with rig-
orous process and safety controls. Therefore, a thorough CMC section is vital to a
successful IND application and advancement of an HCT/P to Phase 1 clinical trials.
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Chapter 8

Regenerative Rehabilitation: Synergizing
Regenerative Medicine Therapies

with Rehabilitation for Improved Muscle
Regeneration in Muscle Pathologies

Kristen Stearns-Reider and Fabrisia Ambrosio

8.1 Introduction

With recent advances in the understanding of the molecular basis for tissue
regeneration, regenerative medicine therapies for a host of musculoskeletal disor-
ders are becoming available at an ever increasing pace. One promising area for the
application of such therapies is toward the regeneration of skeletal muscle tissue.
A host of disorders and pathologies contribute to the loss of skeletal muscle, includ-
ing muscular dystrophies, acute trauma, tumor resection, and age-related sarcope-
nia. While some of these disorders have a relatively mild impact on the loss of
muscle strength and function, others are so severe that they lead to the need for limb
amputation or, in the worst cases, death. Therefore, regenerative medicine strategies
are critical for the treatment of many musculoskeletal disorders.

While advances in muscle tissue regeneration are occurring at an unprecedented
pace, the use of rehabilitation to support such procedures has traditionally received
less attention. The cellular- and tissue-level response to mechanical loading has
been well described in the musculoskeletal system; however, little is known regard-
ing how this process could be leveraged to facilitate muscle regeneration. In the
musculoskeletal system, there is a wealth of knowledge regarding the cellular- and
tissue-level response to mechanical loading. However, there is little information as
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to how this process could be leveraged in a targeted and specific manner in order to
facilitate tissue remodeling following regenerative medicine applications for muscle
regeneration. In the following sections, we will (1) review the most recent advances
in regenerative medicine therapies for skeletal muscle regeneration, (2) provide an
overview of the principles of mechanotransduction as they apply to the musculo-
skeletal system, and finally, (3) present early evidence supporting the use of physi-
cal rehabilitation as a tool to facilitate muscle regeneration following the application
of regenerative medicine technologies. While there are a number of different mus-
culoskeletal pathologies that may benefit from the use of regenerative medicine
strategies, this review will focus on two primary applications that have received the
majority of research focus: (1) volumetric muscle loss and (2) muscular dystrophy.
Although this field is in its infancy, the available evidence supporting the impor-
tance of physical rehabilitation in facilitating muscle regeneration provides a
foundation that may guide future investigations aimed at treating many severe
musculoskeletal pathologies and disorders.

8.2 Regenerative Medicine Therapies for Muscle Pathology

Young, healthy skeletal muscle has a tremendous capability for regeneration follow-
ing a relatively minor injury. However, this capacity is severely diminished with
disease, volumetric muscle loss, and age, all of which can dramatically affect
strength and functional capacity. To address these issues, many regenerative medi-
cine therapies are being developed to regenerate muscle tissue and restore strength
and functional capacity. These therapies can be generally divided into three areas of
research focus: (1) stem cell transplantation, (2) biologic and engineered scaffolds,
and (3) a combination approach using both stem cells and scaffolds. The basic prin-
ciples, current findings, and limitations of each type of therapy are discussed below.

8.2.1 Stem Cell Transplantation

The idea of a stem cell first took form at the turn of the twentieth century when Ernst
Haeckel described the presence of stammzelles [1]. These were described as primor-
dial cells with the capacity to evolve into all types of cells and multicellular organ-
isms. Since that time, numerous studies have investigated the use of stem cells to
treat a plethora of disorders and diseases. Stem cells are unspecialized cells, capable
of self-renewal, that have the capacity to differentiate into specialized tissue types.
These cell populations can be isolated from many different tissues; however, they
are most commonly isolated from embryonic or adult tissue. Stem cells derived
from embryonic tissue have the potential to form all of the specialized cell types of
the body, a feature known as pluripotency. However, their use is highly controver-
sial and there are many concerns that their unlimited potential could lead to the
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formation of unwanted tissue types (i.e., tumors). Adult stem cells are more desirable
as they can be obtained from many tissues in the body, including bone marrow,
fat, and skin. These cells were originally thought to have more limited potential for
tissue regeneration due to their more differentiated state. However, recent studies
have demonstrated that differentiated cell populations, such as fibroblasts (from
skin) and adipocytes (from fat), can be reprogrammed to an embryonic-like stem
cell by transient expression of four early developmental transcription factors [2].
This finding opens up numerous therapeutic applications, allowing researchers and
doctors to harness the regenerative potential of more readily available cells types
and to generate patient specific stem cells for autologous transplantation.

While stem cell therapies appear promising given the potential for muscle regen-
eration, their clinical application has, to date, been met with limited success [3].
Stem cell-mediated muscle regeneration for Duchenne muscular dystrophy (DMD)
has been the most thoroughly investigated and is one of the few pathologies for
which stem cell therapy has been translated to clinical trials [3]. DMD is a progres-
sive muscle wasting disorder caused by a loss of the protein dystrophin, resulting in
the loss of functional muscle by early teenage years. Early clinical trials of myoblast
injections for DMD demonstrated the safety of intramuscular injections and the
ability of transplanted cells to contribute to new myoblast formation and muscle
regeneration [4—11]. Unfortunately, many studies found that the newly formed
fibers did not provide any meaningful functional benefit, as no improvements in
muscle strength were observed [5, 8, 9, 12]. In addition, poor donor cell engraftment
was often noted [13—15]. Ultimately, the limited clinical success of these early inter-
ventions was attributed to rapid cell death, poor migration, and immune rejection of
the implanted cells [13—15].

The limited success of stem cell therapies has highlighted a number of barriers to
translation. The method of delivery, commonly via direct injection into the target
tissue of interest, often leads to formation of a bolus of cells at the injection site
[16]. Cells in the center of the injection site are therefore not able to get the nutrients
or signals they need to thrive and differentiate, often leading to massive cell death.
In addition, cells must be able to migrate away from the injection site in order to
effectively integrate into the area of interest, which is not possible with a bolus of
cells. On the other hand, there is also concern as to methods to maintain the cells in
the location of interest. Without some form of “anchoring” within the target tissue,
there is potential that the injected cells may migrate away from the area of interest,
negating any regenerative benefit of the implanted cells.

If the cells do remain viable following transplantation, another concern is the
ability of stem cells to differentiate into the target tissue. As growth factors are par-
tially responsible for guiding cells to differentiate into one of many tissue types,
there is some concern regarding the growth factors to which donor stem cells are
exposed in an injured/diseased environment. If the cells are implanted into an inhos-
pitable microenvironment, such as is the case in either “diseased” or acutely injured
tissue, cells may be exposed to growth factors that promote further pathogenesis.
If cells are exposed to such deleterious factors, there may be a risk for terminal
differentiation toward an unwanted phenotype, such as fibrosis [17]. Studies are
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needed to investigate the optimal time at which stem cells should be introduced
into an environment, especially if the introduction of cells occurs following an
acute injury.

In an attempt to address many of the known limitations of stem cell therapies,
novel techniques to improve donor cell incorporation into muscle tissue are being
investigated. Improvements in the isolation and manipulation of stem cells have the
potential to improve engraftment potential and encourage functional muscle regen-
eration. For example, applications utilizing stem cell populations typically involve
isolation and expansion of the cell population on tissue culture plates prior to
implantation. However, it was later shown that even short-term culture of muscle
stem or satellite cells results in a myoblast population with a greatly diminished
regenerative potential [18-20]. To avoid the deleterious effects of cell culture,
advances in cell sorting using flow cytometry have enabled the improved identifica-
tion and isolation of fresh muscle satellite cells [19]. Recent studies have demon-
strated the robust engraftment efficiency of such freshly isolated satellite cells, as
demonstrated by a significant increase in muscle force production, as compared to
cultured populations [21]. These studies represent an important step toward clinical
translation of these therapies through improved methodology for cell isolation.

8.2.2 Biologic and Engineered Scaffolds

The use of scaffold materials for the replacement of injured or diseased tissue has
gained considerable interest in recent years. This process involves the use of either
naturally occurring or engineered/synthetic materials, sometimes combined with
bioactive molecules, to reconstruct or restore living tissues. These scaffolds not only
provide structural support for infiltrating progenitor cells, but, additionally, they
facilitate tissue formation by enabling cell attachment, migration, proliferation, and
differentiation [22]. To be effective, the scaffold must be able to bridge any tissue
defect, interact with the surrounding tissue, and encourage new, functional tissue
formation. Arguably, one of the most important properties of any scaffold is that it
must not elicit an immune response. Both biologic and engineered scaffolds offer
many of these advantages; however, there are specific benefits to each.

8.2.2.1 Biologic Scaffolds

Biologic scaffolds are derived through the decellularization of various source tis-
sues and organs using detergents and/or enzymes, leaving behind only the extracel-
lular matrix (ECM). The ECM is the secreted product of the resident cells of every
tissue and organ in the body and is composed of various structural and cell adhesion
proteins and glycans. Structural proteins within the ECM, such as collagen and
elastin, provide structure and resilience to the tissue, while cell adhesion proteins
such as fibronectin and laminin provide integrin-binding sites. These integrin-binding
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sites activate intercellular signaling pathways that are important for regulating
expression of ECM proteins. Glycans are an especially important component of the
ECM as they provide a reservoir for signaling molecules and growth factors, which
help to direct cell differentiation upon surgical implantation.

In the past 20 years, the FDA has approved many biologic scaffolds for use in
soft tissue repair, including the reinforcement of tendon repairs and soft tissue grafts
[23]. Commercially available biologic scaffolds have been derived from a variety of
tissues, including the small intestine, dermis, urinary bladder, pericardium, and
heart values. More recently, these scaffold materials have been repurposed for the
treatment of severe muscle injuries. Studies have suggested that surgical implanta-
tion of biologic scaffolds encourages the site-appropriate, functional remodeling of
muscle tissue in individuals with volumetric muscle loss [24-26]. Upon implanta-
tion into a muscle, the ECM is infiltrated by mononuclear cells and is gradually
degraded (Fig. 8.1). The resulting degradation products, including bioactive pep-
tides, growth factors, and cytokines, are released from the ECM to influence and
direct multipotent stem/progenitor cell recruitment, proliferation, and differentiation,
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Fig. 8.1 Schematic displaying the cascade of events leading to the formation of healthy skeletal
muscle following ECM implantation (adapted from Wolf et al. [22])
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all of which contribute to the formation of site-appropriate tissue. In addition,
degradation products have been suggested to modulate the innate immune response
and encourage tissue remodeling. Preclinical studies have demonstrated that
ECM implantation into areas of large volumetric muscle loss promotes an anti-
inflammatory, remodeling macrophage phenotype (M2), rather than the default
pro-inflammatory macrophage phenotype (M1) [27-29]. Previous studies have
demonstrated that the macrophage phenotype (M1 vs. M2) is a major determining
factor in the host tissue response, with increased scar tissue formation and poorer
functional outcomes observed in individuals presenting with an M1 macrophage
phenotype [28-30].

Scaffold degradation is a critical component of constructive tissue remodeling.
If scaffold degradation is prohibited, muscle tissue formation will not occur.
Badylak et al. demonstrated that chemical cross-linking of scaffold materials inhib-
its degradation and the release of biologic factors, leading to impaired tissue remod-
eling [27, 31]. Previously, biologic scaffolds were chemically cross-linked to
strengthen the scaffold, allowing it to withstand the large tensile forces generated
in vivo. However, as degradation of the scaffold appears to be a critical step in the
process of muscle remodeling following ECM implantation, this practice would
appear detrimental to muscle regeneration therapies.

8.2.2.2 Biologic Scaffold Implantation for Skeletal Muscle Repair

The successful formation of functional skeletal muscle following ECM implantation
has been demonstrated in preclinical models of volumetric muscle loss in the abdomi-
nal wall, quadriceps, and gastrocnemius/Achilles tendon complex [26, 31-33]. These
studies have utilized many scaffold source materials (e.g., small intestinal submucosa
and urinary bladder matrix), different animal model species (e.g., mouse, rat, rabbit,
canine), and various defect sizes (approximately 15-75 % of the affected muscle).

This regenerative medicine approach has been investigated in small case studies,
with encouraging results reported. Mase et al. evaluated the implantation of ECM
into the quadriceps muscle of a former military service member who had sustained
a traumatic skeletal muscle injury to the quadriceps muscle 3 years previously [25].
In this proof-of-principle case report, dramatic improvements in knee extensor
torque, power, and work were observed 16 weeks following ECM implantation. In
addition, the participant reported that his cycling and walking endurance had
improved and he was able to walk up and down stairs more easily and with greater
stability.

More recently, Sicari et al. evaluated muscle regeneration and patient function
following ECM implantation in five individuals with volumetric muscle loss [26].
All patients had a reported 58-90 % loss of muscle volume, as compared to their
unaffected extremity. Prior to surgery, subjects underwent a personalized preopera-
tive physical therapy program targeting specific strength and functional deficits
until they reached a plateau in performance, defined as a period of 2 weeks with
no appreciable improvements (<2 %) in strength or function. The purpose of this
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preoperative physical therapy program was to maximize strength and function so
that any improvements observed following surgery could be attributed to the surgi-
cal intervention and not to rehabilitation alone. Following plateau, subjects under-
went surgery, which included excision of local scar tissue and ECM implantation
into the defect area. After surgery, patients underwent 6 months of physical therapy
and then returned for muscle biopsies, imaging, and assessment of muscle strength
and function. Histological evaluation revealed perivascular stem cell mobilization,
angiogenesis, and de novo formation of skeletal muscle. Imaging results indicated
the formation of dense tissue, consistent with the appearance of skeletal muscle, in
the region of ECM implantation. In addition, increased force production and/or
improvements in activities of daily living were observed in four of the five patients
6 months after ECM implantation.

While the current clinical studies utilizing biologic scaffolds provide promising
findings, there are a number of limitations that must be considered when interpret-
ing the results. First, these studies include a heterogeneous sample of patients and
do not include control subjects for comparison. In addition, investigators were not
blinded as to the surgical limb/location, which could influence the results. It is also
important to note that although participants in clinical trials demonstrated improve-
ments in strength and function, there was not a total recovery as compared to control
limbs. Subjects in these trials were only followed up to 6 months, and it’s possible
that muscle regeneration may continue well beyond that. Future studies should
include later time points to determine if additional gains in strength and function
occur. Finally, there is a possibility that the scar tissue debridement performed dur-
ing the surgery may play a role in the improvements observed following surgery.
However, this is unlikely due to the fact that the majority of these patients have
previously undergone such surgeries without any appreciable improvement.

Although biologic scaffolds are advantageous due to their native complex struc-
ture and the availability of bioactive molecules within the matrix [34, 35], there are
additional factors that need to be considered with their use. Given that the ECM is
the secreted product of resident cells, each scaffold will have variations in architec-
ture and biochemical composition. This may be problematic for studying muscle
regeneration in patients as different scaffolds may affect the remodeling of muscle
tissue in different patients. In addition, while it has been observed that ECM trans-
plantation promotes site-specific tissue remodeling, the underlying mechanism by
which this occurs has yet to be fully elucidated. Therefore, it is difficult to deter-
mine which factor has the most influence on the process of muscle remodeling.

8.2.2.3 Engineered Scaffolds

Engineered scaffolds have been used for over 50 years for skeletal muscle repair and
reconstruction [22]. Their use is desirable for a number of reasons. First, engineered
scaffolds are readily available and can be manufactured as needed, unlike biologic
scaffolds that may have more limited availability. In addition, engineered scaffolds
can be manufactured in a highly reproducible manner, which may allow for more
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controlled delivery of the product to the patient. Engineered scaffolds are typically
made of polypropylene, poly(lactic-co-glycolic acid) (PLGA), poly(e-caprolactone)
(PCL), and polyurethanes and can be made in many different configurations (e.g.,
meshes, foams, hydrogels, and electrospun scaffolds) [22]. Polypropylene was one
of the earliest materials used for muscle repair and was desirable due to its high
mechanical strength, durability, and low cost to manufacture. However, as a nonbio-
degradable material, it elicits a cascade of immunological events resulting in fibrotic
tissue deposition and thus has limited application for muscle regeneration [36, 37].
The use of PLGA has been investigated more extensively for tissue engineering and
is most commonly used in biodegradable sutures [38—40]. As a scaffold for muscle
tissue regeneration, PLGA is desirable as it is biodegradable and its degradation
products are nontoxic [39, 40]. PLGA scaffolds have been shown to promote cell
adherence, proliferation, and formation of new three-dimensional tissues, and
porous PLGA scaffolds have been shown to promote vascularization and cell infil-
tration upon implantation [41-43]. Both PCL and polyurethanes are biodegradable.
However, their degradation rates are typically slower than biological scaffolds and,
thus, they are often used in combination with other components, such as bioactive
molecules or growth factors, or are chemically modified [22, 44—-46].

While engineered scaffolds have commonly been used for reinforcement and
repair of muscle tissue, their application for muscle regeneration continues to be
challenging. Engineered scaffolds lack the bioactive molecules found in biologic
tissue that facilitate progenitor cell recruitment upon scaffold remodeling. The addi-
tion of specific growth factors, such as hepatocyte growth factor, insulin-like growth
factor-1, and fibroblast growth factor, may overcome some of the limitations of
engineered scaffolds and recreate some of the “niche” properties vital for site-
specific tissue remodeling. In addition, synthetic scaffolds tend to elicit a pro-
inflammatory foreign body reaction upon implantation, leading to scar tissue
formation both within and around the implanted scaffold [37, 47]. Given this
response, considerable research has been focused on the development of hybrid
scaffolds, including the addition of bioactive coatings and biologically derived
materials. Scaffolds are now being developed that are capable of providing the
timed release of specific factors necessary for different stages of tissue repair, pro-
viding both the spatial and temporal cues necessary to support the normal regenera-
tive process in skeletal muscle.

8.2.3 Biologic and Engineered Scaffolds Combined with Cells

While the implantation of biologic or engineered scaffolds is appealing for use in
individuals with volumetric muscle loss, it is unknown if the same procedure can be
effective for muscle remodeling in the presence of muscle pathology, such as is
observed in muscular dystrophy or age-related sarcopenia.

In the case of a “diseased” muscle, it is possible there may not be an adequate
supply of healthy progenitor cells to infiltrate the implanted scaffold. In addition,
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ECM implantation has thus far been explored only for the replacement of an area of
volumetric muscle loss, and not for entire muscle groups. For larger scale replace-
ment of muscle tissue, there may not be enough progenitor cells available to popu-
late the implanted scaffold. To address some of these issues, more recent studies are
investigating the combined use of stem cells and biologic/engineered scaffolds as a
potential technique to facilitate improved muscle regeneration. This approach pro-
vides localized delivery of various cell populations and growth factors to areas of
diseased or missing skeletal muscle, providing both healthy progenitor cells and the
appropriate biophysical and biochemical cues to encourage site-appropriate skeletal
muscle formation.

Many different cell populations, including mesenchymal stem cells, skeletal
muscle satellite cells, and myoblasts, have been used to prepare cell-seeded con-
structs. Following selection of the desired cell type, cells are placed on the scaffold
and subsequently cultured in a bioreactor. The bioreactor is an apparatus that allows
for the maintenance of a sterile environment while approximating in vivo condi-
tions, including temperature, pH, oxygen levels, nutrients, metabolites, and regula-
tory molecules. In addition, physiologically relevant signals can be applied
(i.e., interstitial fluid flow, shear, pressure, compression, and stretch), allowing for
recreation of the in vivo physical environment. Scaffolds are maintained in the bio-
reactor until ready for transplantation, the duration of which may vary depending on
the bioreactor conditions and cell type used.

There are many factors that need to be considered in developing the optimal cell/
scaffold combination for skeletal muscle regeneration. Cell adhesion is critical for
survival; therefore, any engineered construct must provide the appropriate biophysi-
cal cues to permit adhesion to the ECM. Previous studies attempting stem cell injec-
tions have failed partially due to the inability of the injected cells to attach to the host
ECM. The addition of the cell adhesion ligand Arg-Gly-Asp (RGD) (cell binding
domain for fibronectin) to both biologic and synthetic matrices allows stem cells to
interact with the ECM and improves cell viability [48, 49]. In vitro studies have
demonstrated that a minimum RGD ligand density (36 nm spacing) is required for
myoblast growth on alginate gels [49, 50], and in vitro models have demonstrated
that RGD-coupled alginate gels seeded with cells enhance cell viability following
transplantation in mice [48]. In addition, the inclusion of ECM proteins, such as col-
lagen, laminin, and fibronectin, along with recreation of the appropriate architecture
and material stiffness, is important to recapitulate the mechanical properties of the
cellular environment. Collagen VI, an important component of the ECM, has been
shown to improve maintenance and survival of muscle satellite cells in vitro [51].

Along with specific ECM composition, studies have demonstrated that substrate
biophysical characteristics are potent regulators of stem cell responses. Engler et al.
demonstrated that mesenchymal stem cells seeded on matrices mimicking the stiff-
ness of young, healthy skeletal muscle differentiated into myoblasts, while those
seeded onto stiffer matrices differentiated toward a fibrogenic lineage [52]. Along
these lines, architectural properties, such as porosity and topography, are also
important considerations in the creation of synthetic environments, as these charac-
teristics play a role in the exchange of oxygen and nutrients crucial for cell survival.
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Studies have demonstrated that cells can tolerate macropore sizes ranging from 100
to 500 pm (average myofiber size ~100 pm); however, they demonstrate reduced
viability when the pore size falls below 10-20 pm [53, 54]. Finally, scaffolds mimick-
ing the collagen fibril alignment of native skeletal muscle ECM have also been found
to promote regeneration of skeletal muscle in partial thickness muscle defects [55].

Although the use of cell-seeded scaffolds have not yet reached clinical trials,
preclinical investigations have demonstrated promising results. Nseir et al. demon-
strated that a synthetic scaffold, combined with a coculture of mouse myoblasts and
either human embryonic endothelial cells or umbilical vein endothelial cells, dem-
onstrated formation of endothelial networks both in between and around differenti-
ating skeletal muscle fibers [56]. Shandalov et al. additionally demonstrated the
fabrication of an engineered scaffold to act as a substitute for an autologous muscle
flap for transplantation into a large soft tissue defect [57]. A biodegradable polymer
scaffold was utilized and embedded with endothelial cells, fibroblasts, and/or myo-
blasts, which was then implanted into a full-thickness abdominal wall defect. After
1 week, the scaffold was shown to be highly vascularized, well integrated into the
surrounding musculature, and had sufficient mechanical strength to support the
abdominal viscera.

8.3 The Role of Mechanical and Electrical Stimulation
in Tissue Healing and Remodeling

Skeletal muscle is a mechanosensitive tissue. That is, it responds to physical cues
not only from the external environment, but also from its local microenvironment,
including the ECM and surrounding cells. Both electrical and mechanical stimula-
tion provide such physical cues to skeletal muscle and may therefore be valuable
modalities to promote improved tissue healing and muscle remodeling following
regenerative medicine therapies.

8.3.1 Mechanical Stimulation

Mechanical stimulation of skeletal muscle influences muscle growth, morphology,
and cellular differentiation. Tensile stain, compressive loads, and hydrostatic pres-
sure all cause structural alterations in the ECM and increase force transmission both
across and between the ECM and neighboring cells. Cells respond to this stimuli
through the activation of intercellular signaling pathways that regulate a multitude
of cellular functions that are essential for tissue development, homeostasis, and
recovery from injury. The importance of mechanical stimulation on tissue healing
and regeneration has been elegantly described in murine hind-limb unloading stud-
ies, which demonstrate an inhibition of the regenerative potential of skeletal muscle
following injury under conditions of unloading [58, 59].
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The process by which mechanical stimuli are converted into a cellular response
is called “mechanotransduction.” Mechanotransduction consists of three distinct
phases: (1) signal transduction at the level of the receptors, (2) signal propagation,
and (3) cellular response (Fig. 8.2). Briefly, during the signal transduction phase,
mechanical stimuli are transmitted to mechanosensors that reside in the ECM and
both within and outside the cell. A mechanosensor is a receptor that responds to
changes in mechanical force. Mechanosensors include stretch activated ion chan-
nels in the plasma membrane, focal adhesion complexes (including integrins) that
bridge the cytoskeleton and ECM, and basement membrane proteins in the ECM
that unfold/activate in response to increased force. These sensors deform in response
to the application of force, and this change triggers a cascade of biochemical signals
that will ultimately influence cellular function. During the next phase, signal propa-
gation, biochemical conversion and propagation of the transmitted mechanical sig-
nal occurs through cell signaling pathways that can either enhance or diminish the
intracellular spread of the converted biochemical signal. These signals will reach a
final downstream target that then modulates cell function. In the final phase, cellular
response, the cell responds to the received signal. This response can occur immedi-
ately or may be delayed. In the case of an immediate response, there is as an increase
or decrease in intracellular tension, changes in adhesive properties, cytoskeletal
reorganization, or cellular priming for migration. Delayed responses include
changes in gene expression and the synthesis of proteins that influence cell prolif-
eration, differentiation, structural properties, and viability.
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Fig. 8.2 Schematic of the phases of mechanotransduction (adapted from [60])
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The importance of mechanical stimulation on tissue healing and regeneration has
been elegantly described in murine hind-limb unloading studies, which demonstrate
an inhibition of the regenerative potential of skeletal muscle following injury under
conditions of unloading [58, 59].

While the in vivo mechanical stimulation occurs through muscle contraction or
stretching, in vitro models have been developed to study of the direct influence of
mechanical stimulation on cellular function [61]. There are various methods that
have been implemented to apply mechanical stimulation to cells, including stretch-
ing and compressing cells [61, 62]. These methods can allow for the investigation
of the underlying mechanisms by which cells directly respond to mechanical stim-
uli. One method to apply a mechanical stretch to cells involves culturing cells on a
membrane or gel. Stretching of the membrane can then be generated in two ways,
either through (1) multiaxial strain or (2) uniaxial strain (Fig. 8.3) [61]. For multi-
axial strain, the membrane is stretched around a rigid frame or is deformed by
applying a vacuum to the membrane, thus applying strain along multiple axes. For
uniaxial strain, a stepper motor is used to increase uniaxial tension on cells seeded
within either a 3D collagen gel or on a membrane. For either mode, stretching can
be applied in either a cyclic or static mode to mimic different physiologic condi-
tions, such as muscle contractions or prolonged stretching. While these methods can
be applied to many different types of cells, using different stretching parameters,
studies have specifically looked at the application of these methods for studying the
effects on muscle cells. Specifically, studies utilizing such methods on muscle cells
have demonstrated an increase in myofiber length and diameter, protein expression,
and contractility when compared to static controls [61, 63-67].

8.3.2 Electrical Stimulation

Electrical stimulation is another mechanism used to modulate the tissue microenvi-
ronment. Electrical stimulation can be applied in two ways: directly to the area of
interest (direct current), or indirectly, through stimulation of the nerve innervating
the muscle [neuromuscular electrical stimulation (NMES)]. Direct currents have
traditionally been utilized in wound healing to encourage infiltration of cells into an
area of tissue damage. Following an injury, endogenous electrical currents are gen-
erated in the damaged tissue, which promotes and directs migration of cells into the
area for wound healing. Efforts to enhance wound healing have therefore utilized
this property to encourage cell migration through the application of external electric
fields. Given that currents have a direction, the application of electrical stimulation
can therefore be used to promote cell migration and alignment [68]. The use of
electrical currents to influence cell alignment is of particular interest in the case of
skeletal muscle where orientation of muscle fibers (aligned in parallel) is required
for proper tissue functioning. While the use of electrical currents in rehabilitation
is common for wound healing, there is much yet to be understood about their
application in concert with regenerative medicine therapies for skeletal muscle
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Fig. 8.3 In vitro methods to apply mechanical stimulation to cells (adapted from Passey et al. [61])

regeneration. Future studies are needed to investigate the ability of both direct and
alternating currents as a method to encourage donor stem cell infiltration into an
area of injury.

Electrical stimulation of the motor unit to elicit a muscle contraction may be
achieved through neuromuscular electrical stimulation (NMES). NMES is a reha-
bilitation modality that can be used to mimic the physiologic action of neurons and
recreates the mechanical environment experienced by resident muscle cells through
the induced contraction of innervated muscle fibers. The transmission of electrical
signals via nerve innervation is well known to play a major role in directing the
process of terminal differentiation of skeletal muscle cells [69]. The application of
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NMES to muscle can be used to stimulate increased cellular proliferation and
survival rates, desired differentiation, and improved functionality [69]. Prior studies
utilizing electrical currents to study the effects on muscle cell behavior have dem-
onstrated increased satellite cell activation, improved differentiation, and enhanced
muscle force output [70-76].

8.4 The Synergy of Rehabilitation with Regenerative
Medicine Therapies to Enhance Muscle Remodeling

As described above, mechanical and electrical stimulation are powerful methods to
trigger mechanotransductive responses of resident and infiltrating cells. Given the
importance of mechanical and electrical stimulation on endogenous cell function
and muscle healing, the prescription of targeted exercise or NMES as part of a reha-
bilitation protocol is a logical adjunct therapy to the application of regenerative
medicine therapies. Preclinical models have provided the strongest evidence to sup-
port the use of such modalities to promote improved functional muscle regenera-
tion. Although still in the early stages of investigation, results from recent studies
are providing exciting evidence to support the use of rehabilitation approaches
applied in synergy with regenerative medicine therapies to facilitate skeletal muscle
regenerative potential.

8.4.1 Preclinical Models

Preclinical have demonstrated improved force production, both in vitro using cell-
seeded scaffolds and in vivo, following the application of mechanical and electrical
stimulation in different models of muscle regeneration. Ito et al. applied electrical
stimulation (bidirectional, continuous pulses; 24 % of peak force initially, up to
50-60 % of peak force as the tissue developed) to tissue-engineered constructs
seeded with C2C12 myoblasts in vitro [73]. Following stimulation, muscle con-
structs were fixed with two pins, one attached to a force transducer, and one to the
bottom of the culture plate well. Constructs were stimulated and force production
was measured. Ito et al. determined that the application of pulsed electrical stimula-
tion resulted in increased force production in vitro, as compared to constructs that
did not receive stimulation [73]. Increased force production was hypothesized to
occur due to improved sarcomere organization and increased expression of myosin
heavy chain, the motor protein of muscle thick filaments. Similarly, Machingal et al.
demonstrated that mechanical preconditioning of muscle precursor cells seeded on
biologic scaffolds prior to implantation in murine models of volumetric muscle loss
demonstrated 44 % greater force production as compared to animals receiving
unstimulated cell constructs [77]. Distefano et al. evaluated the ability of NMES to
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improve stem cell engraftment in a murine model of muscular dystrophy (mdx
mouse) [71]. Muscle-derived stem cells were isolated from wild-type mice and used
for the experiments. The mdx mice were randomized into one of four treatment
groups: saline injection, NMES alone, muscle-derived stem cell injection, or NMES
plus muscle-derived stem cell injection. Animals in the NMES groups were stimu-
lated 5x/week over the course of 4 weeks. The mice treated with NMES following
stem cell transplantation demonstrated a twofold increase in the number of
dystrophin-positive myofibers, an increased vascularity, and an accelerated recov-
ery from a fatigue protocol, when compared to control animals that did not receive
electrical stimulation [71]. In addition, several other studies have similarly demon-
strated enhanced stem cell transplantation efficiency when stem cell transplantation
is followed by mechanical loading, elicited via various methods such compensatory
overloading [78, 79], swimming [80], or treadmill running [79, 81].

8.4.2 Clinical Applications

There are very few studies investigating the use of mechanical stimulation, or reha-
bilitation, for muscle regeneration in clinical trials. However, recent studies provide
evidence in further support of the importance of mechanical stimulation in the suc-
cess of regenerative medicine therapies. As reviewed above, Mase et al. described a
case study of a military service member who received biologic ECM implantation
following volumetric muscle loss of his quadriceps [25]. Given preclinical findings
demonstrating the importance of mechanical stimulation for effective functional
remodeling following scaffold implantation [77], investigators initiated a rehabilita-
tion protocol 4 weeks after surgery. Rehabilitation then continued for 12 weeks. As
described above, 16 weeks postsurgery, marked gains in isokinetic performance
were observed, and CT scans revealed the formation of new tissue at the implanta-
tion site. More recently, as additionally described above, five subjects underwent
implantation of a porcine bladder-derived ECM into a region of volumetric muscle
loss [26]. Once again, investigators included a postoperative rehabilitation protocol
with the goal of maximizing functional incorporation of the implanted ECM. Within
24 h of the ECM implantation, subjects began a rehabilitation program that contin-
ued for the next 6 months postoperatively. At the end of the program, performance
on different tests of strength and function were quantified and compared to preop-
erative baseline measures. As a part of the same ECM transplantation trial, Gentile
et al. provided an in-depth description of the rehabilitation protocol implemented in
the case of a military veteran who received surgical ECM implantation for volumet-
ric muscle loss to his quadriceps muscle [24]. Following surgery, the subject under-
went a targeted physical therapy program, including site-specific range of motion
and strengthening exercises, progressing to more dynamic functional activities over
6 months. At the end of the program, the subject demonstrated gains in all of the
strength and functional outcome variable quantified, with the most marked gains
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observed during more dynamic tasks such as the single leg hop for distance, in
which he improved 1820 % compared to presurgical values.

8.4.2.1 Limitations of Current Studies

While clinical studies demonstrate promising findings with respect to improve-
ments in strength and/or function, along with evidence of new muscle and blood
vessel formation, following ECM implantation for VML, the direct role of rehab is
difficult to discern. None of these studies included control subjects receiving sur-
gery alone without rehabilitation. Without these controls, it is difficult to directly
assess the benefit of rehabilitation and the contribution to the improvements
observed. In addition, each rehabilitation program included different components so
it’s additionally difficult to determine which aspect of the rehabilitation program
may be most beneficial. Preclinical studies using both electrical and mechanical
stimulation provide greater direct evidence that these modalities may play a critical
role in the translation of cellular therapeutics for the treatment of muscle injuries or
diseases. However, much has yet to be understood regarding the selection of the
most appropriate interventions, the optimal loading frequencies and intensities, as
well as the best time to initiate such interventions. For example, the application of
an electrical stimulation protocol that is too aggressive has been associated with
altered cellular metabolism, impaired cell viability, and even cell death [82]. Studies
evaluating the utility of mechanical and electrical stimulation to enhance muscle
regeneration following regenerative medicine technologies will need to take these
parameters into careful consideration.

8.5 Future Directions

The synergy of physical rehabilitation and regenerative medicine therapies to opti-
mize muscle regeneration is an exciting field of study. Although muscle regenera-
tion is the main focus of this chapter, the use of rehabilitation to facilitate tissue
remodeling following regenerative medicine therapies has been suggested for a
number of different applications, including cardiac regeneration, gene therapies for
muscle pathologies, and stroke [83—85]. The early evidence presented above sug-
gests that mechanical and electrical stimulation, as applied during rehabilitation,
may be powerful tools to encourage functional muscle formation following regen-
erative medicine therapies. Physical therapy and rehabilitation play a key role in the
recovery of strength and function in individuals suffering from musculoskeletal
injuries and pathologies. As such, new protocols are needed to accomplish these
same goals in individuals receiving regenerative medicine therapies for muscle
regeneration [86—88]. As such, there is a need for rehabilitation professionals to
work closely with basic scientists toward the goal of developing clinically relevant
protocols with an eye on maximized functional outcomes [87]. There is a need for
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rehabilitation professionals to understand the most recent advances in regenerative
medicine therapies so as to design effective programs to optimize tissue regenera-
tion at every stage. Future studies should include well-designed clinical trials with
blinded investigators and placebo control groups. The collaboration of basic scien-
tists and clinicians promises to yield exciting advances in the treatment of a multi-
tude of muscle injuries and pathologies in the coming years.
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METs Metabolic equivalents
NOAEL No observed adverse effect level

OSL Observed safety limit

REE Resting energy expenditure
RD Registered dietitian

ROS Reactive oxygen species
UL Upper limit

9.1 Introduction

Fundamental to life is the ingestion of nutrients. Nutrients provide energy and the
basic molecules to maintain and repair tissues in the body to maintain their function.
Water, an essential nutrient to cell survival, comprises ~65 % of the body. A neuro-
muscular disease such as DMD imposes a unique set of nutritional considerations
because several of the primary nutrient consumers in the body (cardiac, skeletal,
and smooth muscle) are compromised. In addition, DMD individuals have an
increased proportion of adipose tissue and are physically inactive, especially if
wheelchair-dependent. Furthermore, the ability to digest food is also compromised.
Remarkably, even though nutrition is fundamental to life and there are numerous
nutrition-related issues associated with the condition, there have been few dietary
studies conducted in DMD boys, and at present there are few practical nutrition
guidelines specific to DMD that physicians, parents, and caregivers can follow. The
primary purpose of this chapter is to provide practical nutritional assessment and
dietary interventions for individuals with DMD.

9.2 Brief Overview of DMD and Current Research
on Nutritional Issues

DMD is one of the most severe and fatal of the muscular dystrophies. It is caused by
the absence of the protein dystrophin [1] in several tissues due to genetic mutations
in the dystrophin gene [2]. The dystrophin gene is found on the X chromosome (i.e.,
an X-linked disease), and so boys are primarily afflicted. Mechanisms responsible
for the disease have not yet been clearly defined, though there are many possibilities
(see review by Markert et al. [3]). There are several isoforms of dystrophin, but a
full-length form is found in skeletal, cardiac, and smooth muscles [4—6]. Striated
muscles such as skeletal and cardiac have been well-studied, particularly in the
dystrophic mdx mouse model. Less well-studied are the effects of absent dystrophin
in smooth muscle [6—8]. Both striated and smooth muscle activations are required
for digestion, and digestion is essential to process nutrients. In the absence of
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dystrophin, digestion is likely to be compromised impacting nutritional status even
in the presence of a nutritious diet. Therefore, complications that arise from dys-
functional muscle function from the mouth to the gastrointestinal tract must be con-
sidered as part of the nutritional assessment.

Glucocorticosteroids are now accepted as best practice for the medical manage-
ment for DMD usually given either as prednisolone or deflazacort [9, 10]. Steroids
have clear benefits in the maintenance of muscle strength and functional ability.
Side effects of treatment such as excessive weight gain, cushingoid features, osteo-
porosis, impaired growth, hirsutism, glucose intolerance, cataracts, and behavioral
changes can be of sufficient concern to cause their withdrawal. Multidisciplinary
care is essential and works in conjunction with steroid therapy.

Nutritional considerations for patients with various muscular dystrophies (e.g.,
muscular dystrophy type 1, facioscapulohumeral, limb-girdle, Becker) vary greatly
across the lifespan. Energy excess is characteristic of childhood, while adolescents
and young adults may be nutrient-deficient because of mobility limitations and oro-
pharyngeal weakness [11]. Many older patients with these muscular dystrophies
demonstrate inadequate nutrient intake of protein, energy, vitamins (e.g., E), and
minerals (calcium, selenium, and magnesium). Though a similar detailed nutritional
assessment has not been reported for DMD individuals, it is likely that similar defi-
ciencies would be evident. Unfortunately, a review of available literature concluded
that there was a dearth of studies that focused specifically on nutritional care for
DMD [12]. Itis our primary intent with this chapter to provide some initial practical
nutritional assessment and dietary guidelines for DMD. In addition, we hope to
promote (1) continuing discussion of best practices among physicians, RDs, and
other caregivers in the field and (2) initiation of directed controlled research studies
that will define the nutritional needs of DMD individuals across their lifespans.

Boys with DMD can move from over- to undernutrition within their shortened
life span. In 1993, Willig first reported nutritional issues associated with a French
cohort of 252 boys [13]. By 13 years of age, 54 % of the cohort was obese (weight
>90th percentile). Conversely, undernutrition (weight <10th percentile) affected 54
% of boys by the age of 18 years. In 1995, in an American cohort, 44 % of boys aged
9-13 years were >90th percentile in weight, whereas after the age of 17 years, 65 %
weighed <10th percentile [14]. Data from a French cohort described in 2011 also
suggests an increasing and maintained high prevalence of obesity [15]. By 13 years
of age, 73 % of these participants were obese, whereas at 18 years of age, 47 % were
obese and 34 % were underweight. All of these cited studies were conducted in
steroid-naive cohorts. In addition, short stature is also prominent in boys with DMD,
although its precise etiology is unclear [13, 14, 16, 17].

More recently, growth outcomes in a group of steroid-treated DMD boys have
been documented using BMI Z-scores. A Z-score represents the number of standard
deviations an individual score is from the mean. A positive Z-score above the mean
indicates a greater BMI (e.g., overweight); a negative Z-score below the mean indi-
cates a smaller BMI (e.g., underweight). In relation to BMI, Z-scores correspond
directly with BMI percentiles and are often used in research exploring growth
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Fig. 9.1 BMI Z-score in DMD boys. Solid bars represent the mean BMI Z-score for each age
group, while the number above each bar represents the number of observations. The thin vertical
lines represent the standard error of the mean [19]

(Centers for Disease Control and [18]). In a cohort of DMD boys, the highest
prevalence of obesity based on the BMI Z-score was 50 % at the age of 10 years.
Longitudinally, BMI Z-scores from the age of 2—12 years plot approximately one
standard deviation above the mean, after which there is a marked and progressive
decline [19]. These data suggest that DMD boys are initially overweight and then
become progressively underweight after age 12 years.

Although weight changes have been observed to have deleterious effects on func-
tional ability in the clinical environment [20], there is a lack of empirical research
documenting the relationship between weight and muscle strength and function. At
present, little is understood about the relationship between weight status and clinical
outcomes. Because of the many complications associated with DMD, dietary rec-
ommendations must derive from a detailed clinical nutritional assessment (Fig. 9.1).

9.3 Nutrition Care

Essential to the nutritional care is the team approach including the physician, regis-
tered dietitian, individual with DMD, and caregivers. Included in all nutritional
assessments are a client/family interview, anthropometric and biochemical data,
food-drug interaction, and nutrition-focused physical findings. There are pivotal
times in which a nutrition assessment is indicated (Table 9.1). These include:

e At or soon after diagnosis

* At commencement of steroids or other drugs having nutrition implications
e If growth is deviating

* Yearly nutritional assessment
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9.4 Growth Assessment

Anthropometric measures should be obtained at every clinic visit to provide serial
measures of both weight and height which are essential when assessing growth or
weight status. Height and weight can be measured by any trained member of the
clinical team, but the RD or physician should assess the measures. For children and
adolescents (<18 years), this involves plotting serial measures on growth charts.
The best assessment of growth will be made with clinical judgment based on an
individual’s serial anthropometric measures. Standard growth charts such as “CDC
2000” [21] or national percentile charts are appropriate [9, 10]. Percentiles can be
converted to Z-scores to facilitate longitudinal growth monitoring.

9.4.1 Height

If the child is able to stand, height should be measured using a wall-mounted stadi-
ometer with shoes and socks removed. Heels should be hip-width apart and touch-
ing the back mounting of the stadiometer, ensuring the Frankfurt plane is horizontal.
If the child is unable to stand or an accurate height measure cannot be obtained
(child unable to place heels flat on the floor; child has significant lumbar lordosis),
height can be estimated from ulnar length using the equation by Gauld et al. [22]:

Height (cm) = 4.605(u In ar length*) +1.308(age") +28.003

(*centimetres to the nearest millimetre,” decimal years)

9.4.2 Weight

Weight should be measured with either seated scales or wheelchair scales. If the
wheelchair weight is unknown or if it has had recent modifications, a new
wheelchair weight should be obtained with the use of a hoist.

9.4.3 Body Mass Index

Body Mass Index (BMI) should be calculated using the following equation: BMI
(kg/m?)=mass(kg)/height(m)2. BMI is a common measure to classify an individual
as normal weight, overweight, or obese. A convenient calculator for either adult or
child and teen can be found at http://www.cdc.gov/healthyweight/assessing/bmi/
Index.html. Interpretation of the BMI value is also provided at this website.
However, BMI may underestimate obesity [23]. A measure of body composition
should be considered in conjunction with basic anthropometry. Skinfolds are inad-
equate to assess body composition in DMD because they cannot determine the fat
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within muscles. Dual-energy x-ray absorptiometry (DXA) is the gold standard
measure of body composition and is used to monitor bone density annually for those
boys receiving steroids. Alternatively, if DXA is not available, bioelectrical imped-
ance can be used at the bedside to measure body composition changes [24].

9.4.4 Pubertal Status

Pubertal status should be assessed in accordance with Tanner stages. Corticosteroid
treatment can have considerable impact on growth through delayed pubertal devel-
opment. For example, a boy who has not commenced pubertal development will
have considerably slower height growth (possibly even static height growth) com-
pared to his developing peers, and this will be reflected in serial growth monitoring.

9.5 Pediatric Nutrition and Feeding Considerations

Upon diagnosis, DMD individuals would benefit from similar food intake guidance
provided for well children. The MyPlate recommendations published by the US
Department of Agriculture based on the 2010 Dietary Guidelines for Americans
(www.choosemyplate.gov) provide extensive resources. The dietary guidelines pro-
vide recommendations for dietary allowances of nutrients essential to healthy liv-
ing. MyPlate simplifies these recommendations into five food groups: fruits,
vegetables, grains, protein, and dairy which are represented by a mealtime visual,
the place setting icon. There are a number of resources at this website including the
2010 Dietary Guidelines Brochure, 10 Tips Nutrition Education Series, Sample
Menus for a week, and Food Group-Based Recipes. Even after the DMD individual
is assessed to have unique nutritional problems, these standards can be adapted as
gastrointestinal changes occur (volume, texture, consistency).

There is no evidence to support specific changes in nutrient requirements beyond
recommendations for Dietary Reference Intakes (Table 9.2). It is particularly impor-
tant for the physician or RD to ensure that boys are consuming an Adequate Intake of
protein, calcium, vitamin D, fiber, and fluid. Individual fluid requirements vary based
on activity, age, and weather conditions, but two liters of fluid intake daily is a good
starting point. While water is an optimal choice, dairy-based beverages can assist in
meeting calcium requirements. However, dairy and sugar-sweetened beverages can
provide excess calories if consumed in large amounts. Consideration should also be
given to achieving adequate fiber intake from both soluble and insoluble sources.

Essential to pediatric nutritional care is establishing a positive feeding relationship
between the child and parent. Feeding interactions are an extension of good parental
attachment as early as birth and should be maintained after diagnosis. It is important
that the child and parent partner on food choices resulting in a positive feeding envi-
ronment. Behavioral considerations should also be considered so that food is not
offered as reward or punishment. The parents’ roles are to provide healthy foods, and
the child’s role is to determine what and how much is consumed (Table 9.3).
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Table 9.2 Dietary reference intakes for macronutrients for males [25]

Age Recommended dietary Acceptable macronutrient distribution | Adequate
range Allowance (g/day)* range as % of energy intake® intake (g/day)°
(years) | Carbohydrate Protein | Carbohydrate Fat Protein Fiber

1-3 130 13 45-65 3040 |5-20 19

4-8 130 19 45-65 25-35 | 10-30 25

9-13 130 34 45-65 25-35 | 10-30 31

14-18 130 52 45-65 25-35 | 10-30 38

19-30 130 56 45-65 20-35 | 10-35 38

31-50 130 56 45-65 20-35 | 10-35 38

“Recommended Dietary Allowance (RDA) for fat not determined. The RDA is the average daily
dietary intake level sufficient to meet the nutrient requirements of nearly all healthy individuals in
a group

°Ts the range of intake for a particular energy source that is associated with reduced risk of chronic
disease while providing intakes of essential nutrients

°An Adequate Intake is set when the is insufficient evidence to specify a Recommended Dietary
Allowance

This table presents Dietary Reference Intakes (DRIs) with the exception of
sodium in which case the Adequate Intake (AI) value is presented. The DRI is the
average daily dietary intake level sufficient to meet the nutrient requirements of
nearly all healthy individuals in a group. If there is insufficient scientific evidence to
establish a DRI, an Al is usually developed. DRI reports include DRI for Calcium,
Phosphorus, Magnesium, Vitamin D, and Fluoride [26]; DRI for Thiamin, Riboflavin,
Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline
[27]; DRI for Vitamin C, Vitamin E, Selenium, and Carotenoids [28]; DRI for
Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, lodine, Iron, Manganese,
Molybdenum, Nickel, Silicon, Vanadium, and Zinc [29]; DRI for Water, Potassium,
Sodium, Chloride, and Sulfate [30]; and Dietary Reference Intakes for Calcium and
Vitamin D [31]. These reports may be accessed viawww.nap.edu.

9.6 Considerations for Weight Management

Weight management in its simplest form is a balance of energy intake as food com-
pared to energy expenditure. Energy expenditure, measured in kcals, is the sum of
resting energy expenditure, the thermic effect of food, energy associated with activities
of daily living, and exercise/activity energy cost [32]. When energy is in balance,
weight and appropriate growth are maintained. Weight is gained when energy intake
exceeds energy output. Growth may be stunted, and weight loss occurs when energy
expenditure is greater than energy intake. In DMD, often the excess weight gained is
adipose tissue, further complicated by the increased replacement of functional muscle
tissue by fatty and connective tissue associated with progression of DMD.
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In reality, this balance and weight change is more complex. For example, Davidson
and Truby [12] report that delayed growth, short stature, muscle wasting, and fat
mass in DMD boys all impact nutritional and energy status. Further, fuel utilization
and preferences of fuel used have been shown to be impacted by various other factors
including sleep deprivation, body composition, and fed vs. starved state [33].

9.7 Energy Intake and Assessing Nutrient Intake

A detailed diet history can be conducted at each nutritional assessment. Alternatively,
food diaries recorded by the family over 3-5 days can provide helpful information on
dietary intake [34]. Important to recognize are inherent errors of recalling what was
eaten and the impact of record keeping on actual food intake. The information obtained
will allow the practitioner to assess the quality of the diet (total calories, nutrients,
fiber, and fluid). Also included in the nutritional assessment interview is a review of
supplement intake, feeding issues, and knowledge and skills. From this information,
suggested changes in dietary habits can be recommended as needed. Optimally, an RD
would conduct the dietary assessment and make recommendations in consultation
with the physician. Documentation of this assessment will allow the practitioners to
compare intake over time. Valuable information can be obtained by asking the client
and caregiver to review any changes in dietary intake since the previous clinic visit.

The dietitian or physician should also collect information on supplement use,
including type and dosage. This information will inform recommendations and
assist the family to monitor the safety and efficacy of food or supplement regimes.
Specific supplements that are commonly used are outlined later in this chapter.
Various resources exist that allow for the RD and medical team members to stay
current with effectiveness and safety evidence of varied nutritional constituents
(e.g., animal vs. human studies, source of constituent, appropriateness, and dosage
for use in children). One such resource is the Natural Standard Database (www.
naturalstandard.com).

Gastrointestinal symptoms including swallowing difficulties, constipation, diar-
rhea, gastroesophageal reflux, abdominal pain, and bloating should be assessed at
each clinic visit.

9.8 Energy Expenditure: Resting Energy Expenditure,
Physical Activity, and the Thermic Effect of Food

Resting energy expenditure (REE) in DMD can be reasonably estimated using the
Schofield Weight Equation [35]. An activity factor of 1.4 for ambulatory boys
would be an appropriate starting point for activity level. The activity factor should
be adjusted based on assessment of physical activity levels and the weight of the
patient at each clinic visit.

Physical activities, which include activities of daily living as well as structured
physical activity, are essential considerations in the estimation of energy needs.
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Schofield weight equation for males

0-3 years 0.249 x wt—0.127
3-10 years 0.095xwt+2.110
10-18 years 0.074 x wt+2.754

REE resting energy expenditure in MJ, Wr weight
in kilograms (kg) [36]

Boys with DMD are a heterogeneous population with considerable variation in
activity with disease progression. As a result, it is important to assess physical activ-
ity level regularly over time. Energy prescription should therefore reflect changes in
physical capability. Physical activity intake can be estimated based on an exercise
history conducted at the same time as the diet history.

Alternatively, a physical activity diary completed by parents is also an inexpen-
sive instrument to provide a quantitative assessment [34]. Energy output can be
estimated by the use of the American College of Sports Medicine (ACSM) tables
that report various physical activities in Metabolic Equivalents (METs). Over the
course of the day, summation of the time spent at each activity multiplied by the
MET cost of that activity provides a reasonable estimate of daily energy cost. A
MET is considered a metabolic equivalent of the oxygen consumption of an indi-
vidual at rest (3.5 ml Oy/kg/min); activities that require greater than resting oxygen
consumption can be expressed as METs.

The thermic effect of food is the energy required to digest the food/drink con-
sumed and is estimated as 10 % of the total daily energy expenditure [37].

9.9 Nutritional Implications of Steroid Therapy

One of the most commonly prescribed glucocorticoid for DMD boys, prednisone
[9, 10], has the unfortunate side effect of increased appetite. Increased energy con-
sumed coupled with a decrease in energy expended particularly if the individual is
wheelchair-bound will lead to weight gain as adipose tissue. If the individual
becomes overweight or obese because of additional adipose deposition, then there
are potential consequences with comorbidities such as diabetes and heart disease.
How these longer-term complex comorbidities will fully impact and interact with
muscular dystrophy are not yet understood. Given the difficulties with achieving
weight loss for boys with DMD at any age, prevention of obesity is key. This can be
facilitated through regular growth monitoring and nutrition assessment to ensure
growth deviations are identified and managed early.

The physician or RD should note the presence of steroids in the treatment plan,
the type of steroids, and the dosing regimen. Possible side effects are then monitored
which include delayed puberty (in particular, lack of appropriate height), weight
gain secondary to increased appetite, decreased bone mineral density, and other
endocrine disturbances such as increased blood glucose levels or insulin resistance.
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Because of the predisposition to low bone mineral density exacerbated by cortico-
steroid treatment and reduced bone impact associated with inactivity, supplements
of vitamin D and calcium are required [12].

9.10 Managing Overweight

When energy input and expenditure have been estimated, imbalances can be noted
along with additional clinical nutrition assessment details. From this information,
strategies to manage weight can be implemented in partnership with the DMD indi-
vidual and caretaker. Factors the practitioner must consider include the family patterns
with food (prepackaged, frequency of eating out, or home prepared), attention to food
as a reward or struggle, and socioeconomic factors influencing the child’s nutrition.

The primary goal for management of overweight/obesity in boys with DMD
should be determined on an individual basis with clinical discretion. However, man-
agement goals in most instances will fit into one of three categories:

* Weight stabilization so that weight tracked on growth chart returns to expected
growth

*  Weight loss with consideration given to benefits of weight loss versus the burden
of additional weight given that lean tissue may be lost

Management strategies should focus on achieving energy balance.
* Energy intake can be reduced by:

— Establishing client-centered goals with parents and child

— Encouraging core foods (i.e., fruit, vegetables, protein foods, dairy, and
grains) with focus on protein-rich or high nutrient density foods to manage
increased appetite resulting from steroids

— Limiting empty calorie foods and beverages. Encouraging water and other
calorie-free beverages instead of sweet tea, soft drinks, and juice

— Encouraging low energy snacks.

— Behavioral strategies during meals and snacks can be tailored to the family
(e.g., use of snack decision tree that gives children choice of several of the
healthiest options and only one or two of the less healthy snack options)

— More frequent phone or in-person coaching/nutrition visits with dietitian/RD
if specific goals are set at a clinic visit

» Physical activity can be encouraged through consultation with the treating physi-
cal therapist to ensure that appropriate activities are recommended.

If dietary and physical activity interventions don’t achieve weight stabilization,
the following options may be considered:

e Consultation with a neurologist regarding alterations to steroid regime. If the
patient is treated with prednisolone, a change to deflazacourt may be considered.
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Alternatively, a trial of a reduced dose or alternative dosing schedule (such as
higher dose on weekends) may be considered.
* Consultation with an endocrinologist with additional goals established.

9.11 Managing Underweight

As boys with DMD age, the likelihood that they will become underweight is
increased. Significant muscle wasting will result in weight loss. This is accentuated
by eating difficulties experienced at meal times usually leading to a reduced food
intake. Specific recommendations to manage undernutrition include:

* Dietary strategies to ensure high protein and high energy intake while limiting
food volume. Oral nutrition supplements may be used.

* Monitor fatigue considering feeding with frequent small meals.

* Speech-language pathologist consultation for recommendations regarding tex-
ture modification and to ensure safety for oral feeding.

* Introduction of gastrostomy feeding: The nutritional benefits of enteral feeding
have now been demonstrated by several authors. Collectively, gastrostomy feed-
ing improved nutritional status across all cohorts and was well tolerated [38—40].

9.12 Digestion Dysfunction

In the absence of dystrophin, striated and smooth muscle contractions are compro-
mised, including those muscles necessary for consumption of foods and liquids.
The influence of absent dystrophin can impact all the stages of digestion from mas-
tication to swallowing to gastric emptying and motility.

9.13 Swallowing Dysfunction

Digestion begins in the mouth, in response to specific enzymes in the saliva.
Mastication requires contraction of the striated muscles of the jaw such as the mas-
seter. The tongue contributes to food movements in the mouth to position it for
chewing and swallowing. Swallowing involves several coordinated movements
between the tongue, cheeks, and palate as well as closing of the glottis so that food
can pass first through the pharynx and then down into the esophagus to avoid food
deposition into the larynx and trachea [41]. Thus, food consumption requires a tight
coordination between eating, swallowing, and breathing. Swallowing is dominant
to respiration, which results in an exhale-swallow-exhale rhythm during eating [41].
In DMD individuals, both dysphagia and aspiration are likely.
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Dysphagia, or abnormal swallowing, results because there is a progressive loss of
oral muscle control. The loss of control is often observed between the ambulatory to
the late nonambulatory stage [41-44]. Though not specific to muscular dystrophy,
dysphagia can lead to dehydration, malnutrition, pneumonia, or airway obstruction.

Aspiration is the passage of material through the vocal cords which can occur
before, during, or after swallowing. There are a number of mechanisms that may be
responsible for aspiration, so it is critical that clinicians diagnose the mechanism(s)
and suggest appropriate corrective actions. For example, swallowing studies and
services of a speech pathologist may be required. The normal response to aspiration
is a strong cough reflex or throat clearing; however, in some individuals with severe
dysphagia, aspiration may not be noted. Severe uncorrected aspiration can lead to
aspiration pneumonia or airway obstruction [41]. Once swallowing problems are
identified, two simple recommendations include:

(1) Decrease the solid food in a given feeding and implement a dysphagia level I-
IIT eating plan. In addition, recommendations from a speech-language patholo-
gist assessment can be implemented to adjust food consistency.

(2) Drink water after meals to clear the oropharyngeal area [43].

9.14 Esophageal and Gastric Dysfunction

Once the food/drink bolus has been swallowed, additional striated muscles contrib-
ute to the movement of the food/drink bolus into the esophagus. A peristaltic wave
moves the bolus to the stomach under autonomic nervous control. Gravity aids peri-
stalsis if the individual is in an upright position [41]. Digestion continues in the
stomach with additional enzyme reactions. Normally, movement of food or drinks
within and then from the stomach into the small intestine is dependent on smooth
muscle contractions of the stomach walls. In the DMD individual, gastroparesis is
an outcome of poor gastric motility.

Gastroparesis describes poor gastric muscle contractions likely due to altered
function of gastric smooth muscle cells. These poor contractions disrupt motility
and slow emptying time [45, 46].

9.15 Intestinal Dysfunction

Nutrient absorption occurs in the small intestine, while the large intestine absorbs
water and vitamins and reduces acidity, among other functions, including stool for-
mation. Movements of the stomach contents through the intestines occur by peri-
stalsis or rhythmical contractions of the smooth muscles in the intestinal walls [7].
Abnormalities in the gastrointestinal tract can include edema, atrophy, loss of
smooth muscle cells, and fibrosis. In addition, pseudo-obstruction can occur.
Pseudo-obstruction is defined as obstructive symptoms unrelated to a
mechanical cause, but secondary to disrupted intestinal motility. In one case study,
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pseudo-obstruction presented as nausea, vomiting, and abdominal distention over
many years. In this individual, smooth muscle fibrosis was present in the entire
gastrointestinal tract and was markedly evident in the esophagus and stomach [47].

These physiological complications of digestion should be assessed and taken
into account when making dietary recommendations. For example, what can the
individual with DMD tolerate as regards quantity, consistency, and taste/flavor so
that meals and snacks are both nutritious, enjoyable, and beneficial?

Case Studies In summary for this chapter section, two case studies are presented
to illustrate application of the nutrition assessment and recommendations described
above (Tables 9.4 and 9.5).

9.16 Potential Nutrient Constituents/Supplements

Many of the nutrient constituents/supplements thought to be beneficial in the treat-
ment of DMD are consumed in foods, though in much smaller proportions than are
used in animal or human research (Table 9.6). Most of these purified components
have been tested in animals, some by injection and some orally. Consumption or use
of various nutrient constituents/supplements in humans (adults or children) and ani-
mals is reported when they are available. Please note that for the animal studies, the
mdx mouse is most often used, as it is considered a good but not perfect model of
DMD [62, 63].

Summarized below are studies conducted in DMD boys (Table 9.6) and mdx
mice (Table 9.7). These tables are followed by a brief review for each of the nutrient
constituents/supplements listed in the tables. Despite the studies conducted in mdx
mice and because of the limited studies conducted in DMD boys for many of the
nutrient constituents/supplements, recommendations for their use are difficult.
Among the studies conducted in DMD boys, creatine and vitamin D are two nutrient
constituents/supplements that have evidence to support their use. Among the studies
conducted in mdx mice, green tea extract has shown positive benefits. Additional
nutrient constituent/supplements to consider are arginine-butyrate, taurine, CoQ10,
and idebenone. The reader is encouraged to read the brief reviews for each nutrient
constituent/supplement carefully to make an informed choice about their use.

9.17 Review of Nutrient Constituents/Supplements Reported
in Tables 9.6 and 9.7

9.17.1 Amino Acids

Protein metabolism studies in DMD suggest that afflicted patients are hypercata-
bolic, with accelerated protein turnover [84, 85]. For example, fractional protein
synthesis and degradation rates (estimated from urinary 3-methylhistidine and
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Table 9.4 A. Case study 1

Sean is a 5-year and 1-month-old boy who was diagnosed with DMD approximately 12
months ago. This is his second visit to the neuromuscular clinic. Since last clinic visit, his
neurologist and physiotherapist have noticed his muscle strength and function have declined.
The neurologist has recommended that Sean commence corticosteroids
As the clinic dietitian, you have been asked to see this family today before they start steroids.
You meet with Sean and his mother and father for the first time. His parents seem defensive at
first as they are unsure why they are seeing a dietitian today. Immediately, you observe that Sean
is snacking on potato chips as the family enters the room
Sean’s weight and height in the clinic today were 18.6 kg (50th percentile) and 102.9 cm (10th
percentile)
Clinical approach
First, anthropometric measures should be assessed. Sean’s BMI is 17.6 kg/m?. This BMI plots
on the 92nd percentile and would classify Sean as overweight. Ideally, Sean’s current weight
status should be contextualized using serial measures of height and weight
The nutrition assessment with Sean and his family would consider: dietary intake, diet history or
food diary; activity level, activity history or diary; supplement use; and gastrointestinal
symptoms
Considering Sean’s current weight status together with the planned initiation of corticosteroid
treatment, priorities for the dietetic consult would include:
(a) Identifying dietary and activity strategies for weight management and managing
increasing appetite related to the commencement of steroid therapy
(b) Education regarding appropriate calcium and vitamin D requirements for bone health
(c) Because the dietitian has not met this family before and given the defensive nature of the
parents, it would be valuable to spend some time introducing the role of the dietitian in
clinic so that the family do not feel threatened by the consultation. By establishing
rapport and trust, successful clinical outcomes can be achieved
After commencing steroids, Sean’s BMI remained stable. Sean has seen the dietitian on
numerous occasions. Although his BMI remains around the 90th percentile, the dietitian is
pleased with his progress because his BMI is tracking steadily
Sean is now 10 years and 4 months old. He is having increasing difficulty walking and can no
longer climb stairs or get up off the floor himself. His physiotherapist is in the process of
ordering an electronic wheelchair for him. In the meantime, Sean uses his motorized scooter for
all movements outside of the home. In clinic today, his BMI has increased to the 99th percentile
and is now classified as obese
Sean and his parents are visibly surprised and upset by his recent weight gain because his
dietary intake has remained stable. The family are keen for strategies to stop further weight
increases. Given Sean’s recent declines in strength, the family is also very keen to know what
supplements they could try at this stage to assist with his muscles. They have not tried any
supplements before this
Clinical approach
Sean’s weight gain is likely due to a decline in physical activity. He is using his motorized
scooter for most daily activities which would limit energy expended in activity. At this juncture,
a physical activity diary would be useful to quantify Sean’s physical activity level and guide
energy prescription
To assist Sean with weight management, the RD needs to help Sean shift back into a state of
energy balance (energy in=energy out). Appropriate steps to establishing energy balance
would be:

(continued)



9 Practical Nutrition Guidelines for Individuals with Duchenne Muscular Dystrophy 241

Table 9.4 (continued)

(a) Establishing Sean’s energy needs by calculating his energy requirements using the
Schofield Weight Equation for males together with a physical activity level determined
from an activity history or diary

(b) Recommending dietary changes to reduce energy intake, such as limiting empty calories
and encouraging core foods and encouraging low-energy snacks

(c) Working with Sean’s physiotherapist to recommend appropriate activities that increase
energy output

There are many supplements that are being investigated as potential adjunct therapies for
treatment of DMDj; however, most investigations are yet to reach clinical trials in humans. The
most promising supplement is creatine monohydrate as there is evidence from several clinical
trials that have shown positive effects on increased muscle mass and strength. This would be
an appropriate supplement for Sean to trial

Table 9.5 B. Case study 2

Chris is 16 years old and has DMD. Chris lost the ability to ambulate independently not long
after his 12th birthday and now uses an electronic wheelchair full time. He was treated with
steroids for only a very short period (6 months); the treatment was stopped because his parents
reported that his behavior was unmanageable on steroids

As a dietitian, you have been reviewing Chris annually for the last 4 years, in which time his
body mass index (BMI) has steadily tracked the 75th percentile (healthy weight range). Today,
Chris’ BMI has dropped to the 50th percentile. Chris is surprised as he has not been trying to
lose weight. However, he does mention that he probably has been eating less because he has
been coughing at meal times, which has been slowing meals down even more

You only have 15 min with Chris in clinic today because both the respiratory physician and the
occupational therapist have requested additional time with him. His lung function has declined
since his last clinic visit, and he is losing strength in his upper body, making activities of daily
living harder

Clinical approach

Based on Chris’ comments, it would be essential to explore the potential feeding and
swallowing difficulties that he appears to be experiencing. Because his lung function is
declining, potential aspiration risk needs to be assessed and identified. Also, it is likely that
feeding issues are impacting on dietary intake and consequently BMI, so a food diary or diet
history would be highly relevant. The RD should also consider other gastrointestinal symptoms
that could be reducing appetite

At this juncture, it would be timely to engage with other allied health professions. A speech
therapist can conduct a thorough swallowing assessment and provide recommendations for
appropriate food textures to ensure safe oral feeding. An occupational therapist can provide
suggestions to assist with the practicalities of feeding. Secondly, the RD should consider food
strategies to optimize energy and protein intake. Oral supplements may be useful especially if
Chris is fatiguing during meals. At this stage, oral nutrition strategies should be trialed;
however, if weight and clinical status continues to decline (e.g., lung function), then
gastrostomy feeding may need to be considered
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creatinine) were markedly higher in DMD boys on a meat-free diet (i.e., no
exogenous muscle consumed), compared to age-matched controls (n=20 DMD
boys; ages 4-20) [84]. Additionally, Hankard et al. [85] showed that protein
metabolism of DMD boys was hypercatabolic, compared to height- and mass-
matched boys, in the postabsorptive state [85]. Negative protein balance with
accelerated protein turnover was also observed in young mdx mice [86]. To correct
negative protein balance and to preserve muscle mass and function in DMD, many
research groups have investigated the therapeutic potential of supplemental amino
acids (AA).

9.17.2 Branched-Chain Amino Acids

Branched-chain amino acids (BCAA), which include leucine, isoleucine, and
valine, are known to potently stimulate protein synthesis [87, 88]. In 1982, Stewart
and colleagues administered metabolites of BCAAs as a mixture of ornithine salts
of a-keto acids (a-ketoisocaproate, a-ketoisovalerate, and a-keto-f-methylvalerate;
4:1:1 ratio; 0.45 g/kg/day) to DMD boys (n=9) for 4 days after a 7-day run-in
period. The a-keto acid mixture reduced excretion of 3-methylhistidine with no
adverse effects, indicating that administration of BCAA metabolites reduces sys-
temic protein degradation in DMD boys [49].

Leucine has limited study in DMD. In a pilot study with young mdx mice, 4
weeks of leucine supplementation improved running endurance and extensor
digitorum longus (EDL) muscle strength, but EDL muscle mass, cross-sectional
area (CSA), and central nucleation were unchanged [89]. However, in a 12-month
study of leucine supplementation (0.2 g/kg/day) in DMD boys (n=47 leucine, 44
placebo), BCAA treatment elicited only marginal effects on a variety of clinical and
functional outcomes (e.g., muscle strength, joint contracture, pulmonary function,
etc.) [48].

Side Effects: Decreased appetite, anorexia, nausea, stomach discomfort [48].

Conclusion: Leucine’s role in promoting positive protein balance in DMD is still
unclear; further study is warranted.

9.17.3 L-Arginine

L-arginine is a conditionally essential amino acid naturally found in animal proteins
such as meat, fish, poultry, and dairy foods. L-arginine has been studied for its thera-
peutic potential in animal models of DMD because of its potential roles in nitric
oxide synthase (NOS) metabolism and utrophin expression in skeletal muscle [90].
Many research groups are interested in regulating utrophin expression in DMD to
compensate for dystrophin deficiency because of its structural/functional similarity
to dystrophin [91-94].
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Chaubourt et al. [90] showed that mdx mice injected intraperitoneally (IP) with
L-arginine (200 mg/kg/day) for 3 weeks increased sarcolemmal utrophin expression
and nitric oxide (NO) synthase (NOS) activity. These results in mdx mice suggest
that the compensatory expression of sarcolemmal utrophin may have resulted from
upregulated NO signaling. However, a weakness of Chaubourt et al.’s study was
their lack of data on the functional responses to L-arginine treatment (i.e., measures
of muscle strength, ambulatory capacity, etc). Another research group tested the
effects of 6 weeks of L-arginine IP injections (200 mg/kg/day, 5 days/week) and
found that mdx mice treated with L-arginine exhibited 35 % less necrosis in the
lower limb, 57 % less serum creatine kinase (CK) activity, reduced Evans Blue dye
(EBD) uptake in gastrocnemius and diaphragm, modestly stronger diaphragm spe-
cific force, and greater utrophin expression in various tissues (e.g., the heart, dia-
phragm, soleus, extensor digitorum longus, gastrocnemius, tibialis anterior, and
semitendinosus), compared to untreated mdx mice. Their results also suggested that
increased NOS activity mediates some of the benefits experienced by L-ARGININE-
SUPPLEMENTED mdx mice [64].

Hnia et al. [65] also evaluated the effects of L-arginine treatment in mdx mice.
Five-week-old mdx mice were treated for 2 weeks with IP injections of 200 mg/kg
of L-arginine [65]. L-arginine treatment decreased the percentage of non-muscle
area in mdx diaphragm muscles; yet, centrally nucleated fibers were increased [65].
L-arginine treatment inhibited interleukin (IL)-1p, IL-6, and tumor necrosis factor-
alpha (TNF-a) secretion by macrophages as well as other infiltrating inflammatory
cells. L-arginine treatment also decreased nuclear factor kappa-B (NFxB) as well
as MMP-2 and MMP-9, suggesting that L-arginine can have anti-inflammatory
effects in dystrophic muscle. Moreover, levels of full-length p-dystroglycan and
utrophin were higher in L-arginine-treated mdx mice compared to non-treated mice
[65]. Although several studies have shown the benefits of L-arginine supplementa-
tion in mdx mice, such studies only evaluated the effects of a short-term treatment
[64, 65, 67, 90].

Not all studies have found positive effects of L-arginine in DMD models.
Wehling-Henricks et al. [66] evaluated the effects of a long-term treatment (from 3
weeks of age until 18 months) of L-arginine (added to drinking water; 5 mg/mL) in
mdx mice, and results demonstrated that, unlike short-term treatment, long-term
treatment with L-arginine exacerbated fibrosis in dystrophic heart and muscle.
Findings from this study suggest that there might be differences in short- vs. long-
term treatment of L-arginine in dystrophic muscles in dystrophic animals. However,
there are no human studies using L-arginine for treatment of DMD either short term
or long term.

Side Effects: High doses of oral L-arginine (up to 20 g/day) in humans do not seem
to elicit major adverse reactions; however, complaints include nausea and diarrhea.
Due to L-arginine’s vasodilatory properties, hypotension may occur [95].

Conclusion: The effects of L-arginine on dystropathophysiology are unclear, and
further study is needed to better evaluate its potential benefits or detriments.
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9.17.4 Arginine-Butyrate

Arginine-butyrate, a combination of L-arginine with n-butyric acid (either as a salt
or covalently linked), has also been evaluated in mdx mice as a potential treatment
for DMD. Vianello et al. [67] evaluated the effects of continuous (five injections per
week for 6 weeks; dose range 5-300 mg/kg/day) or intermittent (four daily injec-
tions every 2 weeks for 6 weeks; dose range 100—1000 mg/kg/day) arginine-butyrate
salt complex injections in young (2-3 days) and old (8 weeks) mdx mice. These
researchers found that continuous IP injections (100 mg/kg/day) of arginine-butyr-
ate in mdx mice (1) increased utrophin protein levels by twofold in the skeletal
muscle, heart, and brain, (2) decreased markers of muscle damage, and (3) improved
soleus muscle isometric force. Meanwhile, intermittent IP injections (800 mg/kg/
day) increased utrophin protein levels by twofold, decreased markers of muscle
damage, and improved grip strength.

In a follow-up study, Vianello et al. [68] evaluated the effects of treating mdx mice
with different isoforms of covalently linked arginine-butyrate (3-hydroxybutyrate
or N-butyryl arginine), rather than using a salt complex of the two constituents.
Covalently linking L-arginine and n-butyric acid increases the stability and bioavail-
ability of arginine-butyrate [68]. Every 2 weeks, over a span of 7 weeks, Vianello
et al. [68] administered the arginine-butyrate compounds (most effective at 50, 80,
and 100 mg/kg/day) for 4 consecutive days starting at 6 weeks of age. The mdx mice
treated with low doses (50—100 mg/kg/day) had ~60 % improvement in grip strength
force production and 3.5-fold increase in resistance to fatigue during inverted grid
tests [68]. Moreover, treated mdx mice exhibited normalized nerve excitability, ~90
% decrease in cardiac necrotic fibers, and increased cardiac utrophin expression.
Furthermore, the mdx mice on arginine-butyrate appeared to have cardiac lipid
composition different from untreated mdx mice, which resembled wild-type
(C57BL/10) mice; these results coincided with decreased serum CK levels (by >50
%) and ~75 % reductions in EBD uptake. This study also showed that arginine-
butyrate reduced spontaneous Ca?* spikes by ~50 % and markedly increased utro-
phin staining in cultured DMD myotubes [68]. Overall, the results reported by
Vianello et al. [68] show that arginine-butyrate can improve membrane integrity,
calcium regulation, and functional outcomes in DMD models. The authors posit
that arginine-butyrate’s pharmacological effects may be mediated by enhanced his-
tone deacetylase activity and subsequently increased utrophin expression. Increased
utrophin expression has previously been shown to improve membrane integrity and
functional outcomes in mouse models of DMD [68, 96, 97].

Side Effects: In a clinical trial of patients afflicted by Epstein-Barr virus, administra-
tion of arginine-butyrate salts with ganciclovir was associated with nausea, vomit-
ing, headaches, and elevated liver enzymes [98]. Other reported adverse effects at
high doses (2 g/kg/day) were lethargy, stupor, confusion, acoustic hallucinations,
dyspnea, and hypokalemia [98].

Conclusion: To further evaluate the effects of arginine-butyrate, Vianello and col-
leagues indicated that they will conduct a clinical trial in ambulant DMD patients,
which will use a protocol similar to their 2014 study in mdx mice.
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9.17.5 Glutamine

Glutamine has also been studied for its effects on DMD pathophysiology in both
mice and humans. Glutamine has been proposed as a “conditionally essential”
amino acid in DMD patients due to its decreased bioavailability in the post-
absorptive state [85]. In 1998, Hankard and others showed that acute oral
L-glutamine administration (800 pmol/kg/h for 5 h) in DMD patients decreased
leucine appearance and oxidation rates (markers of protein degradation) but had no
effect on non-oxidative leucine disposal [99]. Their results suggest that glutamine
may help spare nitrogen precursors and whole-body protein in DMD boys. However,
in a slightly longer-term trial, Mok et al. [50] showed that 10 days of glutamine
supplementation (500 mg/kg/day) in DMD boys (n=13 DMD boys on glutamine,
13 DMD boys on control) did not suppress leucine appearance rates any more than
an isonitrogenous control (0.8 g/kg/day) mixture. In a double-blinded, randomized
crossover trial, 30 DMD patients were either treated with glutamine (500 mg/kg/
day) or placebo for 4 months each (1 month washout period between treatments)
[51]. In these patients, glutamine supplementation did not alter muscle function,
muscle mass, or markers of protein breakdown. However, there was no deterioration
in functional measures after completion of the study (~9 months), and glutamine
supplementation (500 mg/kg/day) was well tolerated. Interestingly, a subgroup
analysis of the corticosteroid-treated boys (n=5) revealed that glutamine may have
preserved walking speed; after washout and placebo, walking speed significantly
declined in corticosteroid-treated boys [51].

In mdx mice, Mok et al. [69] assessed the effects of a 3-day glutamine (500 mg/
kg/day) IP administration on markers of antioxidative capacity in skeletal muscle.
Their results showed that glutamine lowered the oxidized glutathione to reduced
glutathione (GSSG:GSH) ratio in gastrocnemius, indicating that high-dose gluta-
mine supplementation may reduce oxidative stress in dystrophic skeletal muscle.
Findings also suggested that the anti-oxidative properties of exogenous glutamine
could also have antiproteolytic effects [69].

Side Effects: A suggested UL for glutamine is ~16 g/day in adults [95]. Temporarily
elevated liver enzymes have been observed at high doses. In children, no effects of
glutamine supplementation were observed at very high doses (0.6 g/kg) [100].

Conclusion: Mixed results of studies in DMD boys and mdx mice support the need
for further study of L-glutamine’s therapeutic applicability in DMD; special atten-
tion should be paid to dose, short- vs. long-term effects, and patient sub-populations
(e.g., age and corticosteroid status).

9.17.6 Creatine

Creatine is an amino acid popularized by athletes who take purified versions as a
supplement (e.g., creatine monohydrate) to enhance performance. In metabolism, cre-
atine plays an important role in the phosphocreatine metabolic system, which helps
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skeletal muscle maintain adequate ATP status during short bursts of physical activity
(~0-10 s). Creatine may also play other metabolic roles, such as maintaining optimal
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) function [101].

Most [53-56, 102] but not all [57] studies of creatine supplementation have
demonstrated positive effects in DMD boys. Creatine supplementation (5 g/day for
8 weeks) has been shown to beneficially alter creatine-phosphate metabolites in
DMD patients (n=13 creatine, 14 placebo) [56]; these changes coincided with
small improvements in average performance of 34 different muscles/groups in man-
ual muscle testing (MMT). Despite enhanced MMTs in these patients, creatine
supplementation failed to improve Vignos functional grades (i.e., functional mobil-
ity was unchanged in these patients). Additionally, supplying creatine (5 g/day) to
dystrophic patients [n=32 total (§ DMD)] for 8 weeks has been shown to modestly
improve muscle strength (+3 %) and Neuromuscular Symptom Scores (+10 %)
[53]. In a case study of one 9-year-old boy with DMD, exercise performance
improved while the patient was on either intermittent creatine (4 x 3 g/day) or con-
tinuous creatine (2x3 g/day) supplement, and the patient’s performance declined
while off creatine [102]. Further, this patient regained the ability to climb stairs
while on the supplement.

Tarnopolsky and colleagues [54] performed a double-blind, randomized, cross-
over trial with 4 months of creatine (100 mg/kg/day) or placebo (6-week washout
between conditions) in DMD patients. Results demonstrated that treated patients
had increased grip strength, fat free mass, and decreased bone breakdown [54]. In
another randomized double-blind cross-over study, Louis et al. [S5] treated DMD
patients with creatine (3 g/day) or placebo for 3 months (washout period of 2
months), and results demonstrated that treated patients increased their maximal vol-
untary contractile strength and resistance to fatigue. Moreover, bone mineral den-
sity was increased in ambulant patients supplemented with creatine [55]. In a
Cochrane Review, Kley et al. [52] discuss creatine supplementation in several mus-
cular diseases, including DMD. The report indicates that short-term creatine supple-
mentation offers modest functional benefits to DMD patients, but they highlight that
the long-term effects of creatine need to be assessed with standardized, quantitative
measures of muscle strength and function [52].

Finally, Payne et al. [103] carried out an 8-week nutritional therapy study of
creatine (2 % food mass), conjugated linoleic acid (1 % food mass), a-lipoic acid (1
% food mass +1 % soybean oil), p-hydroxy-p-methylbutyrate (HMB; a leucine
metabolite; 0.5 % food mass+ 1 % soybean oil), and a combination of all four, with
and without methylprednisolone (14 mg/kg/week given in two injections) in mdx
mice, beginning at 4 weeks of age. Their results demonstrated that combination
therapy with methylprednisolone provided the best functional outcomes overall
(i.e., best outcomes for grip strength, fatigue resistance, rotarod performance, serum
CK, and centrally nucleated muscle fibers in gluteus) [103]. Combined therapy
without prednisone exhibited similar effects but had no effect on serum CK. Creatine
supplementation alone improved grip strength fatigue resistance, retroperitoneal
fat, and centralized nuclei in gluteus muscle, while HMB treatment alone improved
serum CK activity, fatigue resistance, and centralized nuclei.
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Side Effects: Generally, creatine supplements are well tolerated. Several known side
effects of creatine are weight gain, gastrointestinal distress, renal dysfunction, and
potential cytotoxicity [104]. Interstitial nephritis has been observed a previously
healthy 20-year-old male patient taking 20 g/day of creatine for 4 weeks [105]. In
DMD, creatine has been well tolerated.

Conclusion: Creatine is the most studied of the constituents/supplements with high
level evidence. Based on the data available in humans and mdx mice, supplementing
with creatine may be a helpful adjunct therapy for DMD patients to improve func-
tional strength outcomes.

9.17.7 Taurine

Taurine is a ubiquitous free amino acid (i.e., not involved in protein synthesis), which
plays various metabolic and immunomodulatory roles [106, 107]. Taurine may even
assist in maintaining sarcolemmal integrity [106, 107]. Taurine is abundantly found
in red meats, salmon, and mackerel. Mclntosh et al. [109] reported that taurine levels
in skeletal muscle of mdx mice seemed to track with disease progression. In young
mdx mouse muscle (~3 weeks), when degenerative cycles are initiated, taurine con-
centrations were lower than wild-type controls, and then taurine levels climbed and
exceeded normal levels during ages 3—6 weeks [109]. However, taurine levels remain
elevated at 6—12 months in mdx mice, but disease progression still worsens, indicat-
ing that taurine plays a secondary role in amelioration of dystrophic pathophysiology
[110]. With these interesting findings in mind, several research groups have studied
the effects of taurine supplementation in dystrophic mice.

De Luca and others [70] studied the effects of supplementing 3—4-week-old mdx
mice with taurine (10 % of chow mass) and other compounds (e.g., creatine and
IGF-1) for 4 or 8 weeks while the animals were on a treadmill running routine (30
min; 12 m/min; 2x per week). Treadmill running exacerbated the disease phenotype
in untreated mdx mice, whereas mdx mice treated with taurine displayed greater
forelimb muscle strength, similar chloride membrane conductance to wild-type
control mice in EDL and diaphragm (this conductance is a marker of regenerative
cycling in skeletal muscle [111]), and similar EDL strength-duration curves to wild-
type control mice (a measure of baseline membrane potential) [70].

In a follow-up study, Cozzoli et al. [71] assessed the solitary and combined
effects of taurine (1 g/kg/day; via oral administration) and a-methylprednisolone
(PDN; 1 mg/kg/day via IP injection) for 4 or 8 weeks in mdx mice (beginning at age
4-5 weeks) while the mice were on the same treadmill running routine as the De
Luca et al. [70] study. While taurine, PDN, and taurine+PDN had no effect on
plasma CK, taurine treatment alone decreased plasma lactate dehydrogenase. In
vivo, their results showed that taurine and PDN each improved forelimb strength
alone, and when combined there was a marked synergistic improvement. Taurine
and taurine + PDN also restored resting membrane potential and rheobase potential
to wild-type control levels in EDL muscle.
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Side Effects: Taurine is a cytochrome P450 3A4 agonist, indicating that it could
accelerate drug metabolism and thereby reduce effects of other drugs [112].

Conclusion: The above preclinical studies involving taurine supplementation in mdx
mice indicate that taurine supplementation could serve as a helpful secondary treat-
ment in DMD, possibly by improving calcium homeostasis [113, 114]. Clinical
studies are needed to further investigate the effect of taurine for boys with DMD.

9.17.8 L-Carnitine

Carnitine, a dipeptide of the amino acids lysine and methionine, is known to play a
prominent role in fat metabolism, ketogenesis, and thermogenesis [115]. While car-
nitine is made endogenously, it can also be found in large quantities in meat, poul-
try, fish, and dairy. Natural sources of carnitine are absorbed more efficiently than
supplemental carnitine [116]. In humans, muscles concentrate the majority of the
L-carnitine (~95 %), and alterations in L-carnitine homeostasis affect muscle func-
tion [117]. Skeletal muscle concentrations of carnitine are lower in dystrophic
patients [118], and Berthillier et al. [119] observed abnormal carnitine metabolism
in young DMD boys [119]. In mdx mice, Oh et al. [77] demonstrated that mdx mice
supplemented with L-carnitine (75 mg/kg/day) for 6 weeks improved exercise toler-
ance and reduced serum CK levels compared to control [77].

Le Borgne et al. [117] showed that muscle cells isolated from DMD patients
have lower levels of L-carnitine and L-carnitine uptake. These lower levels were
associated with increased rigidity of the DMD cell membrane (decreased fluidity)
compared to control cells. However, when DMD cells were exposed to L-carnitine
(500 pmol), membrane fatty acid profile was improved and membrane fluidity was
restored [117]. These results suggest that carnitine supplementation could improve
muscle membrane stability in DMD. Escobar-Ceclillo and colleagues [59] per-
formed a double-blinded, controlled trial in DMD patients assigned to L-carnitine
(50 mg/kg, twice daily) or placebo treatment for 1 year. Overall, L-carnitine was
well tolerated but did not improve muscle function in steroid-naive boys.

Side Effects: At present, none are reported.

Conclusion: Considering the limited evidence base for the effects of carnitine sup-
plementation in DMD, very little can be said about its therapeutic potential.
9.18 Other Nutrient Constituents/Supplements

9.18.1 Green Tea Extract

Oxidative stress has been implicated in the pathogenesis of DMD [120-123].
Green tea extract (GTE) is derived from Camellia sinensis leaves, which contain
polyphenol catechins [primarily epigallocatechin gallate (EGCG)] that have been
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shown to counteract oxidative stress and inflammation [124—126]. Several studies
have been conducted in mdx mice to investigate the effects of GTE on dystrophic
muscle. Buetler et al. [72] observed dose-dependent reductions in EDL necrosis
and regeneration when mdx mice were given GTE-supplemented chow (0.01 and
0.05 % of total food mass, respectively) for 4 weeks. However, the human equiva-
lent doses used in their study would be ~7 to 35 cups of green tea per day; even
these doses exceed current safety guidelines. Evans et al. [74] showed that mdx
mice on even higher doses of GTE for 6 weeks (0.25-0.50 % of total food mass)
exhibited ~15 % fewer regenerating fibers in tibialis anterior (TA) and experi-
enced reductions in NFkB staining in regenerating fibers of TA cross sections,
relative to untreated mdx controls. Furthermore, Call et al. [73] demonstrated that
GTE (0.5 % of total food mass) modestly improves voluntary running perfor-
mance and serum CK activity by ~50 % in mdx mice. Finally, Dorchies et al. [127]
showed that 5 weeks of GTE diet (0.05-0.25 % of total food mass) improved
muscle function (leftward shift in tension-frequency profile) and resistance to
fatigue in plantar flexors, compared to untreated mdx mice. Together, these studies
suggest that dystrophic muscle can benefit from high-dose GTE supplementation.
However, the doses used in these studies exceed current safety
recommendations.

Side Effects: A review by Sarma et al. [128], on the safety of green tea consumption,
generally regards the product as safe (assuming correct formulation by the manufac-
turer) [128]. The most concerning adverse events described by Sarma et al. [128] are
of 34 reports (out of 216) of possible liver damage, resulting from green tea intake
[128]. The presence of caffeine in GTE may be the cause of high-dose side effects
like liver problems, headache, nervousness, sleep problems, vomiting, diarrhea, irri-
tability, irregular heartbeat, tremor, heartburn, dizziness, ringing in the ears, convul-
sions, and confusion. Additionally, since caffeine is a diuretic, DMD patients taking
GTE should consider the risk of urinary calcium loss and possible risks to bone
health. The cardiovascular effects of caffeine may be undesirable for some DMD
patients; caffeine-free green tea products may be advised in these cases. A study of
high-dose EGCG (up to 800 mg/day for 4 weeks) reported several adverse effects,
such as excess gas, upset stomach, nausea, heartburn, abdominal/stomach pain, diz-
ziness, headache, and muscle pain, but the subjects rated these adverse events as
mild [129]. This study’s authors reported that 8-16 cups of green tea per day is
generally safe [129].

Conclusion: At present, we are unaware of any published studies of GTE in human
patients with DMD, but based on the preclinical studies in mdx mice, further
research is warranted to determine the effects of GTEs on oxidative stress and
inflammation status in DMD. Drs. Paul Friedemann and Arpad von Moers (Charite
University, Berlin, Germany) are currently recruiting ambulatory DMD patients
ages 5-10 for a clinical trial of EGCG. Clinical Trial ID: NCT01183767.
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9.18.2 Omega-3 Fatty Acids

Omega-3 fatty acids (n3FA) are polyunsaturated fats (PUFA) that are abundant in
various plant and animal sources (e.g., avocado and salmon). The primary ®w3FAs
are alpha-linoleic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic
acid (DHA). ®3FAs are generally known for their anti-inflammatory effects
[130-132], which also extend to skeletal muscle [133]. Since heightened inflamma-
tory tone in skeletal muscle has been implicated in the pathogenesis of DMD, sev-
eral research groups have investigated the effects of w3FAs on the dystrophic
phenotype. Machado et al. [134] showed that mdx mice supplemented with EPA
(300 mg/kg/day) by oral gavage for 16 days greatly reduced the presence of central-
ized nuclei and immune cell infiltration in sternomastoid muscle, but not biceps
brachii or diaphragm. Additionally, EPA potently decreased EBD uptake and TNF-a
protein in sternomastoid, biceps brachii, and diaphragm muscle in mdx mice.
Similarly, Fogagnolo et al. [135] showed that treatment with combined EPA and
DHA (300 and 150 mg/kg/day, respectively) by oral gavage for 16 days improved
various markers of skeletal muscle health in mdx mice. Specifically, combined EPA
and DHA reduced the following measures: serum CK activity (by ~36 %); centrally
nucleated fibers in sternomastoid (by ~50 %); EBD uptake by ~50 % (in biceps
brachii and sternomastoid); inflammatory area in diaphragm, biceps brachii, and
sternomastoid; and TNF-a protein in diaphragm and biceps. Although these results
suggest an anti-inflammatory role for combined EPA and DHA, their doses exceeded
the recommended upper limit in humans (3 g/day), but the current upper limit may
underestimate the maximal safe dose [136].

Carvalho et al. [76] investigated the effects of 16 days of EPA (300 mg/kg/day)
by oral gavage in mdx mice (starting at 2 weeks of age) and compared to the effects
of deflazacort (1.2 mg/kg/day). These researchers found that EPA was more effec-
tive at promoting M1 to M2 macrophage shift and that EPA modestly reduces serum
IFN-y and modestly increases serum IL-10 protein, suggesting that EPA improves
the inflammatory environment in mdx mice during peak when the rate of degenera-
tion/regeneration cycles are at their highest. Since corticosteroids can have negative
side effects (e.g., weight gain and reduced bone mineral density), further study is
warranted to assess whether high-dose ®3FAs could serve as an adjunct or alterna-
tive therapy to corticosteroids in DMD.

Interestingly, recent evidence suggests that supplementing mdx mice with mono-
unsaturated fatty acids (MUFA), such as oleate, may be a better option to improve
the dystrophic phenotype. For example, mdx mice on a high-MUFA diet (primarily
oleate) exhibited lower levels of serum CK after 8 weeks, compared to mdx mice on
a high-PUFA diet (primarily ALA). However, skeletal muscle histopathology of
mdx mice on the two supplemented diets was not significantly different [137].

Side Effects: A few side effects have been reported in patients supplementing with
®3FAs. Some of these include fishy breath, gas, bloating, belching, upset stomach,
diarrhea, and nausea (reviewed by [138]). There is potential for ®3FAs to interrupt
normal blood clotting (reviewed by [139]). It is also important to consider potential
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contaminants/toxins that come from sources of ®3FA (e.g., presence of mercury in
fish and fish oils) (reviewed by [140]). Hence, physicians should help patients
ensure that they purchase ®3FAs supplements from reputable manufacturers who
ensure their supplements are free of heavy metals and other potential
contaminants.

Conclusion: Further studies are needed to determine the potential impact of ®3FA
and MUFA supplementation in DMD. The American Heart Association encour-
ages eating fatty fish 2 times/week or more often for general heart health. This
level of fish consumption is thought to be equivalent of 0.5 g of fish oil daily.
Encouraging dietary consumption of several fish meals/week and the naturally
occurring ALA-containing plants (e.g., avocado, walnuts, flax) for individuals
with DMD is consistent with public health guidelines for healthful nutrition and
heart disease prevention [141].

9.18.3 Vitamin D

Vitamin D is essential to, among its other functions, the maintenance of bone health.
Excellent sources of vitamin D are fortified dairy products, fortified orange juice,
fortified cereal, salmon, sardines, and vitamin D3 (a precursor of active vitamin D)
which is endogenously made in the skin with the assistance of sunlight (UVB)
exposure. Low serum 25(OH)D has been well documented in boys with DMD [142,
143]. Individuals with DMD have also been shown to have lower bone mineral
density (BMD), and these effects are exacerbated by corticosteroid treatment [142,
143]. Reductions in BMD can have deleterious effects on weight-bearing and ambu-
latory capacity. Bianchi et al. [142] showed that DMD patients on corticosteroids
(n=22) had lower BMD than steroid-naive boys (n=12). Furthermore, BMD posi-
tively correlated with muscle strength scores, indicating that corticosteroid usage
may have negatively affected muscle strength in these patients. Séderpalm and col-
leagues [143] showed similar results when comparing DMD patients (n=24; 2.3—
19.7 years old) to age-matched healthy controls (n=24), but unexpectedly there was
no difference in the fracture rate between DMD boys and controls. When studying
the matter further, Bianchi et al. [20] gave 25-OH vitamin D supplements (0.8 pg/
kg/day) to 33 steroid-dependent DMD boys for 24 months while simultaneously
ensuring calcium intake above 1 g/day. After 24 months, the supplementation
regime helped reduce bone resorption [measured by serum osteocalcin, urinary
N-terminal telopeptide of procollagen type I (NTx), and serum C-terminal telopep-
tide of procollagen type I (CTx)], helped increase lumbar spine BMD, and improved
whole-body BMD. However, the boys on 25-OH vitamin D population did not
affect gross motor function. Despite these findings, the appropriate dose of vitamin
D supplementation for boys with DMD is unclear. Unpublished findings described
in a workshop report detail the variability of responses to vitamin D
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supplementation in boys with DMD [144, 145]. In boys receiving 1200—1300 TU
vitamin D daily, 50 % showed no response to therapy, while the mean increase in
25(OH)D in the remaining children was 13 ng/ml.

Side Effects: Vitamin D is generally considered safe when taken in appropriate
amounts, but can cause side effects when taken chronically in high doses (i.e., above
the current UL of 4000 IU per day). Side effects of vitamin D include weakness,
fatigue, dizziness, nausea, vomiting, headache, anorexia, and others. Excess vitamin
D is also associated with symptoms related to hypercalcemia, such as hypertension,
anorexia, nausea, and possible kidney damage (http://www.nlm.nih.gov/medline-
plus/druginfo/natural/929.html).

Conclusion: Annual monitoring of serum 25(OH)D as well as supplement compli-
ance should be conducted to adjust supplementation dose as required.

9.18.4 Resveratrol

Resveratrol is a polyphenol that is commonly found in the skin of red grapes, cocoa
powder, and peanuts. When consumed in its purified/supplemental form, resveratrol
has been associated with a variety of health benefits in skeletal muscle, such as
increased oxidative capacity [146], decreased protein degradation [147], and
decreased NFkB activation and inflammation [147, 148].

Several animal studies have demonstrated that acute and chronic resveratrol may
have therapeutic potential in DMD. Kostek et al. [79] administered resveratrol (100
mg/kg/day) to mdx mice both acutely (10 days) and chronically (8 weeks). In the
acute phase, treated mdx mice increased gene expression of SIRT1 and IL-6, but did
not change TNF-a expression in gastrocnemius. In the chronic phase, triceps surae
muscles of treated mdx mice were stronger but no more resistant to fatigue than
untreated mdx mice. Hori et al. [80] tested the effects of 32 weeks of resveratrol
supplementation (4 g/kg/day of rodent diet) and found that the treatment helped
mdx mice maintain muscle mass, decrease skeletal muscle ROS levels, and attenu-
ate fibrosis infiltration but not infiltration of inflammatory cells. The same research
group found that resveratrol (4 g/kg/day for 32 weeks) also reduces cardiomyopathy
and fibrosis in mdx mice. Their results in animals suggest that SIRT1 activity is
directly involved in resveratrol’s cardioprotective effects [149].

Gordon et al. [150] showed that 10 days of resveratrol (range 10-500 mg/kg/day;
optimal dose at 100 mg/kg/day) markedly reduced several markers of young mdx
skeletal muscle inflammation (e.g., inflammatory cell infiltrate, CD45, and F4/80
expression). In 2014, the same research group treated mdx mice for 8 weeks (from
age 4 to 12 weeks) with 100 mg/kg/day of resveratrol (gavage every other day) and
reported there were no changes in oxidative capacity or total inflammatory cell
infiltrate between treated and non-treated mdx mice [78]. However, treated mice
improved in their rotarod performance, in situ peak tension of triceps surae, and
decreased central nucleation and oxidative stress [78].
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Side Effects: High doses of resveratrol appear to be well tolerated in humans, even
in doses up to 5 g/day [151]. However, in vitro studies [152, 153] show that resve-
ratrol inhibits the activity of cytochrome P450 3A4, which is important for the
metabolism of calcium channel antagonists (felodipine, nicardipine, etc), immuno-
suppressants (cyclosporine, tacrolimus, etc), antihistamines (terfenadine), and
sildenafil, among other drugs [154].

Conclusion: Further study is needed to determine the effects of resveratrol in dys-
trophic humans, but these studies suggest that resveratrol could serve as an adjunct
therapy in DMD to reduce muscular inflammation and fibrosis.

9.18.5 N-Acetyl Cysteine

Because muscles in dystrophic individuals may produce more ROS and are thought
to be more susceptible to oxidative damage [122, 155], antioxidant supplementation
may serve as an adjunct therapy that can be easily incorporated into treatment plans.
N-acetyl cysteine (NAC) is a potent antioxidant and has been studied as a potential
DMD treatment in mdx mice.

Williams and Allen [156] gave mdx mice NAC (1 % in drinking water) for 6
weeks (ages 3-9 weeks) to study its effects on heart pathology. NAC returned sev-
eral markers of cardiac health to wild-type (C57BL/10ScSn) ranges (e.g., fractional
shortening, calcium concentrations, calcium transit, CD68 staining, and tissue
fibrosis). These results showed that the antioxidative properties of NAC may benefit
cardiac health in dystrophic models. The following year, the same research group
showed that NAC may offer similar benefits to skeletal muscle [81].

Whitehead et al. [81] studied the effects of NAC in mdx mice in vitro and in vivo.
Their results showed that acute treatment of EDL muscles from 8 tol0-week-old
mdx mice in vitro (20 mM) improved EDL resistance to stretch-induced force
reductions and decreased ROS presence in EDL cross sections. Additionally, in vivo
supplementation of NAC for 6 weeks [ages 3-9 weeks; 1 % of drinking water (60
mM)] reduced EBD uptake and centralized nuclei in EDL cross sections, increased
B-dystroglycan and utrophin expression in EDL, and decreased NFkB and caveolin
protein in TA. Further, Pinto and others [82] gave IP injections of NAC (150 mg/kg/
day) to 2-week-old mdx mice for 2 weeks. Their results showed that NAC treatment,
compared to untreated mdx mice, reduced EBD uptake and inflammatory area in
diaphragm cross sections and reduced TNF-a and 4-HNE protein in diaphragm
homogenates [82].

Terrill et al. [157] studied the effects of short-term (1 week) and long-term (6
weeks) NAC treatment (1 % and 4 % in drinking water, respectively) in mdx mice.
The researchers reported that mice on the short-term higher dose consumed ~2 g/kg/
day of NAC. Both NAC treatments reduced myofiber necrosis and serum CK fol-
lowing downhill treadmill exercise, but only the high dose decreased the oxidation
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of protein thiols (following exercise) and glutathione [157]. The following year, the
same research group [158] experimented with a compound called OTC in mdx
mice, which acts as a precursor to NAC. They found that OTC’s effects on skeletal
muscle were very similar to NAC (e.g., reduced necrosis, enhance antioxidant sta-
tus, improved muscle function), but they concluded that OTC may work by increas-
ing taurine concentrations and reducing thiol oxidation of contractile proteins in
skeletal muscle [158].

Side Effects: Side effects of NAC include nausea, vomiting, diarrhea, constipation,
fatigue, rashes, fever, headache, drowsiness, hypotension, and possible liver stress
[159-161].

Conclusion: Further studies are needed to determine whether NAC’s antioxidative
and anti-inflammatory effects, when taken as a dietary supplement, can be useful for
DMD boys.

9.18.6 CoQI0

CoQ10 is a naturally occurring compound that plays a fundamental role in cell
bioenergetics as a cofactor in the mitochondrial electron transport chain [162].
Specifically, CoQ10 is a hydrophilic enzyme that is located in the inner mito-
chondrial membrane that has roles in complexes I and II of mitochondrial respira-
tion. CoQ10 has also been proposed to improve glycemic control in type 2
diabetic patients [163]. CoQ10 is available as a supplement with different con-
centrations (15-100 mg) [164]. Various doses of CoQ10 have been used in car-
diac patients and doses range from 30 to 600 mg/day (see review from [165]).
Higher doses have been reported in trials for patients with Huntington’s disease
(600 mg/day), Parkinson’s disease (1200 mg/day), and amyotrophic lateral scle-
rosis (3000 mg/day) [166-168]. Although such doses might seem very high,
CoQ10 has shown excellent safety and tolerability [164]. Several studies have
tested the effects of CoQ10 in DMD. Folkers and Simonsen [60] demonstrated
that one patient with DMD receiving CoQ10 for 3 months (100 mg/day) had
improved cardiac function as well as overall physical function (note, this finding
was observational and not actually evaluated). Moreover, Spurney and colleagues
[169] performed an open-label, “add-on” pilot study for DMD patients between 5
and 10 years of age, and results demonstrated that treated patients had an increase
in muscle strength of 8.5 %, but this increase did not correlate with an increase in
function. An interesting comment from the authors was related to the variability
between subjects to achieve the target concentration of CoQ10 [169]. Children
required doses ranging between 90 and 510 mg/day to achieve the same serum
concentration of CoQ10 [169].
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9.18.7 Idebenone

Idebenone is a synthetic analogue of CoQ10 and an organic compound of the qui-
none family [170]. Overall, the benefits from idebenone are related to its ability to
protect against mitochondrial chain dysfunction and to decrease oxidative stress
[83, 171]. Studies have evaluated the benefits of idebenone treatment in both mdx
and DMD patients. Buyse et al. [83] demonstrated that mdx mice treated with ide-
benone (200 mg/kg/day) from 4 weeks until 10 months had decreased cardiac fibro-
sis and inflammation and improved voluntary running performance compared to
vehicle-treated mice. Moreover, idebenone treatment prevented cardiac diastolic
dysfunction as well as mortality from cardiac pump failure induced by dobutamine
stress in mdx mice [83]. Buyse and colleagues [61] also completed a phase Ila dou-
ble-blinded, randomized, placebo-controlled trial in DMD patients receiving idebe-
none (450 mg/day given as 150 mgx 3/day). DMD patients treated with idebenone
demonstrated potential improvement of peak systolic radial strain in the left ven-
tricle lateral wall [61]. Moreover, patients on idebenone showed improvements in
respiratory strength, while patients on placebo showed deterioration [61]. The
authors also commented that idebenone was safe and well tolerated during treat-
ment [61]. In a subsequent study, Buyse et al. [172] provided additional evidence to
support the beneficial effects of idebenone on respiratory function in DMD patients.
In this double-blind, randomized, placebo-controlled trial, patients aged 10-18
years who were not on glucocorticoids received 900 mg/day (3 x300 mg) ideben-
one for 52 weeks. After the 1-year idebenone treatment, there was a significant
attenuation of the fall in peak expiratory flow as a predicted percentage, suggesting
that the typical loss of respiratory function in DMD patients was blunted when
treated with idebenone. As with previous studies, treatment was well tolerated with
similar adverse events across both groups.

Side Effects: Some subjects consuming high doses might experience mild gastroin-
testinal symptoms such as nausea and stomach upset [173].

Conclusion: Overall, both CoQ10 and idebenone have shown promising results in
dystrophic mouse models as well as DMD patients. However, more studies are
needed to fully address the potential of these two compounds in the treatment of
DMD (i.e., studies with larger sample sizes, different doses, etc.).

9.19 Drug-Nutrient Interaction

Individuals with DMD will likely be prescribed one or more drugs, so it is important
to assess the specific dietary recommendations including supplements for potential
drug-nutrient interactions. However, as noted in Table 9.8, to our knowledge, there
have been no studies conducted in DMD investigating potential drug-nutrient inter-
actions. The references used to compile Table 9.8 are discussed below.
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9.20 Definition and Overview of Drug-Nutrient Interaction

Drug-nutrient interaction is commonly defined as “an alteration of kinetics or dynamics
of a drug or a nutritional element, or a compromise in nutritional status as a result of the
addition of a drug” [174, 175]. Interactions that are considered clinically significant are
known to alter the therapeutic drug response and/or compromise nutrition status of a
patient. For example, deleterious interactions might require the drug use be stopped, a
decrease in dosage, or supplementation of an essential nutrient due to the drug’s action
on nutrient availability [176]. Moreover, patients on drugs for long periods might be at
a greater risk for drug-nutrient interactions [176]. In general, there are limited studies
that evaluate drug-nutrient interactions in patient populations, including DMD.

According to Boullata and Hudson (2012), pharmacokinetic, pharmaceutic, and
pharmacodynamic are key terms that can be mechanistically viewed in drug-nutrient
interactions. Pharmacokinetic interactions are related to body absorption, distribu-
tion, metabolism, and excretion of drugs. Pharmaceutic interactions are physico-
chemical reactions that potentially take place in the GI tract lumen or that happen in
a type of delivery device [177]. Pharmacodynamic interactions are related to the
effects of a drug on the body. Drug-nutrient interaction can be simplified by the
model proposed below (Fig. 9.2).

Nutrient(s),
Food(s), or
Nutrition Status

Drug
Product(s)

v v v

Pharmaceutical Pharmacokinetic Pharmacodynamic
*Compatibility *Absorption «Effects
*Solubility +Distribution
*Stability *Metabolism Signal transduction
*Excretion Genetic polymorphism
Enzymes, transporters, receptors

Y

Physiologic Outcome
A Bioavailability, A Volume of Distribution, A Clearance, A Biomarkers
Patient Outcome
Negative No A Positive
Worsened < Nutrition Status = Improved
Toxic or Ineffective < Drug Effect > Optimal

Fig. 9.2 Working model for food-drug interaction (from Boullata et al. [177])
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In theory, medications should have specific and similar effects across all patients,
never be affected by food or other medications, and not be toxic. However, most
medications do not follow such a pattern [178]. Drug-nutrient interactions are as
important as drug-drug interactions in patient care but receive much less attention in
the clinic. Potential drug interactions can occur with a single nutrient, multiple
nutrients, food in general, food components, or nutritional status [177].

Insufficient nutritional status might alter drug metabolism and might predispose
individuals for drug-nutrient interactions. The risk for drug-nutrient interactions
may be increased in individuals (1) with impaired hepatic, renal, or gastrointestinal
function; (2) who are nutritionally compromised due to chronic disease; (3) with
significant weight loss; (4) who are receiving multiple and prolonged drug therapy;
and (5) who are undergoing major changes in lean body mass, total body fluids, and
plasma protein concentration [179]. DMD patients are known to have most, if not
all, of the listed complications above, which strongly suggests that they are more
susceptible or have a greater risk for drug-nutrient interactions. For instance, DMD
patients are known to (1) develop hepatic and gastrointestinal complications, (2)
have nutritional deficits, (3) undergo significant weight loss in the late teens and
early 20s, and (4) ingest different drugs throughout their lives [e.g., glucocorticoids,
beta-blockers, and/or angiotensin-converting enzyme (ACE) inhibitors]. The lim-
ited knowledge about the nutritional status of patients with DMD raises serious
concerns about potential drug-nutrient interactions that could occur in this patient
population.

Typical drugs prescribed to DMD boys include corticosteroids (e.g., deflazacort
or prednisone), angiotensin-converting enzyme (ACE) inhibitors (e.g., losartan),
beta-blockers (e.g., propranolol), metformin, bisphosphonates, and idebenone.
Also, daily supplementation with vitamin D and calcium is recommended. Patients
with DMD may also be taking a variety of nutrient constituents/supplements.
Currently, there is a lack of studies evaluating drug-nutrient interactions in DMD
patients; thus, the following sections will discuss current knowledge. Other poten-
tial interactions that have not been yet evaluated are also listed with suggested future
studies to determine the presence or absence of interactions.

9.21 Interactions between Commonly Used Drugs in DMD
Treatment and Nutrients/Foods

9.21.1 Glucocorticoids

Glucocorticoids are important and commonly recommended as a treatment for
DMD. Glucocorticoids provide anti-inflammatory benefits, yet their long-term use
leads to adverse side effects which limit their clinical utility. Some of the common
adverse effects are immunosuppression, glucose intolerance, osteoporosis, decreased
intestinal calcium absorption, and increased renal calcium excretion. The most com-
mon glucocorticoids for DMD are deflazacort and prednisone/prednisolone. The
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recommended dose for deflazacort and prednisone are 0.9 mg/kg/day and 0.75 mg/
kg/day, respectively. Prednisone is rapidly metabolized to the active form, predniso-
lone [180]. Thus, prednisone bioavailability is measured by plasma levels of pred-
nisolone. Known interactions between glucocorticoids and nutrients/foods are
described below.

9.21.2 Effects of Glucocorticoids on Calcium and Vitamin D

Sustained glucocorticoid treatment leads to decreases in calcium levels and intesti-
nal calcium absorption [181-184]. As a potential therapy to counter the effects of
glucocorticoids on calcium absorption, vitamin D is usually recommended because
it can increase calcium absorption and reabsorption from the kidneys [185]. DMD
patients undergoing glucocorticoid treatment are usually prescribed calcium and
vitamin D supplements because intestinal calcium absorption is decreased. Thus,
the recommended daily intake of both calcium and vitamin D is 750 mg and 1000
IU, respectively [12]. Patients are also encouraged to monitor calcium daily intake,
serum 25(OH)-D levels, and urine excretion (calciuria) [9, 10].

9.21.3 Effects of Simultaneous Food and Glucocorticoid Intake

Glucocorticoids are usually recommended to be ingested with food (http://www.
nlm.nih.gov/medlineplus/druginfo/meds/a601102.html). There are no current stud-
ies that have evaluated the effects of concomitant food and glucocorticoid intake in
DMD patients. Thus, the summary below describes potential interactions reported
from studies in other populations. Studies have evaluated the effects of food inges-
tion in bioavailability of both deflazacort and prednisone/prednisolone.

Rao et al. [186] evaluated the bioavailability of deflazacort tablets in 12 healthy
adult males after consumption of a low- and high-fat meal. Results demonstrated
that administration of deflazacort following low- and high-fat meals did not affect
the extent of deflazacort absorption compared to administration in a fasting state.
However, findings suggested that absorption of deflazacort was slower after a meal
compared to administration in a fasting state; nevertheless, slower absorption after
a meal was proposed as unlikely of clinical significance. Tembo et al. [187] per-
formed a study to determine whether food decreased, increased, or had no effect on
the absorption of prednisone. There were no differences between fasting and non-
fasting conditions for time of peak plasma level, area under the curve, or half-life
(peak plasma level is the maximal plasma level achieved by the drug; area under the
curve (AUC) is the plot of drug concentration over time; half-life is the time it takes
for the drug to lose half of its pharmacologic activity).

Henderson et al. [188] evaluated the effects of food on prednisolone levels in
kidney transplant patients. On day one, patients were administered prednisolone
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20 min after ingesting a meal, while on day two patients received prednisolone after
a 6 h fast. Peak plasma prednisolone levels were reached within 4 h when patients
were fasted, while peak levels under non-fasted conditions were reached between 7
and 10 h. Additionally, when larger doses of prednisolone were administered, there
were even greater differences between fasting and non-fasting conditions [188].
[189] performed a 2-way crossover study in six healthy subjects to evaluate the
effects of a meal on serum prednisolone concentrations. Results demonstrated that
food consumption delayed peak serum prednisolone levels; however, there were no
differences in area under the serum concentration curve, peak plasma levels, and
serum half-life. Overall, their results demonstrated that meals delay absorption but
do not affect the extent of availability. [190] evaluated the differences in predniso-
lone levels between fasted and non-fasted healthy subjects, and the presence of food
had no effect on peak plasma, time to reach peak, and plasma half-life concentration
of prednisolone.

Al-Habet and Rogers [191] compared the absorption and bioavailability of
enteric-coated and uncoated prednisolone tablets in subjects under fasting and non-
fasting conditions. Both absorption and pharmacokinetics of enteric-coated pred-
nisolone tablets were altered by consumption of food. There was also great
variability in prednisolone absorption: some subjects had a normal absorption pat-
tern, while others had a delay of 12 h. Hollander et al. [192] performed a study to
evaluate the effects of grapefruit juice on bioavailability of prednisolone. Grapefruit
juice is known to inhibit cytochrome P450 enzymes and has been reported to play a
role in prednisolone metabolism [193]. In contrast, Hollander et al. [192] reported
no effects of grapefruit ingestion on prednisolone bioavailability. Overall, studies
have shown that concomitant intake of glucocorticoids with food has no major
effects on drug bioavailability. However, most of the studies have been performed
in healthy not disease state subjects. Therefore, due to the gastrointestinal dysfunc-
tion experienced by DMD patients, we suggest the effects of glucocorticoid intake
with and without food should be studied

9.21.4 Metformin

Metformin is important in the standard care for type 2 diabetes [194]. Metformin is
considered for DMD patients treated with glucocorticoids because of the associated
increased weight and risk of developing type 2 diabetes [195]. Although metformin
has been shown to be potentially beneficial for DMD patients under glucocorticoid
treatment [195], the prolonged use of metformin in type 2 diabetic patients may lead
to vitamin B12 deficiency in a dose-dependent manner [196]. To our knowledge, no
studies have evaluated changes in vitamin B12 levels in DMD patients chronically
treated with metformin. If vitamin B12 levels fall below reference ranges (blood
levels below 200 picograms per milliliter), levels can be increased by calcium sup-
plementation as reported for type 2 diabetic patients treated with metformin [197].
Moreover, screening strategies should be implemented to prevent vitamin B12
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deficiency in patients treated with metformin [198]. It is suggested that vitamin B12
levels be assessed at intervals of no more than 3—6 months because metformin may
depress vitamin B12 levels after 3 months of treatment [199-201]. The ingestion of
metformin is usually recommended with food to reduce the likelihood of gastroin-
testinal events; however, food may decrease the absorption of metformin compared
to drug ingestion alone, although the changes are not thought to be clinically rele-
vant (http://packageinserts.bms.com/pi/pi_glucophage.pdf; [202]).

9.21.5 ACE Inhibitors and Beta-Blockers

DMD patients are often prescribed ACE inhibitors and/or beta-blockers due to car-
diac complications (e.g., dilated cardiomyopathy). Although the effectiveness of
some of these drugs has been evaluated in dystrophic animal models and DMD
patients, no studies, to our knowledge, have evaluated their potential interactions
with nutrients/foods. Therefore, future studies should evaluate potential effects/
interactions. Below is a short summary of studies on other disease populations that
have evaluated the effects of nutrient/foods on the pharmacokinetics and pharmaco-
dynamics of ACE inhibitors and beta-blockers.

The ACE inhibitor losartan is used for treatment of hypertension, and it may also
delay the progression of diabetic nephropathy. Losartan is commonly prescribed to
DMD patients to decrease development of type 2 diabetes. No studies have investi-
gated potential losartan interaction(s) with nutrient/food(s) in the DMD population;
furthermore, few studies have evaluated the potential interaction(s) of losartan with
nutrients/foods in other populations. High-sodium intake might decrease the effects
of losartan [203]. Also, a low sodium diet potentiates the effects of losartan in type
2 diabetic patients, as shown by [203]. This suggests that DMD patients ingesting
losartan should have their daily sodium intake monitored to ensure the effectiveness
of the drug. Grapefruit juice also affects the bioavailability of losartan. Concomitant
consumption of grapefruit juice with losartan leads to a reduction in the conversion
of losartan to its active form; thus, this can decrease efficacy [204].

Captopril, an ACE inhibitor, must be ingested 1 h before a meal [176]. If ingested
with food, absorption may decrease 30-40 %, which might not allow the drug to
reach therapeutic levels [205]. On the other hand, absorption of enalapril, lisinopril,
and losartan, also ACE inhibitors, are not affected by the presence of food [176,
206]. Cilazapril, another ACE inhibitor, has a small delayed onset of action when
administered with food, yet the degree and duration of ACE inhibition are not
affected [207].

The bioavailability of the beta-blocker propranolol is decreased when ingested
concomitantly with a protein-rich meal [208-210]. Findings from Liedholm and
Melander [208] demonstrated that concomitant intake of propranolol with a protein-
rich meal (~19.5 g of protein) increased propranolol bioavailability (there was no
effect of concomitant intake of propranolol with a carbohydrate-rich, protein-poor
meal). However, the authors reported high interindividual variability, with some
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subjects demonstrating a decrease while others showed an increase, of as much as
250 %, on propranolol bioavailability [208].

In summary, there are no studies evaluating drug-nutrient interactions in DMD
patients receiving ACE inhibitors and/or beta-blockers. The lack of knowledge on
any potential interaction suggests that studies are needed to address this topic, since
studies in other disease populations have shown interactions that affect the drug
bioavailability and, potentially, the effectiveness of a treatment.

9.21.6 Bisphosphonates

Bisphosphonates may be prescribed to DMD patients undergoing glucocorticoid
treatment to reduce the risk of bone fractures [211]. Bisphosphonates are known to
decrease bone turnover by inhibiting osteoclast function and are commonly used in
the prevention or treatment of osteoporosis [62]. Bisphosphonates have very low
bioavailability due to poor GI tract absorption, and patients are usually advised to
ingest this medication at least 1 h prior to ingesting food [212]. Moreover, bisphos-
phonates should be ingested with at least a 2 h difference from magnesium inges-
tion; if ingested concomitantly, magnesium can affect bisphosphonate absorption
(http://lpi.oregonstate.edu/infocenter/minerals/magnesium/). To our knowledge,
there are no studies that have evaluated potential interaction(s) between bisphos-
phonates with nutrient(s)/food(s) in DMD patients. Thus, further studies are needed
to evaluate any potential interactions.

9.21.7 Effects of Concomitant Food and Drug Intake

DMD patients develop gastrointestinal problems (oropharyngeal, esophageal, and
gastric) as the disease progresses [45, 213]. These complications can potentially
influence the digestion of nutrients/foods as well as drug absorption. However, there
is very limited knowledge about the effects of concomitant food and drug intake in
this population. The ingestion of drugs with food might alter the drugs’ fate for the
following reasons: (1) the drug can be destroyed, due to extensive time in the stom-
ach; (2) the drug is absorbed slowly; and (3) food can potentiate the drug’s effects.
The simultaneous intake of a drug with food can influence the rate and/or extent of
drug absorption; thus, this can alter the physicochemical conditions within the GI
tract. According to the FDA, “the nutrient and caloric contents of the meal, the meal
volume, and the meal temperature can cause physiological changes in the GI tract
in a way that affects drug product transit time, luminal dissolution, drug permeabil-
ity, and systemic availability” (Food-Effect Bioavailability and Fed Bioequivalence
Studies 2002—FDA). Food-effect studies are recommended to evaluate the effects
of a meal on the drug bioavailability. The FDA recommends that food-effect studies
should use a high-fat meal containing 800—1000 kcal, with 50-65 % from fat, 25-30
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% from carbohydrates, and 15-20 % from proteins, since this should provide the
greatest effect on gastrointestinal physiology and allows systemic drug availability
to be maximally tested [214]. Based on the very limited knowledge about concomi-
tant food and drug intake in DMD patients, we propose that studies are needed to
identify potential interactions.

9.21.8 Other Interactions Potentially Relevant for DMD
Patients

In addition to the drug-nutrient or drug-food interactions discussed in the previous
sections, there are also other relevant interactions that should be addressed for DMD
patients. For instance, another interaction that has been reported occurs between
beta-blockers and CoQ10 [215]. This interaction might be relevant for DMD
patients since CoQ10 has a very important role in cell bioenergetics due to its par-
ticipation in the mitochondrial electron transport chain and, therefore, energy pro-
duction [164]. Furthermore, DMD patients are often prescribed heart medications,
such as beta-blockers, to counteract some of the heart complications associated with
the disease (e.g., dilated cardiomyopathy). Kishi and colleagues [205] demonstrated
that the beta-blockers propranolol and diazoxide inhibit the activity of CoQ10-
NADH-oxidase and Co-Q10-succinoxidase, respectively. Although not shown in
their study [215], this inhibition could potentially alter cardiac function due to the
role of CoQ10 in cell energy production. Also, individuals with preexisting CoQ10
deficiency in the myocardium might have greater cardiac complications [215]. To
our knowledge, no studies have evaluated the interaction between beta-blockers and
CoQ10 in DMD. Therefore, studies should evaluate any potential interaction
between beta-blockers and CoQ10 in DMD patients. For now, CoQ10 supplementa-
tion should be recommended to DMD patients treated with the beta-blockers pro-
pranolol or diazoxide to avoid the potential detriments on cardiac function.

9.22 Conclusion

There is limited published information that describes practical nutrition assessment
and dietary recommendations for individuals with DMD. Furthermore, there are
limited studies that provide reasonable evidence for the benefits of nutrient constitu-
ents/supplements, with only a few exceptions (e.g., vitamin D, creatine). In addition,
there are virtually no studies that have explored potential drug-nutrient interactions
in DMD. In this chapter, we have provided some practical dietary guidelines and
emphasized the need for additional studies to address identified deficiencies in the
field. It is our hope that this summary of available literature will provide impetus for
additional investigations to more clearly define nutritional care for DMD boys.
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Chapter 10
Identifying Therapies for Muscle Disease
Using Zebrafish

Elizabeth U. Parker and Lisa Maves

Abbreviations

BM Bethlem myopathy

CsA Cyclosporin A

DMD Duchenne muscular dystrophy

FDA United States Food and Drug Administration
MO Morpholino

PDE Phosphodiesterase

PTP Mitochondrial permeability transition pore
SSRI Selective serotonin uptake inhibitor

UCMD  Ullrich congenital muscular dystrophy

10.1 Introduction

Muscular dystrophies comprise a large family of genetic diseases characterized by
muscle weakness and muscle degeneration [1, 2]. The zebrafish (Danio rerio) has
emerged as a significant animal model not only for studying the mechanisms of
muscular dystrophy disease but also for investigating drug therapies for muscular
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dystrophies [3—6]. Here we review recent progress in the use of zebrafish to identify
potential drug therapies for two particularly severe forms of muscular dystrophy:
Duchenne muscular dystrophy (DMD) and Ullrich congenital muscular dystrophy
(UCMD).

DMD, the most common muscular dystrophy, is a severe, X-linked recessive
condition affecting about 1 in 3600—6000 male live births [7]. DMD is caused by
mutations in the dystrophin gene, which encodes a protein component of the
dystrophin-glycoprotein complex that connects the cytoskeleton with the extracel-
lular matrix [8, 9]. DMD affects both skeletal and cardiac muscle. The typical pro-
gression is as follows: gait abnormalities are usually noted by 3—4 years of age, loss
of ambulation by 13 years if untreated, and, with increasing age, respiratory and
cardiac complications progress and usually are lethal by the second or third decade
[7, 10]. Glucocorticosteroids are the current standard of care, with treatment ideally
beginning before the child begins significant decline, around age 4-6 years [7, 10].
While the glucocorticoids prednisone/prednisolone and deflazacort have proven
successful at slowing the progression of the disease, chronic side effects are signifi-
cant and prevalent [7, 10].

UCMD is a severe congenital muscular dystrophy caused by mutations in each
of the three collagen VI genes, COL6A1, COL6A2, and COL6A3 [11, 12]. Collagen
VI is a critical component of the extracellular matrix surrounding skeletal muscle
cells [11]. During infancy, UCMD patients can show skeletal muscle weakness,
proximal joint contractures, and distal joint hyperflexibility, and rapid progression
of the disease usually leads to respiratory failure [11, 12]. Current care includes
respiratory and orthopedic management [12].

There is a current push to identify beneficial pharmacological interventions for
both DMD and UCMD [11, 13, 14]. Ongoing research aimed at developing a cure
for DMD through gene therapy or stem cell therapy is promising, but these treat-
ments face many challenges and are not immediately forthcoming [13, 15, 16]. For
both DMD and UCMD, animal models have been essential for understanding dis-
ease pathogenesis as well as for identifying potential pharmacological therapies
[11, 17]. In particular, many different classes of drugs have demonstrated remark-
able potential for ameliorating the DMD phenotype in animal models, including
zebrafish [6, 17, 18]. For both DMD and UCMD, zebrafish provide critical models
for testing pharmacological therapies because they reproduce key features of the
human dystrophies, as we will review below [3, 6, 19].

10.2 Advantages of Zebrafish as a Model of Muscle Diseases

Several recent reviews have described the advantages of zebrafish as a model for
human muscle diseases and for identifying pharmacological therapies for muscle
diseases [3, 4, 6, 20]. In particular, we recently reviewed the many approaches avail-
able in zebrafish for analyzing skeletal muscle structure and function [6]. In this
section of our chapter, we will highlight the general advantages of zebrafish for
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chemical treatments and chemical screening, and we will summarize the advantages
of zebrafish for examining the structural and functional effects of skeletal muscle
drug therapies and for generating genetic muscle disease models.

Zebrafish exhibit many general advantages as a model organism and show
remarkable potential for novel drug therapy development, due to the ease of embryo
manipulation, visualization, and pharmacological rescue [21, 22]. Zebrafish are
notable for their high fecundity. Hundreds or even thousands of embryos can be
obtained in a single day. Embryos are externally fertilized and transparent at embry-
onic stages, allowing for extensive observation of development. Zebrafish develop
rapidly. Muscle disease phenotypes, such as defective muscle fiber structure or
movements, can be observed as early as 1-2 days of development. Zebrafish
embryos are raised in petri dishes and can absorb drugs that are added to the embryo
medium. Pharmacological rescue experiments, such as those with the zebrafish
DMD and UCMD models that we describe below, can be assayed in as few as 2—4
days, allowing extremely rapid assessment of drug treatments. Zebrafish embryos
are small and can be raised in 96-well or even 384-well plates, allowing for large-
scale chemical screening. Also, zebrafish muscle structural and functional pheno-
types can be scored through simple assays (see below). Because of these advantages,
zebrafish have become an important model for drug screening for many zebrafish
models of human diseases, including muscle diseases [5, 6, 21].

One advantage of zebrafish as a model for muscle disease drug therapies is the
ability to rapidly and quantitatively assess the effects of drug treatments on skeletal
muscle structure (see also Ref. [6]). Zebrafish skeletal muscle is structurally very
similar to human skeletal muscle [4]. The highly organized sarcomere pattern of
zebrafish skeletal muscle is visible using polarized light, a property termed birefrin-
gence. A simple birefringence assay through a stereomicroscope can reveal muscle
structural defects in zebrafish muscle disease models, such as the zebrafish dmd
model ([3, 23]; Fig. 10.1). Zebrafish with muscle disease show dark patches, or

Fig. 10.1 5-day-old zebrafish dmd larvae. (a, b) Stereomicroscope views, using bright-field (a)
and polarized light (b), of 5-day-old larvae from a cross of dmd+/— fish. About 25 % of the larvae
from a dmd+/— cross are dmd—/— and exhibit skeletal muscle lesions, seen as disruptions of the
muscle birefringence observed using polarized light (b). * in (b) label dmd—/— larvae with skeletal
muscle lesions. See Kawahara et al. [24] and Berger and Currie [3]
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muscle lesions, in the bright birefringence pattern due to muscle fiber detachment or
degeneration ([3, 4]; Fig. 10.1). Skeletal muscle birefringence assays can be rapidly
performed on live or fixed zebrafish larvae and can be used for large-scale drug
screening [24-26]. Skeletal muscle can also be easily and rapidly visualized in live
zebrafish larvae using transgenic skeletal muscle fluorescent reporters (for exam-
ples, see [25, 27]). To quantitate muscle structural defects, and the degree of phar-
macological rescue, larvae can simply be scored as affected versus unaffected using
a stereomicroscope to view birefringence or muscle transgene expression [24, 25].
Alternatively, more quantitative, but time-consuming, approaches can be employed,
such as counting the number of body segments with muscle lesions per larva [25,
28]. Three studies have described highly quantitative approaches to scoring skeletal
muscle birefringence in zebrafish larvae [26, 29, 30]. There are thus a range of
quantitative approaches for assessing zebrafish muscle structure in muscle disease
models and in chemical screens.

Another advantage of zebrafish as a model for muscle disease drug therapies is
the ability to quantitatively assess the functional effects of drug treatments (see also
[6]). Zebrafish have stereotypical embryonic and larval motor behaviors that are
easily observed and measured [31, 32]. Several studies have used assays such as
spontaneous embryo coiling, larval touch-evoked escape response, and video moni-
toring of swimming to measure motor function rescue of zebrafish muscle diseases
after drug treatments [4, 19, 28, 33]. More sophisticated muscle function assays
employ electrophysiological recordings from muscle in live larvae or from cultured
myofibers [34, 35]. Beyond analyzing muscle function in zebrafish embryos and
larvae, an important goal of testing pharmacological therapies in zebrafish muscle
disease models is assessing the effects on animal survival. Kawahara et al. have
shown this is possible in zebrafish by demonstrating improved survival of zebrafish
dmd mutants following treatment with selected chemicals from their large-scale
drug screens, as we discuss further below [24, 36].

The stereotyped muscle structural and movement patterns observed during
zebrafish development have allowed for forward genetic screens for zebrafish
mutant strains with muscle defects [3, 32, 37]). The characterization of zebrafish
muscle mutant strains identified through genetic screens has provided invaluable
animal models of human muscle diseases, including the zebrafish dmd strain (see
below; [3, 4]). Recent reviews have documented known zebrafish models of human
muscle diseases [3, 4, 20]. Besides forward genetic screens, other approaches for
generating zebrafish models of human muscle diseases have included using anti-
sense morpholinos, transgenic overexpression in zebrafish embryos, reverse genet-
ics through TILLING, or genome editing technology [38—40]. As additional
zebrafish mutant strains and muscle disease models are generated, they are docu-
mented at the zebrafish model organism database site (ZFIN; http://zfin.org; [41]) or
at the Sanger Institute’s Zebrafish Mutation Project site (http://www.sanger.ac.uk/
sanger/Zebrafish_Zmpbrowse; [40]).
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10.3 Using Zebrafish for DMD Drug Screening

Although many pharmacological compounds that show benefits to animal DMD
models have already been identified [13, 14, 17], none of these, so far, have been
successfully translated into patient therapies. Thus, there continues to be a need to
identify pharmacologic treatment for DMD. The zebrafish dmd mutant reproduces
key features of human DMD [42]. Zebrafish dmd mutants begin to exhibit muscle
defects by 4 days and show severe, progressive muscle degeneration, fibrosis,
inflammation, and motor defects (Granato et al. 1996; [27, 42]). Zebrafish dmd
mutants die during larval stages, between about 10-30 days postfertilization [24,
42], whereas mouse DMD (mdx) mutants are viable and have mild muscle defects
relative to human DMD patients [8]. The general advantages of zebrafish as a sys-
tem for large-scale chemical screens, in addition to the specific advantages of
screening muscle defects in live zebrafish dmd mutants (see above; [3, 6]), have
made zebrafish an outstanding model for large-scale chemical screens for DMD.

Thus far, three large-scale chemical screens have been performed using the
zebrafish dmd model [24, 36, 43]. The first two screens came from the Kunkel lab,
and the third screen came from the Dowling lab. All three screens were designed to
identify small molecules capable of suppressing the zebrafish dystrophin-null (dmd,
also known as sapje) mutant phenotype. The dmd skeletal muscle phenotype can be
observed as disruptions, or lesions, in the muscle birefringence pattern (see above;
[24, 27, 44]; Fig. 10.1). All three screens took advantage of scoring the dmd muscle
lesion phenotype through a simple, high-throughput skeletal muscle birefringence
assay in 4-day-old larvae [24]. In zebrafish, the dmd gene exhibits autosomal reces-
sive inheritance and is not sex-chromosome linked, as in humans and mice [45].
From a cross of heterozygote dmd+/— carriers, about 25 % of the larval progeny
exhibit muscle lesions ([24, 27, 44]; Fig. 10.1). When larvae from a dmd+/— cross
are treated with chemicals that ameliorate the skeletal muscle phenotype, signifi-
cantly less than 25 % of the larvae show the dmd muscle lesion phenotype [24].
Following chemical treatments, larvae are then genotyped to confirm the percent-
ages of phenotypically affected versus rescued dmd—/— larvae [24].

In their initial large-scale screen, Kawahara et al. [24] tested 1120 small mole-
cules from the Prestwick library of bioreactive compounds approved for human use.
More recently, Kawahara et al. [36] have expanded their drug screening on dmd
zebrafish with an additional 1520 chemicals from the NINDS 2 compound library
(1040 chemicals) and the Institute of Chemistry and Cell Biology (ICCB) bioactive
molecule library (480 chemicals). The Dowling lab screened a library of 640 FDA-
approved drugs from ENZO Biomol [43]. In total, these three screens thus tested
3280 small molecules.

From their initial large-scale screen, Kawahara et al. identified 7 chemicals that
ameliorated the zebrafish dmd skeletal muscle lesions ([24]; Table 10.1). The chem-
ical that both promoted robust amelioration of the dmd skeletal muscle lesion phe-
notype and, in a secondary long-term drug treatment assay, promoted the highest
long-term survival in dmd fish was aminophylline, a nonselective phosphodiesterase
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Table 10.1 Chemicals that ameliorate skeletal muscle lesions in dmd zebrafish
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Chemical Drug class References
9a,11b-Prostaglandin F2 Vasoconstrictor [36]
Aminophylline Nonselective PDE inhibitor [24, 43]
Androsterone acetate Steroid [36]
Ataluren Nonaminoglycoside nonsense [46]
mutation suppressor
Cerulenin Antibiotic and antifungal [36]
Conessine Anti-allergic agent [24]
Crassin acetate Immunosuppressant, cytotoxin [36]
Dipyridamole PDES inhibitor [24]
Epirizole Anti-inflammatory agent [24]
Equilin Steroid [24]
Ergotamine Monoamine agonist [43]
Flunarizine Calcium channel antagonist [43]
Fluoxetine Monoamine agonist [43]
Homochlorcyclizine Anti-allergic agent [24]
dihydrochloride
Ibudilast PDEA4 inhibitor [24]
MG123 Proteasomal inhibitor [30]
Nitromide Antibacterial [36]
Pentetic acid Chelating agent [24]
Pergolide Monoamine agonist [43]
Pomiferin Flavonoid, antioxidant [36]
Propantheline bromide Acetylcholine receptor antagonist [36]
Proscillaridin A Cardiotonic agent [24]
Rolipram PDEA4 inhibitor [24]
Ropinirole Monoamine agonist [43]
Serotonin Monoamine neurotransmitter [43]
Sildenafil citrate PDES inhibitor [24, 36]
Trichostatin A Histone deacetylase inhibitor [25]

(PDE) inhibitor [24]. Kawahara et al. further tested a set of six additional PDE
inhibitors with different specificities [24]. They found that sildenafil citrate, a PDES
inhibitor, along with three other PDE4 or PDES inhibitors, also could ameliorate the
dmd skeletal muscle lesion phenotype, similar to aminophylline ([24]; Table 10.1).
Because the PDES inhibitors sildenafil and tadalafil have been shown to ameliorate
the mouse mdx model [47-49] and have shown promising effects in DMD patient
trials [50], this initial large-scale screen demonstrated that drug screening with dmd
zebrafish is very relevant to identifying potential DMD therapies.

Additional chemical library screening allowed Kawahara et al. to identify 8 more
chemicals that ameliorated the zebrafish dmd skeletal muscle lesions, including
sildenafil citrate ([36]; Table 10.1). Out of the 18 total drugs identified from both of
the Kawahara et al. screens, six compounds target various components of the heme
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oxygenase signaling pathway [36]. Kawahara et al. showed that four of these drugs,
aminophylline, sildenafil citrate, cerulenin, and crassin acetate, indeed act through
upregulation of heme oxygenase 1 (Hmox1) by showing that the drugs could not
rescue the zebrafish dmd phenotype when Hmox1 was knocked down [36].
Overexpression of Hmox1 was sufficient to rescue the zebrafish dmd skeletal mus-
cle lesions [36]. Additionally, sildenafil treatments that are beneficial to both dmd
zebrafish and mdx mice increase Hmox 1 expression [36]. Thus, these studies reveal
Hmox1 as a conserved, novel potential target for DMD therapy.

The Dowling lab recently performed another large-scale chemical screen on dmd
zebrafish [43]. They screened 640 drugs and identified 6 that improve the zebrafish
dmd muscle lesions ([43]; Table 10.1), including aminophylline, which was also
identified in the Kawahara screen [24]. In addition to confirming the beneficial
effects of the PDE inhibitor aminophylline, Waugh et al. also identified a new class
of beneficial drugs, monoamine agonists, in particular ergotamine, pergolide, and
fluoxetine [43]. They then performed a secondary screen of six additional mono-
amine agonists and found serotonin could also improve the zebrafish dmd skeletal
muscle lesion phenotype [43]. The ability of both serotonin and fluoxetine, a selec-
tive serotonin uptake inhibitor (SSRI), to improve the zebrafish dmd phenotype
implicates the serotonin pathway as a therapeutic target for DMD. Waugh et al.
went on to perform a transcriptome analysis on fluoxetine-treated versus untreated
dmd zebrafish [43]. Many of the genes that are differentially expressed between
untreated wild type and untreated dmd larvae are reversed by fluoxetine treatment,
in particular genes associated with calcium homeostasis [43]. This suggests that a
possible mechanism of fluoxetine activity is modulating calcium homeostasis [43].
Because SSRIs like fluoxetine are already FDA-approved and are already used in
clinical practice, this study in zebrafish points to an important pathway for further
therapeutic investigation for DMD.

Together, these large-scale screens highlight the potential of dmd zebrafish for
identifying new therapeutic compounds and targets for DMD. The mechanistic
investigations in these studies also highlight the potential of zebrafish for under-
standing the molecular mechanisms behind muscle disease and pharmacological
treatments. Together, these three chemical screens identified 24 compounds that
rescue the zebrafish dmd mutant muscle lesion phenotype (Table 10.1). One over-
lapping finding across these three screens was the identification of PDE inhibitors
as beneficial for the dmd phenotype. The PDES inhibitors sildenafil and tadalafil can
ameliorate the mouse mdx model [47-49] and have shown promising effects in a
clinical trial with young DMD patients [50], although studies in adult DMD and
Becker muscular dystrophy patients have not been as promising [51, 52].
Nevertheless, taken together, these studies appear to provide very strong support for
PDE inhibitors as possible DMD therapies. Further investigations of PDE-inhibitor
treatments on dmd zebrafish should allow further insight into the mechanisms of
these drugs and perhaps the optimal timing of their administration.

Additional studies have directly tested whether compounds that are known to
ameliorate the mouse mdx model can also ameliorate the zebrafish dmd model.
These studies tested the proteosomal inhibitor MG132, the histone deacetylase
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(HDAC) inhibitor Trichostatin A (TSA), and ataluren, a drug that can cause
read-through of premature stop codons [25, 30, 46]. These drugs all show the ability
to rescue the skeletal muscle lesion phenotype in the zebrafish dmd mutant ([25, 30,
46]; Table 10.1). Table 10.1 summarizes the list of drugs that have shown beneficial
effects in dmd zebrafish. The individual drug studies, along with the large-scale
screens, further underscore that zebrafish is a suitable model for testing pharmaco-
logical therapies for DMD.

10.4 Using Zebrafish to Test Pharmacological Treatments
for Collagen VI Myopathies

The zebrafish system has also been useful for directly testing the benefits of specific
candidate drug therapies for collagen VI myopathies. Collagen VI is a critical com-
ponent of the extracellular matrix surrounding skeletal muscle fibers. Collagen VI
is made up of subunits of collagen alpha-1(VI), collagen alpha-2(VI), and collagen
alpha-3(VI). Mutations in any of the three genes encoding these subunits, COL6A I,
COL6A2 and COL6A3, can lead to muscle disease, in particular Ullrich congenital
muscular dystrophy (UCMD) and the less severe Bethlem myopathy (BM) [11, 12].
Both dominant and recessive mutations in the COL6A -3 genes can lead to UCMD
and BM [12]. Typically these mutations lead to a reduction in the amount of secreted
collagen VI or impaired assembly of functional collagen VI microfibrils [11].

To better understand the contribution of collagen VI to these myopathies, a mouse
Col6al knockout model was generated [53]. The Col6al—/— mice show necrotic
muscle fibers but have only mild muscle functional impairment, thus representing a
model of the less severe BM [53, 54]. In spite of the mild phenotype, the Col6al—/-
mice have revealed significant insights into the pathogenesis of collagen VI muscu-
lar dystrophies. Col6al—/- mice show mitochondrial defects, in particular
dysfunction of the mitochondrial permeability transition pore (PTP; [54]) and defec-
tive autophagy [55]. Further studies in patient biopsy samples confirmed a common
pathogenesis in collagen VI myopathies of muscle cell death and defective mito-
chondria and autophagy [11]. The mitochondrial PTP defects led to investigations of
cyclosporin A (CsA), a potent PTP inhibitor, as a potential pharmacological therapy
for collagen VI myopathies [11, 54]. Treatment with CsA improves the mitochon-
drial defects and associated apoptosis in the mouse Col6éal—/— mouse model and in
muscle cell cultures from UCMD patients [11, 54]. However, because of the immu-
nosuppressive side effects of CsA, alternative therapies continue to be pursued.

Recent studies have turned to the zebrafish collagen VI myopathy model to
investigate CsA-related drugs as therapies. The zebrafish model uses an antisense
morpholino (MO) to specifically remove an N-terminal domain of Col6al, mim-
icking a common, severe mutation found in human UCMD patients [19]. The
zebrafish col61a-MO embryos exhibit motor defects and skeletal muscle structural
defects, including abnormal mitochondria, consistent with a severe UCMD-like
phenotype [19]. One significant advantage of the zebrafish model for investigating
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drug therapies is that the fish show both clear muscle structural and functional
defects, whereas the mouse Col6al knockout model has very subtle functional
defects. Treating zebrafish col61a-MO embryos with CsA improves the UCMD-
like mitochondrial, apoptosis, and motor defects [19]. However, CsA treatments
did not improve overall muscle fiber integrity [19]. A more recent study has tested
whether additional CsA-related drugs can ameliorate the zebrafish col61a-MO
phenotype, in particular NIM811, which lacks immunosuppressive activity, and
FK506 [56]. When col61a-MO zebrafish are treated with NIM811, the treated lar-
vae show greatly improved muscle structure, mitochondrial structure, and motor
function [56]. Importantly, this study performed a side-by-side comparison of
NIMS&11 with CsA and FK506 on col61/a-MO zebrafish larvae, and the results
showed that NIM811 performed much better than the other drugs in ameliorating
the zebrafish col61a-MO phenotype [56]. This study went on to confirm the benefi-
cial effects of NIM811 on Col61a—/— mice and UCMD and BM patient cell culture
models [56]. NIM811 is now a promising potential therapy for UCMD and BM
patients. Further studies will likely investigate whether there are additional com-
pounds that could provide benefits for collagen VI myopathies without significant
side effects. The zebrafish col61a model offers an excellent platform with which to
perform initial testing of additional drugs.

10.5 Zebrafish as a Preclinical Drug Testing Model
for Muscle Disease Therapies

To increase the probability of success for translation of pharmacological therapies,
preclinical studies should be performed in multiple animal models [17]. Mammalian
animal models, particularly mouse and dog models, have been extensively used to
identify and assess pharmacological therapies for muscle diseases (Kornegay et al.
[17]; please also see Chaps. 10-20 in this book). Zebrafish have already been dem-
onstrated to be an excellent model for screening to identify new muscle disease drug
therapies [24, 36, 43]. As a complement to mammalian models, the zebrafish system
has great potential to also serve as a preclinical translation model for evaluating
optimal drug therapies for DMD and other muscle diseases.

One advantage of using zebrafish for assessing pharmacological approaches for
muscle diseases is the ease of performing side-by-side drug comparison and combi-
nation studies. Through the use of animal DMD models, many promising alterna-
tive pharmacological approaches have already been identified that benefit DMD by
modulating pathological mechanisms downstream of the DMD mutation [6, 14,
17]. The current challenge is to determine how best to translate preclinical pharma-
cological studies to DMD patients. One critical issue is that, because many DMD
patients take corticosteroids as well as other medications, drug-drug interactions are
a concern. New pharmacological therapies should be compared to and tested for
efficacy in the presence of these current treatments [10, 50, 57]. In mammalian
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animal models, drug comparison and combination studies are possible but face
many challenges [57]. Zebrafish are an ideal model for testing new drug combina-
tions and for optimizing the timing and relative doses of drugs alone and in combi-
nations because of the ability to obtain many animals and rapidly test the effects of
drug treatments.

In order to ensure rigorous, reliable, and reproducible results from drug treat-
ment studies in zebrafish, as in any animal model, it is important to establish stan-
dard protocols for drug treatments and assessment of muscle disease amelioration.
There are several variables that need to be considered when performing drug treat-
ment studies with zebrafish. These variables include drug source, drug stock stor-
age, embryo bath medium, vehicle used, drug concentration, density of embryos,
genetic background of fish, timing of treatments, frequency of treatment/drug
replacement, and whether or not the zebrafish embryos are dechorionated (egg
shells removed) before drug treatment. One factor that must be incorporated into
zebrafish drug treatment studies is genotyping of animals following treatments [24,
25, 36]. For any zebrafish drug treatments that show promise for testing in mam-
malian models, having another zebrafish laboratory independently confirm critical
results would directly demonstrate reproducibility prior to moving to mammalian
models. Standardizing these variables and approaches will further strengthen the
use of zebrafish as a platform for assessing the therapeutic efficacy of muscle dis-
ease drug treatments.

10.6 Future Prospects

Zebrafish will continue to provide a critical model for investigating pharmacologi-
cal therapies for DMD. The zebrafish system also provides outstanding potential as
a screening tool for drug discovery for additional muscle diseases. Many zebrafish
models of human muscle diseases (reviewed in Ref. [3, 4]), identified through for-
ward genetic screens, are already available for use in chemical screens, similar to
the screens performed with the dmd strain [24, 36, 43]. Now, genome editing tech-
nologies, in particular TALENSs and the CRISPR-Cas9 system [38, 39], allow the
potential to engineer zebrafish models of human muscle diseases that have not yet
been identified through forward genetics. In particular, a very promising use of
genome editing approaches will be to engineer zebrafish strains with muscle disease
gene alleles that mimic specific mutations associated with muscle diseases in human
patients [38, 39]. Genome-edited zebrafish strains would test whether specific
patient-associated DNA sequence variants do indeed lead to muscle disease in an
animal model. These engineered strains could then be used in chemical screens to
directly screen for drugs that ameliorate the zebrafish muscle phenotypes caused by
the human muscle disease-associated mutations. Thus, the zebrafish model is well
poised to continue to provide significant insight into drug discovery, drug treat-
ments, and the amelioration of muscle degeneration characteristic of DMD and
other muscle diseases.
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Chapter 11
miRNAs in Muscle Diseases

Diem-Hang Nguyen-Tran and Hannele Ruohola-Baker

11.1 Introduction

11.1.1 What Are miRNAs?

miRNAs are endogenously expressed small RNAs (21-23 nucleotides long) that
complement with target mRNAs and mediate the repression of target gene expres-
sion [1]. miRNAs are first produced as pri-miRNAs which are then processed into
pre-miRNAs by Drosha in the nucleus. Pre-miRNAs are exported into cytoplasm by
Exportin 5 and processed into miRNA/miRNA* duplex by Dicer. Finally mature
miRNAs and protein complexes are formed where miRNAs guide proteins to target
mRNAs.

miRNAs are expressed in specific cell types and in several stages of develop-
ment. There are more than 2500 mature miRNAs encoded by human genome
(MirBase).
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11.1.2 Muscle-Specific and Non-muscle-specific miRNAs
in Skeletal Muscles

miRNAs that take crucial part in modulating muscular metabolism and cellular
commitment are not necessarily expressed exclusively in muscular tissues. There
are miRNAs that are expressed in muscle and other tissues and play dominant roles
in regulating pathways important in muscle proliferation and differentiation [2].
Hence, miRNAs important for muscle function can be divided into two categories:
muscle-specific and non-muscle-specific miRNAs.

11.1.2.1 Muscle-Specific miRNAs

Among muscle-specific miRNAs, the ones that are well studied and defined are
miR-1, miR-133a/b, and miR-206 [3]. They enhance muscle differentiation or myo-
blast proliferation [3], while miR-208b and miR-499 have a key role in muscle fiber
type identity, shifting, and determination [4].

11.1.2.2 Non-muscle-specific miRNAs

The ubiquitously expressed miRNAs mostly promote muscle differentiation (miR-24,
miR-26a, miR-27b, miR-29, miR-146a, and miRNA-214) [5-13], while a few of
them repress myoblast differentiation and muscle regeneration (miR-125b and
miRNA-155) [14-17].

11.1.3 miRNAs That Are Upregulated and Downregulated
in Muscle Diseases

miRNAs may have a significant impact on muscle diseases, as evident in their dramatic
change of expression in the pathological conditions.

Having carefully analyzed the most devastating muscle disease, Duchenne mus-
cular dystrophy (DMD), Greco et al. learned that the upregulated miRNAS in this
disease are regenerative miRNAs (miR-31, miR-34c, miR-206, miR-335, miR-449,
and miR-494) and inflammatory miRNAs (miR-222 and miR-223), while the down-
regulated ones are degenerative miRNAs (miR-29¢, and miR-135a) [18].

Not only in DMD, a number of miRNAs (miR-146b, miR-221, miR-155, miR-214,
and miR-222) are also consistently deregulated in other primary muscular disorders
(MDs) (Becker muscular dystrophy, limb-girdle muscular dystrophy, facioscapulo-
humeral muscular dystrophy) [19].
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The correlation between miRNA expression and MDs points out the importance
of understanding and studying miRNA roles in specific muscle metabolism and
processes to find a treatment for MDs.

11.2 miRNA Roles in Muscle Regeneration (Proliferation
and Differentiation)

As stated in previous sections, regenerative miRNAs are upregulated in DMD. This
suggests that regeneration is boosted up in DMD to make up for the wasted muscles.
How do miRNAs then contribute to muscle regeneration?

In muscle disorders, muscle is injured/wasted, generating a need for replacing
degenerated muscle through a process called muscle regeneration. When there is a
myotrauma, satellite cells, the skeletal muscle stem cells in the adult body, are acti-
vated to proliferate and to generate differentiating myoblasts. miRNAs regulate all
these stages from keeping satellite cells in their quiescence state to myoblast prolif-
eration and differentiation.

11.2.1 miRNAs in Maintaining Satellite Cell Quiescent State

In 2012, Crist et al. showed that miR-31 maintains satellite cells in quiescent state
by downregulating Myf5 [20]. Myf5 is a myogenic determination protein that acti-
vates myogenic program. In quiescent satellite cells, Myf5 is still transcribed but is
not translated because Myf5 mRNAs are sequestrated along with its antagonist,
miR-31, in mRNP granules. Once satellite cells are activated, mRNP granules are
dissolved, releasing Myf5 mRNAs from the concentrated miR-31, thus allowing
their translation and protein expression [20].

11.2.2 miRNAs in Muscle Proliferation

Once satellite cells get activated, they start to proliferate. Several miRNAs have been
found to positively regulate this proliferation process. One of these miRNAs is miR-
133 that represses the gene expression of SRF (serum response factor), thereby
enhances myoblast proliferation and inhibits differentiation [21, 22]. Recently,
McFarlane et al. have added another miRNA, miR-27a/b, to the myoblast proliferative
category [23]. The authors stated that miR-27a/b enhances myoblast proliferation by
targeting myostatin, an inhibitor of myogenesis. miR-27a/b overexpression leads to
myostatin downregulation and then skeletal muscle hypertrophy as a consequence.
On the other hand, when miR-27a/b is downregulated, myostatin is highly expressed,
leading to reduced myoblast proliferation [23].
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11.2.3 miRNAs in Muscle Differentiation

Muscle differentiation follows muscle proliferation to create mature muscle cells
[24]. A lot of miRNAs have been shown to be involved in this process, but the most
well-known ones are miR-1 and miR-206. miR-1 and miR-206 target not only one
but a number of genes to enhance muscle differentiation. First, they repress HDAC4
that is supposed to inhibit MEF2, a myocyte enhancer factor. Thus, miR-1/miR-206
release MEF2 to promote muscle differentiation [21, 25]. Moreover, MiR-1/miR-
206 and miR-486 also repress Pax7 [25, 26]. Pax7 is a quiescence marker and also
a paired box transcription factor that downregulates the level of MyoD, a key pro-
tein in muscle differentiation. Therefore, a miR-1/miR-206- and miR-486-inhibiting
action on Pax7 leads to muscle differentiation. Furthermore, expression miR-206
and -486 is induced by MyoD [26].

One more target of miR-206 was pointed out by Kim et al. [27]. Using in vitro
experiment, the authors showed that miR-206 inhibits myoblast proliferation by
downregulation of a subunit of DNA polymerase alpha that is required for cell pro-
liferation [27]. These researchers suggested that miR-206 promotes muscle differ-
entiation by indirectly suppressing myogenic repressor (MyoR) [27]. MyoR inhibits
myogenic transcription factor MyoD by binding to and blocking MyoD target DNA
sequences [28]. MyoR was also shown to be targeted by miR-378 [28].

Another miRNA acting in muscle differentiation is miR-29. This miRNA posi-
tively regulates muscular differentiation by targeting Yin Yang 1 (YY1), a negative
regulator of muscle genes, in the C2C12 myoblast [13]. In a more recent research,
miR-29 was shown to repress Akt, a protein kinase that is responsive to growth fac-
tor cell signaling. Because Akt role is to increase myoblast proliferation and reduce
differentiation, decreased Akt level leads to increase myoblast differentiation as a
consequent role of miRNA-29 [29].

The number of miRNAs identified being involved in muscle differentiation
expands with time. Dey et al. found that miR-675-3p and miR-675-5p induce myo-
blast differentiation by inhibiting Smads and Cdc6 (a DNA replication initiation
factor) [30].

In addition to the mRNAs that have positive roles in myoblast differentiation,
there are several miRNAs that negatively regulate this process. miR-23a suppresses
muscle differentiation by targeting fast myosin heavy chain 1, 2, and 4 transcripts
[31]. miR-186 directly targets myogenin that has a key role in regulating myogenic
differentiation, thereby inhibiting muscle cell differentiation [32].

Some other factors also use miRNAs to mediate the control of myoblast differ-
entiation. de la Garza-Rodea AS et al. (2014) reported a case where S1P lyase, an
enzyme that irreversibly degrades sphingosine-1-phosphate, upregulates the expression
of miR-1, miR-206, and miR-486, thereby enhancing myoblast differentiation [33].

Also involving in S1P and miRNAs, we have recently shown that an increase in
S1P level leads to an upregulation of miR-29, a positive factor in muscle differentia-
tion [34-36].
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11.3 miRNA Role in Muscle Fibrosis

In muscle regeneration, correct orientation is maintained based on scaffolds made
of basement membrane of necrotic fibers. Moreover, muscle repair needs increased
levels of extracellular matrix (ECM) components, including fibronectin, collagen I
and II, and proteoglycan. Fibroblasts are the major cells producing ECM [37].
After the regeneration process, matrix metalloproteases will degrade ECM compo-
nents [38]. In muscular dystrophies, degeneration exceeds regeneration resulting
in unrepaired muscles. This leads to accumulation of ECM components that causes
permanent fibrosis. Fibrotic tissues can be detected by staining collagen, the ECM
protein, with picrosirius red.

miR-29 can ameliorate fibrosis by repressing the expression of collagen and elastin,
the causal agents of fibrosis [34, 39—41]. In DMD mouse disease model (mdx mice)
and patient biopsies, miR-29 is downregulated [39, 40] while collagen and elastin
are upregulated [39]. In 2010, Cacchiarelli et al. upregulated miR-29 level in the
gastrocnemius of mdx mice by electroporating miR-29a/b constructs to the muscles
to increase expression and observed a decrease in mRNA levels of both collagen
and elastin [39]. In 2014, Meadows et al. employed intramuscular injection to
deliver miR-29 in adeno-associated viral vector into mouse muscle and saw a down-
regulation of muscle fibrotic, denoting by a reduced Sirius Red-stained section [40].
Also in 2014, the Ruohola-Baker group studied the ameliorating effects of S1P on
DMD and saw an increase of miR-29 level along with a decrease in Collal, a con-
stitutive component of collagen (the causal agent of fibrosis), and a decrease of
Sirius Red-stained sections in mxd muscles, as a result of increased S1P level [34].
miR-29 is a direct target of HDAC2 [39] and is suggested as an anti-fibrotic agent
for muscle diseases [39, 40].

11.4 miRNA Roles in Muscle Types

There are two main types of muscles: slow and fast twitch muscles. Fast twitch
muscles have quick and short contraction time, while slow twitch muscles have long
contraction time (about five times longer). We can distinguish slow and fast twitch
muscles based on their (1) distinct physiological characteristics, (2) protein expres-
sion (the myosin heavy chain—MyHC isoforms), and (3) metabolic activity. We are
going to delve on the differences of the two types of muscles regarding protein
expression and metabolic mechanism in this chapter. To analyze slow and fast
fibers, their myosin heavy chain (MHC) isoforms are usually investigated. The
MYHT7 isoform of MHC is expressed in slow muscles while MYH4 is exclusively
expressed in fast muscles [42—45]. Regarding metabolic mechanisms, slow fibers
employ mainly fatty acids for their energy, whereas fast twitch muscles rely on
glucose [46]. In our body, all muscle tissues are a mixture of slow and fast twitch
fibers, and the percentage contribution of each muscle fiber type characterizes the
muscle tissue type.
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In dystrophic context, slow twitch fibers are proven to be less susceptible to
injury than fast twitch muscles [47]. And a number of researchers view the switch-
ing to slow twitch muscles as beneficial for alleviating muscular dystrophy [48, 49].
This intrigues us to understand why slow twitch muscles are more stable than fast
twitch ones. We came up with a number of hypotheses that could explain the injury-
resistant characteristic of slow twitch muscles.

First, the relative stability of slow twitch muscles might be conferred by their
specific gene expression. The difference in gene expression of the two main muscle
types has been shown in microarray data [50]. It is possible that the genes expressed
in slow twitch muscle compensate some functions of dystrophin protein, increase
cell survival-signaling pathway, or compensate structural proteins for muscle firm-
ness. For example, in slow twitch muscles, an increased in utrophin gene expression
was observed. Utrophin has been noted as a beneficial gene for dystrophic muscles
[51-53]. Second, the characteristic of being insulin sensitive may help slow twitch
muscles get better use of the body’s energy fuel source [54-56]. Third, fatty acids
are a higher energy source than glucose. So, slow fibers produce more energy than
fast ones. To be specific, anaerobic and aerobic glycolysis yield only 2 and 36 ATPs,
respectively, while oxidation of a short fatty acid (8-carbon) yields 48 ATPs and a
longer fatty acid (three chains of 8-carbon) yields up to144 ATPs.

It sounds like slow switch muscles really have advantage over fast twitch mus-
cles in coping with the disadvantage conditions of muscle dystrophies. Can fast
fibers shift to slow fibers in an adult body?

In neonatal stage, fast or slow fiber formation is determined by developmental
cues [43]. After birth, the adult myofiber phenotype can be changed [44, 57]. The
motor innervation pattern is in charge of regulating the switch between fiber type
components. To shift preexisting fast to slow twitch fibers, muscle repetitive use,
low frequency motor neuron stimulation along with high concentration of intracel-
lular calcium can be employed. To switch slow to fast twitch fibers, we need to use
phasic, high-frequency myofiber stimulation and decreased neuromuscular activity
[44, 58]. In addition to motor innervation pattern, muscle fiber types can be modi-
fied by gene regulators. An increase in fatty acid oxidation and slow-fiber-specific
gene expression was obtained with nuclear factor of activated T cells (NFAT), cal-
cineurin, Ca2+/calmodulin-dependent protein kinases II (CaMK), peroxisome
proliferator-activated receptor-y coactivator (PGC- 1), and peroxisome proliferator-
activated receptor delta (PPARS) [59-63]. In addition to the abovementioned pro-
teins, MEF2, a myocyte enhancer factor 2-transcription factor, induces the formation
of slow twitch muscle by responding to a calcium-dependent pathway [63]. For fast
fiber formation, a potential-inducing factor is peroxisome proliferator-activated
receptor-y coactivator 1p (PGC-1p) [64].

There have been several publications pointing out shifting to slow twitch mus-
cles as an ameliorative effect of some potential therapeutic agents in treating mus-
cle diseases. In 2012, von Maltzahan et al. used Wnt7a, a secreted protein that
belongs to the Wnt signaling pathway [65], for an ameliorative treatment for DMD.
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Besides the positive effects on muscle regeneration, myofiber hypertrophy and
muscle strength, these authors also recognized a shift toward slow twitch fibers as
evident in an increase in slow MHC in mdx muscles and human primary myotubes
that have Wnt7a upregulated [49]. In 2014, an increase in fatty acid oxidation
mechanism, suggesting a shift to slow muscles, was also observed as a beneficial
effect of SI1P on ameliorating DMD pathologies [34].

Along with the abovementioned small molecule, miR-208b and miR-499 have
been shown to be involved in muscle type regulation [4]. Double knockout of
both miR-208b and miR-499 in mouse soleus results in a substantial loss of slow
myofibers. Overexpression of miR-499 leads to a shift from slow twitch to fast
twitch muscles in mouse soleus, TA, and EDL. The shift to slow myofibers is
accompanied with enhanced muscle endurance, as denoted by treadmill running
test [4]. miR-208b and miR-499 act by targeting repressors of slow muscles genes
(Sox6, Purf, and Sp3) [66—73]. In addition, miR-208b and miR-499 also repress
HP-1p, a corepressor of MEF2 [74]. MEF2 is involved in activating slow fiber
gene expression [63].

11.5 miRNAs and Dystrophin Expression Regulation

The absence or dysfunction of dystrophin is believed to be the main cause of muscular
disorders. In 2011, Cacchiarelli et al. discovered a miRNA that represses dystrophin
expression: miR-31. miR-31 has its target site in the 3’ untranslated region of the
dystrophin mRNA. In the presence of miR-31, dystrophin expression is reduced.
However, if the miR-31 binding site in 3’UTR of dystrophin mRNA is blocked or
mutated, this gene expression is not modulated. Reducing miR-31 level also further
improves the dystrophin gene expression in an exon-skipping therapy tried with
DMD myoblasts of patients with exon 48—50 deletion [75].

11.6 miRNAs and the Cell Response to Oxidative Damage

The key antioxidant molecule in charge of protecting the cells against oxidative
stress is the reduced form of glutathione (GSH). In the cells, the high ratio of GSH
over its oxidized state GSSG is ensured by NADPH, which is maintained by an
enzyme in the pentose phosphate pathway, and the glucose-6-phosphate dehydroge-
nase (G6PD) [39]. Interestingly, GOPD mRNA is a direct target of the miR-1 family
that is downregulated in DMD patients [76]. Collectively, miR-1 indirectly down-
regulates GSH level, thus making the cells more susceptible to oxidative damage
[39]. In DMD patients, miR-1 is downregulated so that GSH is enriched, presumably
protecting the cells from oxidative stress.



302 D.-H. Nguyen-Tran and H. Ruohola-Baker

11.7 The Use of miRNAs in Muscle Diseases

11.7.1 miRNA as Diagnostic Markers

In muscle diseases, the membranes of damaged muscles are weak, allowing
intercellular components to leak out to blood circulation. One of such components
is creatine kinase (CK). Serum CK has been used as a biomarker for muscular dys-
trophies [77]. However, there are several issues making it an unreliable marker.
First, CK levels in serum do not correlate well with the disease severity and may
even decrease when disease progresses [76, 77]. CK levels are shown to increase
also in normal individuals after exercise or muscle injury [76]. It is hard to differen-
tiate DMD from BDM (Becker’s muscular dystrophy) with CK test because CK
level is also significantly raised in BMD patients [76]. In addition, CK test needs
special care since CK activity is very sensitive to stress conditions [77]. Thus, a
more reliable biomarker for muscle dystrophies diagnostic is required.

A group of regenerative and muscle fiber-related miRNAs (miR-1/miR-206/
miR-133/miR-499/miR-208a/miR-208b) has been nominated as valuable serum
markers in replacing CK in regard to diagnosis and muscle disease progression
[76, 77]. The serum level of all six myomiRs is elevated in young DMD patients
(less than 10 years old). According to Cacchiarelli et al., among the six miRNAs,
miR-499 is the best biomarker to distinguish DMD patients from healthy indi-
viduals. Especially, miR-206, miR-499, miR-208b, and miR-133 are higher in
DMD than in BMD; thus they can be used to distinguish between DMD and
BMD. Among these miRNAs, miR-208b is the best indicator to separate DMD
and BMD. Also, in DMD patients aged 2—6 years, the level of miR-206/miR-499/
miR-208b is positively correlated with age. In mdx mice, serum miRNA-1/miR-
206 level is 2—40-fold higher than WT mice [77]. Remarkably, the levels of these
miRNAs are rescued almost to WT level in mdx mice undergone exon-skipping
treatment [77].

11.7.2 miRNAs as Therapeutic Agents/Targets

The information of functions of miRNAs in muscles and muscle diseases leads us in
using mRNAs as potential therapeutic agents for muscle dystrophies. For example, we
can boost up regenerative miRNAs for enhancing muscle regeneration to replace dam-
aged muscles. We can suppress fibrosis, a prominent pathology feature of DMD, by
overexpressing miR-29. We can induce the shift to the beneficial slow fiber by increas-
ing miR-208b and miR-499. We can enhance the cells resistance to oxidative damage
by suppressing miR-1. And, importantly, we can enhance dystrophin expression by
inhibiting miR-31.
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11.8 Perspective

Even though being an emerging field and still in its infancy [21], miRNAs have been
found to be involved in many cellular processes and diseases, such as cancers [21],
diabetes [78], heart disease [79], and muscular disorders. Powerfully, miRNAs are
predicted to regulate at least one third of human protein-coding genes [21].
Therefore, miRNAs are a big resource for us to discover and manipulate to control
many disease pathways or biological processes. This task is not simple since our
genome encodes for more than 2500 miRNAs, each of which can have multiple
targets, and thus being involved in many pathways or biology function. On the other
hand, one pathway or biology function can also be regulated by many miRNAs
[21]. Therefore, caution must be taken when using miRNAs as a tool in disease
treatments as they can cause off-target effects. For example, miR-1 can enhance
myogenic differentiation [21, 25], but it also can downregulate the main antioxida-
tive molecule [39]. Thus, before clinical treatment, the pathways regulated by the
potential miRNA must be investigated thoroughly. On the other hand, miRNAs are
feasible for in vivo delivery because they are stable and relatively small [21].
Therefore, despite its complexity in function, miRNAs are still notable candidates
for therapeutic approach.

In this chapter, we have discussed the important roles of miRNAs in normal
muscle development and muscular pathology, as well as their signature expression
patterns in muscle diseases. In the future these findings are expected to lead to diag-
nostics and therapeutic approaches for muscle diseases. miRNAs have proven to be
reliable biomarkers for the diagnostic of muscular disease. Further, they give an
insight on developing therapies for these diseases. We expect many new exciting
findings in miRNAs in muscle processes, diagnostics, and treatments in the future.
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Chapter 12
Canine-Inherited Dystrophinopathies
and Centronuclear Myopathies

Joe N. Kornegay and Martin K. Childers

12.1 Introduction

Diseases that primarily affect muscle (myopathies) can be divided into acquired and
inherited conditions, with each of these groups further categorized based on their
underlying pathogenesis [1]. The inherited myopathies include channelopathies,
myotonias, metabolic and mitochondrial conditions, congenital myopathies, and
muscular dystrophies [1, 2]. For the sake of this chapter, we will focus on the con-
genital myopathies and muscular dystrophies, with special emphasis on Duchenne
muscular dystrophy (DMD) and the centronuclear (congenital) myopathies (CNM).
The muscular dystrophies are characterized by progressive myofiber necrosis and
loss, with subsequent fibrosis and fatty deposition. These conditions were originally
classified based primarily on their pattern of inheritance and the distribution of mus-
cle involvement [3]. Muscular dystrophies are now associated with mutations in
specific genes that code for proteins of the dystrophin-glycoprotein complex [4, 5].
Congenital myopathies occur subsequent to mutations of genes whose proteins are
involved in membrane remodeling [6]. They have been distinguished from the dys-
trophies based on their relatively nonprogressive histologic nature and the presence
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of specific structures such as cores and nemaline rods within muscle fibers [7, 8].
This distinction has been blurred by recognition of similar structures in the dystro-
phies [4]. As with the muscular dystrophies, genetic mutations have been linked to
many of the congenital myopathies. However, for the most part, the associations are
not as straightforward as those for the dystrophies [9].

Our understanding of inherited human muscle diseases has been greatly facilitated
by studies in animal models. By definition, a biomedical model is “a surrogate for a
human being, or a human biologic system, that can be used to understand normal and
abnormal function from gene to phenotype and to provide a basis for preventive or
therapeutic intervention in human diseases” [10]. Biological models can be divided
into two broad classes, depending on whether the modeling is based in analogy or
homology [11]. Modeling by analogy implies a point-by-point relationship between
one structure and process to another and requires that there are similarities between
the structures and processes being compared. On the other hand, homologous models
have a shared evolutionary history and matching DNA makeup. To be functionally
useful, models by homology must also be good models by analogy.

Genetic models may either occur naturally (spontaneously) or be produced through
genetic manipulation (genetically modified [transgenic or gene knockdown/out] ani-
mals). While genetically engineered mice have provided a powerful tool to study the
molecular pathogenesis of disease [12, 13], results do not necessarily extrapolate to
humans, presumably due to differences between murine and human size and physiol-
ogy [14]. Additional questions have been raised because of the mouse’s small size and
whether variables influenced by scale, such as cell migration or drug diffusion, can be
appropriately modeled [15]. These shortcomings are partially obviated with canine
models, which have been used extensively to study disease pathogenesis and treat-
ment efficacy [16, 17]. This trend toward the use of dogs as models will likely acceler-
ate with the completed sequencing of the canine genome [18].

A variety of spontaneous acquired and inherited myopathies have been described
in dogs, providing the opportunity to study the underlying pathogenesis of analo-
gous human conditions and/or develop preclinical models. Acquired myopathies
include both infectious [19] and immune-mediated inflammatory conditions [20], as
well as metabolic and endocrine diseases [21]. Inherited muscular dystrophies and
congenital myopathies, arising from mutations in genes coding for several compo-
nents of the dystrophin-glycoprotein complex and proteins involved in membrane
remodeling, respectively, have been described in dogs (Table 12.1) [35, 36]. This
chapter focuses on diseases that are homologous to Duchenne muscular dystrophy
(DMD) and the centronuclear myopathies (CNM) of human beings.

12.2 Canine DMD Gene Mutations (Dystrophinopathies)

Duchenne muscular dystrophy is an X-linked recessive disorder that affects~1 in
5000 newborn human males [37] in whom absence of the protein dystrophin causes
progressive degeneration of skeletal and cardiac muscle [38]. Both spontaneous and
genetically modified animal models of DMD have been used to define pathogenetic
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mechanisms and establish efficacy of experimental therapies. Spontaneous mam-
malian models have been identified in mice [39, 40], cats [41, 42], pigs [43], and
multiple dog breeds [22, 44]. Most preclinical studies have been conducted in the
mdx mouse model, which results from a spontaneous nonsense point mutation in
exon 23 [45]. While genetically homologous to DMD, the mdx mouse is not analo-
gous, as affected mice having a relatively mild phenotype. This phenotype can be

Table 12.1 Inherited canine dystrophinopathies and centronuclear myopathies with confirmed

mutations
Disease Breed Gene/mutation Clinical signs Reference(s)
X-linked Golden DMD —base Weakness and [22, 23]
dystrophinopathy retriever change (A-G) in respiratory
the 3’ splice site of | difficulty possible
intron 6, with at birth; stunted
deletion of exon growth;
7 in the mRNA progressive
transcript weakness and
German DMD—large contractures, [24]
shorthaired | deletion especially over
pointer encompassing the ages of 3-6
entire gene months;
Pembroke DMD —repetitive respl.ratory and [25]
Welsh corgi element-1 .cardlac
(LINE-1) insertion | Involvement
in intron 13
Cavalier King | DMD—base [26]
Charles change (G-T) in
spaniel the 5’ splice site of
intron 50, with
deletion of exon
50 in the mRNA
transcript
Rottweiler DMD—base [27]
change (G-T) in
exon 58 resulting
in stop codon
Cocker DMD— deletion of [22]
spaniel four nucleotides in
exon 65, resulting
in stop codon
Tibetan terrier | DMD —deletion of [22]
exons 8-29
Labrador DMD—184 [22]
retriever nucleotide
[pseudoexon]

insertion between
exons 19 and 20,
resulting in stop
codon

(continued)



312

Table 12.1 (continued)
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Disease

Breed

Gene/mutation

Clinical signs

Reference(s)

X-linked
myotubular
myopathy

Labrador
retriever

MTM 1 —base
change (C-A) in
exon 7

Stunted growth,
muscle atrophy,
and pelvic limb
weakness at 7
weeks. Patellar
hyporeflexia,
dysphagia, and
hoarse bark;
paradoxical
respiration at 10
weeks.
Progressive
weakness and
muscle atrophy,
with loss of
ambulation, by
4—6 months

[28,29]

Hereditary
(centronuclear)
myopathy of
Labradors

Labrador
retriever

PTPLA —short
interspersed repeat
element (SINE)
insertion in exon 2

Abnormal head
and neck posture;
stiff, hopping
gait; muscle
atrophy; signs
stabilize
somewhat at 1
year

[30-32]

Inherited
(centronuclear)
myopathy of Great
Danes

Great Dane

BINI—base
change (A-G) in
the 3’ splice site of
intron 10, with
deletion of exon

11 in the mRNA
transcript

Weakness, muscle
atrophy, exercise
intolerance,
trembling, and
characteristic
posture with the
pelvic limbs held
under the body.
Onset of signs at
6—-19 months
(median of 7),
with variable
progression

[33, 34]

exaggerated through further genetic mutation, most notably by knocking out the
utrophin gene to produce so-called double-knockout (dko) mice [46]. However, the
clinical relevancy of knockout models is complicated by the potential introduction
of additional biochemical or biological differences independent of the absence of
dystrophin. Dystrophic dogs more closely mimic the DMD phenotype, with signs
occurring early and progressing [22]. Although dystrophin-deficient muscular dys-
trophy has been characterized clinically in a number of dog breeds, few have been
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studied at the molecular level [44]. The most extensively studied canine condition
was originally recognized in golden retrievers and has since been outbred.
Affected dogs have a single base change in the 3’ consensus splice site of intron 6
of the DMD gene [23]. As a result, exon 7 is skipped during mRNA processing, and
the dystrophin reading frame is terminated within its N-terminal domain in exon 8.
We use the term golden retriever muscular dystrophy (GRMD) to refer to dogs with
the original splice site mutation regardless of crossbreeding.

12.3 Centronuclear Myopathies

The term centronuclear myopathy refers to a subset of congenital myopathies char-
acterized by skeletal muscle weakness and a preponderance of muscle fibers with
central nuclei and/or cores on biopsy. Among the congenital myopathies, CNMs
have the most diverse mammalian models available for study (Table 12.2). Affected
CNM patients exhibit a range of mutations in genes coding for proteins involved in
membrane remodeling and a diverse clinical phenotype [6, 54]. The most common
CNM, X-linked myotubular myopathy (XLMTM), occurs due to mutations in the
myotubularin 1 gene (MTMI) and affects about 1 in 50,000 male births [55].
Affected boys have marked hypotonia, generalized muscle weakness, and respira-
tory failure in the immediate postnatal period [56]. Various knockout murine mod-
els have been valuable in studying disease pathogenesis but have inherent limitations
for preclinical testing [6, 57].

Homologous canine forms of CNM occur due to mutations in three distinct
genes, protein tyrosine phosphatase-like A (PTPLA) [32, 50], MTM1 [28, 29], and
bridging integrator 1 (BINI) [33, 34], coding for proteins PTPLA, myotubularin,
and amphiphysin, respectively. Conditions associated with mutations in the PTPLA
and MTM1 genes occur in Labrador retrievers but differ genetically and phenotypi-
cally. Mutations in the PTPLA gene are inherited in an autosomal recessive manner
and cause a relatively mild myopathy. In sharp contrast, MTM] mutations are
X-linked and associated with severe, rapidly progressive disease. The myopathy
caused by BINI gene mutations occurs in Great Danes, is inherited in an autosomal
recessive manner, and has a variable phenotype.

12.4 Experimental Design of Canine Preclinical Studies

Our own studies in canine models of DMD and XLMTM demonstrate the need to
develop treatment strategies that parallel the progression of the human disease
counterparts. While DMD has a relatively protracted clinical course that extends
over years, XLMTM typically presents at birth with hypotonia and respiratory
insufficiency requiring ventilator support. Symptoms of both DMD and XLMTM
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Table 12.2 Centronuclear myopathies

J.N. Kornegay and M.K. Childers

Structural Mammalian
features Discase Gene Protein models Reference(s)
Congenital Myotubular MTM1 Myotubularin | MTM1 KO [47]
myopathies myopathy mouse [48]
with central R69C mouse [28]
nuclei XLMTM dog
Centronuclear DNM?2 Dynamin 2 R465W mouse | [49]
myopathy
PTPLA Protein PTPLA dog [50]
tyrosine
phosphatase-
like member A
BIN1 Amphiphysin shRNA-Binl [51]
knockdown in | [33]
mice
IMGD dog
RYRI Ryanodine Ryr114895T/wt | [52]
receptor (IT/+) mouse
TTN Titin Ttn(mdm) [53]
mouse

relate principally to skeletal muscle disease, but the nature of clinical involvement
differs dramatically. The appendicular musculature is affected early in DMD, with
respiratory function becoming impaired in the later states. In contrast, many
XLMTM patients are never able to walk and must receive ventilator support soon
after birth.

12.4.1 GRMD Phenotype and Preclinical Trials

Based on comparative longevity studies for dogs and humans, the first year of a
golden retriever’s life roughly equates to 20 years of a human [58]. By extrapola-
tion, the clinical courses of GRMD and DMD over these respective periods can be
divided into quartiles, with 0-3, 3—6, 6-9, and 9—-12 months of a golden retriever’s
life corresponding to 0-5, 5-10, 10-15, and 15-20 years of a human’s. In drawing
comparisons between the two conditions, there is a relatively strong parallel in the
disease progression up to 6 months/10 years of age (Fig. 12.1). GRMD dogs are
weak at birth and can develop a so-called fulminant form [59] that leads to early
death. This peracute neonatal condition is often complicated by severe respiratory
compromise [60]. Infants with DMD do not appear to experience such a devastating
syndrome. Over the first 3 months of life, surviving GRMD pups have delayed
weight gain [61] and are weaker, characterized by clumsiness, falling occasionally,
and being pushed aside by stronger, normal littermates. These features are akin to
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Fig. 12.1 Comparative disease course of GRMD based on the relative equivalency of the first year
of a golden retriever’s life and initial 20 years of a human’s. The two periods are divided into quar-
tiles, e.g., 0-3 months of GRMD paralleling 0-5 years of DMD, with signs of skeletal myopathy
(SM) and cardiomyopathy (CM) listed for each period. Note: the GRMD clinical course from 0 to
6 months largely parallels that of DMD over the 0—10-year period. However, the GRMD and DMD
phenotypes then dramatically diverge, with GRMD dogs often stabilizing and DMD continuing to
progress. SM skeletal myopathy, CM cardiomyopathy, LVEDV and LVSDV left ventricular end-
diastolic and systolic volumes, LVEF left ventricular ejection fraction

delayed motor milestones seen in DMD boys over the first several years of life [62].
Cardiac disease is subclinical, limited to abnormalities on ECG, at this early stage
in GRMD [63] and DMD [64].

The GRMD skeletal muscle phenotype evolves rapidly from 3 to 6 months [61,
65], corresponding to an analogous period of progressive appendicular weakness
from 5 to 10 years in DMD [66—68] (Fig. 12.1). Some GRMD dogs lose the ability
to walk before 6 months [69], although loss of ambulation occurs rarely in our expe-
rience and that of others [70]. The rapid progression of the GRMD phenotype over
a short 3-month period provides a convenient window for preclinical trials. Indeed,
we have used this period for most of our proof-of-concept efficacy studies in GRMD
[22, 71]. In contrast with the rapid course of skeletal muscle involvement, cardiac
disease is largely subclinical at 6 months in GRMD [63, 72] and 10 years in DMD
[73]. Changes on ECG occur early in both conditions and could, in principle, be
used to monitor efficacy of treatments that have cardiac effects. By 6 months in



316 J.N. Kornegay and M.K. Childers

GRMD, left ventricular end-diastolic and systolic internal diameters and volumes
are decreased on echocardiography, perhaps associated with an overall reduction in
cardiac size or an early phase of hypertrophic cardiomyopathy [63]. By 10 years of
age in DMD, diastolic changes may be seen, while those for systole remain normal
[74]. Otherwise, variables of cardiac function, such as left ventricular ejection frac-
tion and fractional shortening, are normal over the first 6 months in GRMD and
analogous 10 years in most DMD patients.

After 6 months, the GRMD and DMD phenotypes markedly diverge (Fig. 12.1).
Skeletal muscle disease in GRMD stabilizes somewhat between 6 months and a
year, with many dogs living well into adulthood. As an example, our current col-
ony of ~30 GRMD dogs at Texas A&M includes seven, mildly affected, untreated
5-year-old dystrophic dogs, an age that corresponds to~42 years in humans [58].
In addition, we have a 9-year-old and two 7-year-old GRMD dogs with mild phe-
notypes. Most of these dogs are heterozygous males that were used in breeding at
earlier ages. Our oldest GRMD dog, Scrappy, lived to almost 13 years of age,
when he was euthanized because of slowly progressive difficulty in walking.
Others have reported long-term survival in GRMD, although this seems to have
been exceptional [75] compared to our own experience with a number of long-
lived dystrophic dogs.

While symptoms related to the appendicular musculature predominate in the
early stages of DMD, respiratory failure had long been considered the main cause
of mortality, ultimately accounting for up to 80 % of deaths [76, 77]. This has
changed with the advent of aggressive respiratory management, as DMD patients
now live into their 30s, with some studies showing that cardiac disease is now the
principal cause of death [78]. As in people, GRMD dogs often die due to respira-
tory failure [79]. Per the discussion above, some puppies develop a so-called ful-
minant form of the disease in which severe respiratory compromise can lead to
death in the neonatal period [59]. With maturation, GRMD dogs continue to have
respiratory difficulty, evidenced most notably by increased respiratory rate and
abdominal breathing. However, as with other features of skeletal muscle disease,
respiratory function, as judged clinically, is typically stable over the 6—12-month
period.

Consistent with skeletal muscle involvement, cardiac indices in GRMD dogs are
proportionally stable between 6 and 12 months. Clinical cardiac disease, with asso-
ciated functional changes on echocardiography, typically is not seen until at least 3
years, if at all [22, 72]. We have reported on GRMD dogs treated for dilated cardio-
myopathy at 9 years of age [22]. In contrast to GRMD, the DMD cardiac phenotype
progresses markedly from 10 to 20 years, with most DMD patients having clinical
involvement by 18 years of age [73].

The relatively benign course of GRMD over the 6—12-month period, and extend-
ing into later life, differs radically from the progressive disease seen over the ages
of 10-20 years in DMD [66, 73, 80]. A discussion of the mechanisms responsible
for the divergent DMD and GRMD disease course over analogous ages is beyond
the scope of this chapter. Genetic mechanisms, including modifier genes, which
drive processes such as fibrosis and fatty change, likely, play an important role [44].
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12.4.2 Biomarkers in GRMD

A variety of outcome parameters, in many cases modeled after analogous proce-
dures used to assess DMD patients, have been developed (Table 12.3) and utilized
in preclinical trials [22]. To counter the effects of well-established phenotypic varia-
tion in the GRMD model, baseline testing can first be done at 3 months and then
repeated at the end of treatment. Thus, the relative longitudinal effect of treatments
can be established in variably affected dogs.

12.4.2.1 In Vivo Pelvic Limb Muscle Physiology in GRMD

For the sake of preclinical studies, we have focused particularly on assessment of
contractile properties of distal pelvic limb muscles [61]. Briefly, the pelvic limb
torque of anesthetized dogs is measured by securing the paw to a pedal mounted on
the shaft of a servomotor that also functions as a force transducer. Because there is
marked differential involvement of muscles in GRMD, we have studied torque gen-
erated by both tibiotarsal joint flexor and extensor muscles through selective percu-
taneous stimulation of the peroneal and tibial nerves, respectively. Power analysis
of data collected from natural history studies suggested that flexion torque would be
more useful than extension torque to document therapeutic benefit in GRMD dogs.
Extension values in this initial study varied more markedly, necessitating larger
group sizes to establish significance. Since this original study, the inbreeding coef-
ficient of sire-dam pairs has been monitored more closely, with an associated reduc-
tion of disease severity. A subsequent trial of prednisone in GRMD dogs showed a
significant improvement in extension torque using a treatment group size of six
GRMD dogs [82].

12.4.2.2 Eccentric Contractions in GRMD

Muscle injury is more pronounced after lengthening (eccentric) contractions versus
shortening (concentric) contractions [83]. Since dystrophin plays a key role in pro-
tecting the sarcolemmal membrane from mechanical damage, eccentric contrac-
tions induce abnormally high levels of muscle injury in dystrophin-deficient
muscles. We developed a method to measure the degree of muscle injury by measur-
ing the loss of force (force deficit or decrement) following eccentric contractions in
anesthetized GRMD dogs and use this as a functional readout [84, 85]. In the
absence of fatigue, the force deficit is a reliable and quantitative physiologic mea-
sure of muscle damage [86]. The force deficit or drop (Fig. 12.2), defined as the
difference between maximum isometric force (P,) before and after repeated con-
tractions (exercise), is expressed as a percent change of the non-exercised value for
Py: force deficit=([Py— Py afier exercise])/Po) %X 100. Because skeletal muscle damage
caused by exercise peaks after 3 days in normal humans, we compared the force
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Table 12.3 Outcome parameters in GRMD dogs®

Age Significance
Test (mos) Normal dogs | GRMD dogs (p-value) Reference
Body weight (kg) 3 10.65+1.75 | 7.47+1.21 <0.01 [61]
6 20.24+2.30 | 12.86+3.08 <0.01
12 23.17+1.70 | 18.23+3.22 <0.01
TTJ tetanic flexion |3 0.486+0.142 | 0.200+£0.094 | <0.01 [61]
(normalized N/kg) 6 0.825+0.256 |0.469+0.183 | <0.01
12 1.10£0.27 0.550+0.200 | <0.01
TTJ tetanic 3 2.55+0.28 1.32+0.43 <0.01 [61]
extension 6 2.95+0.53 0.965+0.506 | <0.01
(normalized N/kg) 15 2.98+0.28 1.34£0.58 <0.01
Speed (m/sec) 2 1.77+0.29 1.02+0.24 0.001 [81]
9 2.61+0.18 0.88+£0.46 0.0001
Stride Length/height | 2 1.97+0.26 1.35+0.27 0.0001 [81]
at withers 9 1.99+£0.06 0.92+0.31 0.0001
LVID (d) (cm)® 3 3.0+£0.0 2.5+0.2 <0.01 [63]
6 3.620.1 2.920.1 <0.01
12 4.1+0.2 3.2%0.1 <0.01
Fraction shortening 3 36.9+2.5 350+1.2 NS [63]
(%) 6 33.7+0.5 39.3+2.6 NS
12 323+1.7 38.8+6.5 NS
EKG lead 2 Q/R 3 0.2+0.0 0.4+0.1 <0.01 [63]
ratio® 6 0.3+0.0 0.7+0.0 <0.01
12 0.3+0.0 0.6+0.1 <0.01
Serum CK® 2days | 700 (200-800) | 18,900 ND [59]
(2300-39,500)
6 weeks | 300 (200-500) | 8200 ND
(6500—
162,100)
6 400 (400-400) | 32,400 ND
(30,300—
42,100)

ND not determined

From Kornegay JN, et al. Pharmacologic management of Duchenne muscular dystrophy: target
identification and preclinical trials. ILAR J. 2014;55:119-49

“Listed tests were assessed longitudinally; 77/ tibiotarsal joint, N/kg Newtons/kg, LVID (d) left
ventricular diameter at diastole, CK creatine kinase

“Cardiac data were from GRMD dogs crossbred with Labrador retrievers carrying a different DMD
gene mutation

°CK results for CXMD (GRMD) dogs were from male “small-breed” dogs

dMedian and range for CK values

deficit between GRMD and normal dogs 3 days after experimental contractions.
Our data indicated that eccentric contractions induce significantly greater force defi-
cit in muscles of the cranial (anterior) tibial compartment in GRMD dogs compared
with controls [84]. Subsequent histological staining of esterase (a nonspecific
marker of myofiber inflammation) measured 3 days after contractions in the
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Fig. 12.2 Dystrophin-deficient muscles exhibit abnormally large force drop after repeated eccen-
tric contractions. (a) A representative torque tracing from an affected GRMD dog undergoing
repeated eccentric contractions. The darkest line displays the first contraction while the lightest
line shows the tenth contraction. Following eccentric (lengthening) contractions, GRMD dogs
rapidly lose force (force drop). Normal dogs (not shown) do not display such a rapid decline. (b)
Isometric torque was measured immediately before and after a forced stretch was applied in con-
tracting muscles of affected GRMD dogs. The graph displays a gradual decline in maximum iso-
metric torque (Y-axis) most notably in affected dogs (~60 % force drop) compared to normal or
carriers (~10 % force drop) (Modified from Tegler et al. [85])
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muscles of the GRMD dogs positively correlated with force data. Together, our
findings indicated that force drop following eccentric contractions can be used to
measure the amount of muscle damage incurred in the limb muscles of GRMD
dogs. Future preclinical trials might exploit this method to test compounds thought
to protect the muscle membrane from mechanical damage.

12.4.2.3 Gait Assessment

Accelerometry has been shown to objectively distinguish gait abnormalities in
GRMD dogs, with progressive changes seen as early as 2 months of age [81, 87].
Our group [88] and others [89] have utilized video gait analysis in GRMD dogs. We
used a two-dimensional kinematic analysis, focused on the stifle (knee) and hock
(ankle) angles of the pelvic limb. Retroreflective markers (Fig. 12.3, lower panel)
were placed on anatomical landmarks of the pelvic limb. Digital video of sagittal
plane motion was collected during overground walking at the dog’s self-selected
pace with a single camera. During filming, the dogs were led on a leash by the same
experienced handler. Data were collected on both sides of each dog. Trials where
dogs increased or decreased speed, stopped, or walked out of the calibrated sagittal
plane were excluded from analysis. Digitizing software and analysis programs were
used to calculate the joint angles of the stifle and hock. The main findings indicated
that (1) GRMD dogs walked slower than controls; (2) at the stifle joint, both groups
displayed similar range of motion (ROM), but compared to controls, GRMD dogs
walked with the stifle joint more extended; and (3) at the hock joint, GRMD dogs
displayed less ROM and walked with the joint less flexed.

Given the prominent role that the 6-minute walk test (6MWT) now plays in
DMD clinical trials [90], we have begun assessing this metric in GRMD dogs and
correlating results with other functional outcome parameters. Dogs are first condi-
tioned/trained for several sessions beginning at~8 weeks of age and then evaluated
at monthly intervals. Our preliminary data indicate that affected dogs walk shorter
distances than normal/carrier dogs (Van Wie and Kornegay, unpublished observa-
tions, 2014).

12.4.2.4 Respiratory Assessment in GRMD

A number of GRMD preclinical trials have been done to assess genetic, cellular, and
pharmacologic treatments [22, 71, 91]. These studies have utilized a variety of out-
come parameters, including measures of skeletal muscle and cardiac function. None
of these trials have assessed respiratory function in treated dogs. In anticipation of
assessing respiratory function in GRMD preclinical trials, we assessed arterial
blood gas values, tidal breathing spirometry, and respiratory inductance plethys-
mography (RIP) in a group of age-matched adult affected and carrier dogs [79].
Partial pressure of carbon dioxide and bicarbonate concentration were higher in
GRMD dogs but within reference ranges. Notably, GRMD dogs had markedly
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Fig.12.3 Canine gait analysis. Top panel: screenshot of spatiotemporal measures such as velocity,
stride length, and stance percentage. Step length, stance time, and stance percentage can be ana-
lyzed. Stride length is defined as the distance between heel strike to heel strike of the same paw.
Step length is the distance between the heel strikes of opposing paws. Stance time is the amount of
time a paw spends on the ground during a walk. Stance percentage indicates what fraction of a gait
cycle is spent in stance. Bottom panel: screenshot of retroreflective markers used to identify range-
of-motion excursion of the hock and stifle joints during walking gait

higher tidal breathing peak expiratory flows, and most had abnormal abdominal
motion. It will now be important to extend these studies to younger GRMD dogs, in
keeping with the treatment paradigm used to assess ambulation. A separate ex vivo
study of GRMD respiratory function, done in collaboration with the Stedman labo-
ratory at the University of Pennsylvania, suggested that the increased expiratory
flows likely occur through diaphragmatic remodeling to increase tidal volume (a
phenomenon called post-expiratory recoil) [92].

12.4.3 XLMTM Phenotype

Labrador retriever puppies with XLMTM may be somewhat stunted and display
subtle muscle atrophy and pelvic limb weakness as early as 7 weeks of age [28, 29].
Patellar hyporeflexia, dysphagia, dropped jaw, and a hoarse bark appear over time.
Unlike the GRMD model, little variation in the phenotype of XLMTM dogs has
been noted in the research setting, despite detailed physiological and clinical obser-
vations in~20 affected dogs since 2009 (Childers et al., unpublished observations,
[93]). Moreover, the disease onset is more rapid than in GRMD and universally
results in markedly progressive weakness and muscle atrophy leading to loss of
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ambulation, necessitating euthanasia by 4-6 months of age. Returning to the age-
equivalency paradigm used for GRMD and DMD [58] and assuming a parallel
between the first 3 months of a Labrador retriever’s life and first 5 years of a human’s,
the 4—6-month course of XLMTM in Labradors is somewhat delayed compared to
the progression of XLMTM in humans over a matter of days to weeks [56].

12.4.4 Biomarkers in XLMTM
12.4.4.1 In Vivo Pelvic Limb Muscle Physiology

Using the same system discussed above to measure tibiotarsal joint torque in
GRMD, torque generated by XLMTM dogs at 10 weeks is~40 % lower than nor-
mal. By 18 weeks of age, torque generated by affected dogs is only ~15 % of that of
wild-type dogs [94].

12.4.4.2 Eccentric Contractions in XLMTM

In contrast to the progressive force drop observed in GRMD limb muscles subjected
to repeated eccentric contractions (Fig. 12.2), XLMTM dogs display a progressive
increase (summation) in the isometric phase (Fig. 12.4). Recent findings [94] indicate
that despite a progressive increase during repeated contractions, maximum isometric
torque never exceeds values observed in normal controls or carriers. These data also
provide insight into the underlying pathophysiology of XLMTM. Mutant dogs gener-
ate a gradual increase in isometric torque during a series of eccentric contractions
until activations cease. Following a brief rest, the next activation of eccentric contrac-
tions begins at a lower initial torque (Fig. 12.4). The pronounced torque increase fol-
lowing repeated stretch activations in XLMTM dogs is in keeping with findings in
ryanodine receptor (RyR1) mutant mice [95]. Both MTM 1 mutant dogs and MTM1
mutant mice display similar increased force summation with repetitive nerve stimula-
tion in vivo. While the precise molecular mechanism responsible for these observa-
tions is unknown, a defect in the physiological process of converting an electrical
stimulus to a mechanical response [known as excitation-contraction (E-C) coupling]
likely accounts for these findings in the XLMTM dog. Affected dogs also exhibit
right-shifted torque-frequency responses compared to those of the normal and carrier
dogs, along with a gradual increase in torque during a series of eccentric contractions,
indicating an E-C coupling impairment as a key feature in this mutant animal model.

12.4.4.3 Respiratory Assessment in XLMTM

Because of the dominant role that pulmonary dysfunction plays in human XLMTM
patients, particular attention has been paid to assessment of respiratory indices [57,
96]. Affected dogs demonstrate paradoxical breathing at~10 weeks and, when
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Fig. 12.4 Myotubularin-deficient muscles display abnormally low isometric torque that increases
with repeated eccentric contractions. Isometric torque was measured immediately before and after
a forced stretch was applied in contracting muscles in XLMTM dogs. The graph displays a gradual
increase in maximum isometric torque (Y-axis) in affected XLMTM (n=3), but not normal (n=6)
or carrier (n=5) dogs. Note: torque responses are normalized to body mass (n-m/kg) (Modified
from Grange et al. [94])

compared to wild-type dogs on serial measurements, have reduced inspiratory and
expiratory flow rates before and after dosing with doxapram, a centrally acting respi-
ratory stimulant [96]. Reduced inspiratory flow rates suggest involvement of the dia-
phragm. Using ultrasonography, images of the diaphragm were acquired from normal
and affected XLMTM dogs and a single affected XLMTM dog that received sys-
temic AAVS-MTM1 gene replacement [97]. Quantitative parameters of diaphragm
structure were different among the animals. The normal diaphragm appeared thicker
and less echogenic than the XLMTM one, whereas the diaphragm measurements of
the MTM I-treated XLMTM diaphragm were comparable to those of the normal dia-
phragm. These findings suggest that thickness and echodensity reflect a functional
response to MTM1 gene replacement in MTM I-mutant diaphragm muscle and align
with findings of increased peak inspiratory flow after gene replacement therapy.

12.4.4.4 Gait Assessment in XLMTM

Using the same video-based motion-capture analysis described above, gait was
assessed in a small cohort of XLMTM, carrier, and normal dogs [98]. In addition to
motion capture, an instrumented carpet [99] was used to assess walking gait.
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Instrumented carpets with imbedded sensors allow investigators to measure spatio-
temporal gait characteristics. Customized software is available for quick readouts of
parameters such as overall speed of gait, step length, step width, and stride length
(Fig. 12.3, upper panel). However, spatiotemporal data alone do not capture pos-
tural changes or range-of-motion (ROM) excursion; kinematic (motion-capture)
analysis is required to assess these parameters.

Unlike GRMD, XLMTM dogs appear to maintain relatively normal joint range
of motion, but walk slower than normal with shorter stilted strides. These differ-
ences become greater over time, suggesting that slowing of walking gait generally
correlates with progressive limb weakness. Similar to the GRMD model, data indi-
cate that weakness in XLMTM dogs causes a measureable impact on walking speed.
The reduced speed seen in affected dogs appears to be characterized by shorter steps
and a longer stance phase. Video analysis of step length and speed and stride length
can readily distinguish between groups and are sensitive to change over time. As
opposed to the GRMD model, angular kinematic data (changes in joint angles mea-
sured by video capture) do not easily distinguish differences between XLMTM and
normal dogs, suggesting that joint angle measurements are not practical as outcome
measures. Alternatively, spatiotemporal data captured by instrumented carpets are
useful in assessing variables such as speed and stride length.

12.4.5 XLMTM Preclinical Trials

Systemic treatment of XLMTM dogs with an AAV8-MTMI1 construct at 9 weeks of
age normalized tibiotarsal joint torque and peak inspiratory flow rates 6-7 weeks
after infusion [93]. Moreover, all treated dogs remained ambulatory until the study
was terminated 1 year or longer after treatment, well beyond the age of 18 weeks
when untreated XLMTM dogs can no longer walk. Two systemically treated male
dogs remain in the XLMTM colony and have successfully bred to carrier females
producing several litters of dogs, indicating the sustainability of gene replacement
therapy.

12.5 Conclusions

Inherited myopathies cause debilitating limb weakness and respiratory dysfunction
in affected humans. Animal models provide platforms to study underlying disease
mechanisms and test potential therapies. The clinical courses of spontaneous canine
conditions, such as GRMD and XLMTM, largely parallel those of homologous
human diseases. This homology makes these canine myopathies particularly attrac-
tive models for studying their human counterparts. In the context of preclinical tri-
als, particular attention must be paid to onset and progression of the canine diseases.
While GRMD progresses over a relatively protracted period, the XLMTM
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syndrome has a much more rapid clinical course. Studies in both GRMD and
XLMTM have already provided insight on the efficacy of treatments intended for
human patients and hold great promise for future investigations.
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