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ABSTRACT

Cerebral palsy is a heterogeneous group of movement disorders which may
worsen over time despite being caused by a static trauma to the developing brain.
Spasticity develops in about 80 % of CP cases and is associated with alterations in
muscle structuregverall stiffness within and around muscle fibers, as well as bone
deformities. To provide patients with long term relief, surgical approaches to correct
alterations in gait or bone structure are typically employed to alter the length or
location of spasti muscles. While initially effective, surgical results can be temporary
and studies have shown that recurrence to theymgcal state develops in about 40%
of hip-related surgeries. A possible explanation for the high rate of recurrence is that
surgerydoes not address the underlying pathology associated with spastic muscle.
Such pathologies can include increased EXeMted stiffness, contracture of the
muscle, and altered sarcomere lengths, all of which may be associated with alterations
in CP muscle gpwth and repair. Recent studies suggest that muscle in patients with
CP lacks regenerative capacity, and a potential cause may be alterations in the activity
of muscle satellite cells. Additionally, as multiple pathways which alter satellite cell
activity have ties to metabolism, reduced ability to maintain the satellite cell pool may
be the result of altered nutritional metabolism that is often associated with a diagnosis
of CP. The regenerative behavior of muscle satellite cells, which are responsible fo
reparative myogenesis, is an area of research that has received much attention. It has
been recently reported that CP muscle contains about 50% fewer satellite cells

compared to control muscle, and researchers have suggested that this reduction in the

XV



sdaellite cell reserve may explain deficient muscle repair and contracture in CP.
Currently, the reasons for reduced myosatellite cell numbers in CP is not known.
Present studies were undertaken to evaluate if extrinsic differences between CP and
control sagllite cells are associated with reduced abilities to form muscle or to
replenish the satellite cell pool. To determine if CP satellite cells have reduced
abilities to form muscle or setenew, control and CP satellite cell proliferation, self
renewal, ad myogenic fusion were comparadder basic culture conditions (tissue
culture plastic) and on substrates of increasing stiffiesaunofluorescence assays
were performed on satellizell derived myoblasts isolated from skeletal muscle
biopsies of patiets with CP and controls. Cells were grown and differentiated on
biomimetic substrates of two different physiological stiffnesses and compared with
cells grown on standard tissue culture polystyrene and substratied tissue culture
polystyrene. Resultsdicated that, while control satellite cells proliferated about 20%
faster than CP satellite cells (p<0.001 at 24 hours of culfuiedn indices were

similar after 7 days of differentiation. Upon examining the effects of substrate stiffness
onselfrenaval, data showed that control satellite cells maintained a significantly
higher proportion of Pax7 expressing cells on softer substrates (3.5 and 12 kPa vs LN
coated TCPS, p<0.05) both during the early proliferative phase of growth, (at 24 hours
of culturg and at 7 days post induction of differentiation (p<0.001). No stiffness
dependent significant effects were seen in CP satellite cells for proliferation rate, self
renewal, or myogenic fusiandex Further research is needed to elucidate if

alterations ist in their machinery responsible for mechasmsory activation.
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Chapter 1

INTRODUCTION

1.1 Definition and Causes of Cerebral Palsy

Cerebral palsy (CPjs defined as

agroup of permanent disorders of the development of movement and
posture, causing activity limiti@n, that are attributed to nen

progressive disturbances that occurred in the developing fetal or infant
brain

and has been identified as one of the most prevalent simpyp@irments among
children(1-3) Despite the brain disorder being Rprogressive, the peripheral affec
that occur secondary to the neuropathology often worsen ove(4jme€ertain risk
factors increase the chances that a neonate evdidgnosed with CP. Studies have
shown incidence and risk to the neonate drastically increases with decreasing
gestational weight, GW and gestational age, GA (typically developing GW-= 500
1500g and GA < 284 weeks)5) In addition, infants with low GW, GA, and low

GW for GA are at higher risk of whitmatter damage to the brain, known as
periventricular leukomalacia or PVL, a type of what matter damage to the brain that is
found in about 60% of alLP case$5, 6) Interestingly, although MRI evidence of

PVL can indicate thad neonate will develop motor deficits, brain imaging may not be
a reliable indicator of CP. Approximately 40% of CP cases show no evidence of
PVL.(7) One study has shown that some cases of PVL are not associated with a
diagnosis of CP. In this repataluating long term outcomes of 89 children with

PVL, it wasfound that mild cases of PVLexe associated with normal motor function



in 50% of participants, with a lower percentobildren showing evidence of
moderatesevere PVL (26%) bugxhibitednormal motor functior§8) These findings
underscore one of the greatest challenges facing patients with CP, namely that the
diaghosis may be assigned long past the optimum window for treatr@entmon
contributors to PVL obrain traumanduced CP, are inflammation (prolonged or

static), hypoxia, ischemia, and maternal or fetal infedt®shl) Additionally, brain
abnormalities associated with a diagnosis of CP may be due to genetic mutations,
dysregulated metabolism or other unknown ca(k2s13 Despite the vast medical
advances and improvements in prenatal care, the overall prevalence of CP still ranges
from about 3.3 per 1000 live births and has not significantly changed oveildme.

15) One of the greatest cl@hges to patients with CP is that the diagnosis coaye

long after birth Infants may not show signs of moiarpairment until they begin
exploring mobility. Such late diagnoses are not uncommon and result in the initiation
of treatment long past th@tmal window forneuremotor maturatiorf16, 17

Research should be targeteddentify ways to diagnose and treat the musculoskeletal

pathology so that patients have an improved-@mmmn outcomes.

1.2 Classification of Cerebral Palsy

The clinical <c¢classification of CP is
the degree and location of affect, and muscle tone. The severity of musculoskeletal
affect can range from weakness to paralysis, and the areas involved can extend from a
side ofthe body, the upper or lower half only, to the entire body. Muscle tone refers to
tension maintained when muscles are relaxed or passively stretched and differs from
spasticity in that the resistance to passive stretch in spagsoigiocity dependent.

Alterations in muscle tone may occur independently of or as a result of spg&8eity.
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20) Based on muscle tone and other peripheral affects, CP can be classified as spastic,
ataxic, or dyskineti€2, 21, 22 Patients with ataxia or dyskinetic cerebral palsy may
present with less severe cognitive symptoms, but thegrexqee loss of coordination
or control, and involuntary uncontrollable, erratic movements respec{Religure
1.1 provides a brief summary of the areas of brain injury that are associated with
different classes of cerebral palsy, as well as the corresponding symptoms that may
manifest(22) Spastic cerebral palsy is the mpstvalent and represents the target
patient group of this investigation. Patients with spastic CP commeghliit an
overall muscle tightness (hypertonicity), involuntary and sometimes painful spasms,
and in some cases, bony deformities that may leattemations in gaifl, 2, 23

The degree of musculoskeletal affect in CP is often assessed by evaluating the
patientsd6 ease of mobility. One assessment
System, in which patients are evaluated and assigned a GMF(@S stloe GMFCS
scores are of ordinal measure ranging from; 1, representing the lowest level of affect
and the patient can walk without support, to 5, indicating the most severe motor
impairment where the patient requires assistance for all life Asksgure 1.2 below

provides approximate visual descriptors for each GMFCH lev



MOTORTYPES

SPASTIC: 80-90%.
Most common form.
Muscles appear stiff
and tight. Arises from
Motor Cortex damage.

P "N 3,, DYSKINETIC: 6%.

‘ 2\ Characterised by involuntary
. movements such as dystonia,
athetosis and/or chorea.
Arises from damage to

the Basal Ganglia.

/./ 4 MIXED TYPES:

2 ) A number of children with

/ CP will have two motor

// types present e.g. spasticity
7 and dystonia.

ATAXIC: 5%~
Characterised by shaky movements. Affects balance and sense of
positioning in space. Arises from Cerebellum damage.

Figure 1.1: Classes of Cerebral Palsy and their Neuronal Origins of Injury.
Spastic cerebral palsy (1) manifests from damage to the motor cortex
and is identified in about 880% of all cases. Less common are Ataxic
CP (2) arising from injury to the cerebellum, and Dyskinetic CP (3),
which is associated with damage to the baaabfa. Figure used with
permission fromWorld Cerebral Palsy Day (201@Jhat is Cerebral
Palsy? worldcpday.org.



GMFCS Level |

Youth walk at home, school, outdoors and in the

community. Youth are able to climb curbs and stairs

without physical assistance or a railing. They perform

gross motor skills such as running and jumping but
speed, balance and coordination are limited.

GMFCS Level Il

Youth walk in most settings but environmental

factors and personal choice influence mobility choices.
At school or work they may require a hand held mobility
device for safety and climb stairs holding onto a
railing. Outdoors and in the community youth may

use wheeled mobility when traveling long distances.

GMFCS Level llI

Youth are capable of walking using a hand-held
mobility device. Youth may climb stairs holding onto
a railing with supervision or assistance. At school they
may self-propel a manual wheelchair or use powered
mobility. Outdoors and in the community youth are
transported in a wheelchair or use powered mobility.

: GMFCS Level IV

Youth use wheeled mobility in most settings.
Physical assistance of 1-2 people is required for
transfers. Indoors, youth may walk short distances

: with physical assistance, use wheeled mobility or

a body support walker when positioned. They may
operate a powered chair, otherwise are transported
: in a manual wheelchair.

: GMFCS Level V

Youth are transported in a manual wheelchair in all
settings. Youth are limited in their ability to maintain
antigravity head and trunk postures and control leg and
arm movements. Self-mobility is severely limited, even
with the use of assistive technology.

GMFCS descriptors: Palisano et al. (1997) Dev Med Child Neurol 39:214-23 Illustrations Version 2 © Bill Reid, Kate Willoughby, Adrienne Harvey and Kerr Graham,
CanChild: www.canchild.ca The Royal Children’s Hospital Melbourne ERC151050

Figure 1.2: lllustrations representative of the musculoskeletal levels in the Gross
Motor Classification System. Cartoon illustrations providena
approximate represeni@a of themotor ability of CP patientsas
classified in the levels of the GMFCS. Patients with more severe motor
affects have higher GMFCS scores (V). (Image use permissions in
appendix B)



1.3 SpasticCerebral Palsy is the Most Prealent

Spastic CP affects approximately-80% of the patient population diagnosed
with CP and causes a variety of muscle patholo@d)s Spasticity typically results
from a lack of communication between the upper and lower motor neurons following
local sesory stimulus. In brief, inhibitory signals from upper motor neurons decrease,
causing increased stimulation of the alphator nerve, excessive contraction, and
hypertonicity of the musclg5) In clinical observationhypertonic muscles exhibit a
Avel ocity dependent resistance to passive
patientds muscl e. Long term, hypertonicit
effects such as muscle contracture/shortening, streteheaseres, reduced muscle
belly size, as well as changes in both muscle and fiber lgf2§29) As a child with
spastic CP grows, the increased tension resulting from the #yasdit lead to
distortions in bone structure, gait abnormalities, and general discomfort. Some of the
most prevalent bone malformations associated with spastic muscle include an altered
curvature of the spine (scoliosis:-6%%)or hip misalignment andfalislocation (hip
subluxation 28%). Incidence for scoliosis increases with increasing age and disease
severity(30-32) Other types of common abnormalities affecting stance, such-as hip
flexion, in-toeing, and crouch gait are more significantly prevalent in the older CP
population (6670%); whereas other gait malformations like equinus, scissoridg, an
out-toeing typically affect younger CP patiel(®3) Because the classification,
severity, and longerm peripheral affects of patient with CP are heterogeneous , a

variety of treatment options are needed.



1.4 Common Types of Treatment

Although CP is considered to be rRdagenerative by definition, tleecondary
musculoskeletal effects associated with CP persist and peripheral symptoms may
worsen over timg34) Methods of care for musculoskeletal abnormalities are diverse
and frequently involve drug treatments, physical therapy, surgery, or a combination of
approaches. Some of the commonly yslealrmacologic agentsm to ameliorate
spasticity or promote muscle relaxation, but are accompanied by a variety of negative
side effects such as dizziness, depression, and other cardiac or gastrointestinal
problems(35, 3§ Oral muscle relaxants are chosen based on the desired outcome and
their specific mechanistic targeté few commonly usedgents and their mechanisms
are briefly described in figure Table 1.1 below. In brief, oral anticonvulsant
medications treat general spasticity; whereas, treatment forsleasticity consists of
chemodenervation theragy7) Chemodenervation therapy with Botulinum Toxin A
injections, can also incur serious side effects to the patient, but offers a longer duration
of muscle relaxation by temporarily causing inhibition of local motarrong38, 39
Although effective, oral and sutermal therapy options provide short term relief of

symptoms and other approaches may provide-tenqg relief.



Tablel.1: Common muscle relaxants used toti@R and their method(sf action.
Drug Mechanism in
Classification Example(s) Brief Effects
At the spinal level
enhances Inhibits presynaptic

Anti -convulsants

Benzodiazepine]

relaxation by

transmission and

(diazepam) | increasing affinity| reduces synaptic
of GABA at reflexes.
GABAA receptors
Prevents muscle
Prevents calcium| contractions (lowerg
release in the frequency of
Dantrolene . .
sarcoplasmic excitation
Anti -Spasticity reticulum. contraction
(Muscle coupling).
Relaxants) Baclofen GABAs receptor Inhibits presynaptic
) reflexes by
(May also be | agonist of sensory .
- i : . sequestration of
administered | fibers in the spina )
. excitatory
intrathecally) cord. .
neurotransmitters.
Prevents
acetylcholine Blocks neuremotor
Botulinum release from transmission
Toxin A presynaptic initiated muscle
Chemodenervation membrane at contraction.
NMJs.

Phenol / Alcohol

Causes targeted
neurolysis of
neuremotor

axons

Axonal transmission
is halted after
degradation.




Less temporary, but more invasive treatment options for treatment of
spasticity in patients with CP are surgical procedures. Surgical procedures are
commonly used to correct gait or bone abnormalities include: soft tissue lengthening,
recession, or trafsr, neurectomies, bone osteotomies, bone fusions, or device
implantations such as the baclofen pump. Such orthopedic procedures provide
temporary symptom relief; however, some effects persist and over time severe muscle
weakness or overcorrection mayuk£40, 41 Unfortunately, many orthopedic
procedures are unable to target those patients with more severe affects or those with
ataxic or athetoid CP. Additionally, some patients, particularly those whoweter
bonecorrective procedures, experience recurrence, or a reversal to the rear pre
surgical state. In a recent study, a significant number of children who underwent
femoral derotation osteotomies, (n=96) experienced recurrence at 5+ years
postoperativly in both hip rotation (40%) and passive range of movement (890p).

A secondary study also evaluated the postoperative status of patients after corrective
hip surgery and found that patients with a higher severity of CP are exceedingly more
prone to experience recurrendd) While there is currently no specific mechanism
identifiedto explain why there is a high incidence of recurrence after-bomective
procedures, pathology in the muscle itself maydsponsibleThus, in order to

prevent surgical recurrenasgveltreatmentsre needed to improvecal muscle

pathology odetr spasticity

1.5 Nutrition and Metabolic Differences Associated with Spastic Muscle
In addition to differences in muscle size, stiffness, and sarcomere structure,
other pathophysiology can affect the function or structure of CP mi4;143

Studies have indicated that patients with CP have altered nutrition and metabolism that



may negatively impact proper utilization of energy. For example, one group identified

a significant difference in theutritional status of children with CP that is correlated

with the level of neuromotor affe@44) Others demonstrated that ambulatory patients

with CP had a significantly higher fiener gy
correlation between the severity of expenditure per task and higher GMFCS

scoreq45, 49 Together, lhese data suggest that patients with CP have increased

metabolic needs, which may not be met in patients with more severe CP, especially if

they are unable to communicate or exhibit proper motor control while self

feeding(47)

Fibertype switching also occurs in CP. The method of filgpe switch that
occurs is often muscle group/location depen@é2t43 Patients with increased
limitations on mobility typically exhibit a fibetype switch promoted by disuse
atrophy that results in an overall shifttire predominance of slewwitch (typel) as
compared to fasiwitch (type2).(49, 50 Concurrently, disuse atrophy may result in a
reduction of local lipidoxidation, with glucose metabolism becoming the main energy
generating pcesq49, 51 Another metabolisanelated finding seen in nen
ambulatory patients with CP, is a high proportion of intramuscular adipose tissue.
While it has not been determined if this increased infiltration of intranhaistat is
the consequence of decreased ambulation, or improper nutrition or metabolism, the
primary effect of this pathology is an overall reduction in the functionalciréne

muscle, with fewer contractile uni{s2, 53
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1.6 Altered ECM and Contractures in Cerebral Palsy

Other contributing factors of muscle pathology in patients with CP are related
to alterations within the local environment surroundimgmuscle. Research to
understand how microenvironments differ in CP muscle, has begun by evaluating
transcription profiles of select muscle groups. Two studies have reported that
hamstring and wrist muscles of CP patients exhibit a significanegyation of
extracellular matrix componen{S0, 59 An excess of ECM within fiber bundles may
contribute to the passive stiffness of the tissue. Figure 1.3 shows an exa@pBle of
muscle with increased infiltration of two ECM constituents, collagen | and
laminin(50) In addition, altered ECM may hinder local signaling and dampen

activation of mechanical or stretohediated signaling pathway&0)
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Control Cerebral Palsy

Collagen |
Cross section

Longitudinal

Cross section

Copyright Journal compilation © 2011 The Physiological Society

Laminin

Longitudinal

Figure 1.3: Certain types of muscle in CP exhibit higher expression of ECM
components. In an assessment of muscle morphology, it was shown that
a significant increase in the expression of collagen (p < 0.05) was seen in
CP muscle. Although not quantified, a distinct increase in expression in
laminin is also seen in CP muscle. (Image wengssions in appendix
B)
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1.7 Satellite Cells and Contracture in CP Muscle.
Studies evaluating the mechanism responsible for muscle contracture have
shown that patients with CP have reduced quantities (approximat&§bGewer),
of myogenic progenitors, dtellite cells) when compared to typically developing (TD)
children(55, 5 These studies suggest that some of the pathology within CP muscle,
may be due to altered skeletal muscle satellite cell numbers or fufETjorsatellite
cells are responsible for growth aregair of muscle, thus, fewer satellite cells may be
indicative of a reduced ability to repair or gravuscleduring development or after
injury. Such evidence implies a mechanism for recurrence in postsurgical outcomes
While surgery may provide an imutiate correctionthe original pathology of the
muscle remains, and will ultimately exert similar forces on the corrected bone.
Satellite celmediated growth and repair of muscle are highly plastic
processes, with multiple pathways of activation amilisgion. Whether the
pathology of CP muscle is the consequence of a reduced quantity of muscle progenitor

cellsor altered sallite cell function, have yet to be fully investigated.

1.8 Satellite Cell Origins

Fluorescent labeling of developing embryas lallowed the origins of satellite
cells to be traced back to early muscle development. During the period of primitive
muscle formation, highly proliferative progenitor cells migrate from the
dermomyotome of the somites, into the developing li(BBs59 Some of the muscle
progenitor cells responsible for building the early myotubes, will express the pro
myogenic regulatory factors Myf5/MyoD, and subsequently Mrf4/Myogenin. These
cells represent the early myoblasts responsible fadekelopment of primary and

secondary muscle fibers. Other Pax3 and 7 expressing progenitor cells that also

13



migrate from the dermomyotome will seénew as a stem cell pool that will

eventually occupy a position under the basal lamina of the developisge

(Figl.4).(60) Pax 3 and Pax 7 belong to the family of paired box transcription factors
that are differentially expressed during developmental and regenerative myogenesis:
with Pax3 playing a primary role in early linflud formation and Pax7 facilitating the
formation of perinatal myogenes(88, 59, 61 Pax7 plays a greater role during
regenerative myogenesis and is the canonical marker for specialized muscle stem

cells.(61-63)

14



Neural tube

Dorsal

Dermomyotome

Lateral

(@8]
P o o\ e
Sclerotome  Syndetome #

Myotome  Notochord
Ventral

Dermamyotome Dermamyotome
Central sheet Hypaxial lips Epaxial lips
PAX7 PAX3\
l / Myotome
+PAX3 Migratory precursors
(myoblasts and MET /

satellite cells) l MYF5

+PAX7 \ MYOD1

(myoblasts and
satellite cells)

Myogenesis

Figure 1.4: Origins of myogenic progenitors and their role in early myogenesi
Satellite cell origins trace back to embryonic myogenesis when Pax7 and
Pax3 progenitor cells migrate from the dermomyotome. Some of these
early progenitors are responsible for the formation of primary myotubes
(axis 13); whereas, select progeniteviich maintain Pax3 and Pax7
expression (axis 1 and 2) will eventually occupy the satellite cell niche in
the mature myotubedModified from: Judith A. Blake, and Melanie R.
Ziman Development 2014;141:73B1, (Image use permissions in
appendix B).
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So-named for their location in the quiescent state, these specialized stem cells
or, satellite cells, reside outside the myofiber but underneath the basal (6#iAs.
a muscle grows and develops, a population of these specialized stem cells will
continue to rgpopulate their niche under the basal lan{B&.69 Throughout
development, the satellite cells are responsible for muscle growth, repair, and
continued maintenance of the resident satellite cell pool. Murine and human studies
have shown that satellite cells lose their-setfewal efficiency over time, and as a
result, the ratio of satellite cell to total myonuclei decrease with age or in certain
pathologieg67, 6§ This decrease in satellite cell quantity may negatively impact the

regenerative ability of muscle and lead to various myopathies.

Symmetric .

] Division W Asymmetric

COMmirted Self Renewal 1 committed
(Myoblast) siid

@ 1lquiescent

Basal lamina Q%W
90O t 0 e

Myofiber
yon Quiescent Satellite Cell

Myonuclei @ @ ©® ©@ @ @ @099

Figure 1.5: Satellite Cell Niche and Pathways of Proliferation.Satellite cells are
named for their location (black arrowgsiding just outside the myofiber
and underneath the basal lamina. In this location they are primed for
activation by chemical or mechanicales that may direct the cell to
proliferate towards a specific fate: (symmetric) producing daughter
myogenieccommitted cells (orange) or seknewing stem cells to
replenish the stem cell population (purple), or both (asymmetric).
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1.9 Identification of Satellite Cells

Satellite cells exhibit heterogeneous expression of surface markers, making in
situ identification ballenging(69, 7Q The surface markers most commonly
referenced are those responsible for vital functioreslbesion and attachment,
activation, and migratiorHg1.5). Expression of some adhesion proteins can be
|l ocation specific, such as 1tgU7bhb1 and
components of the EClindexhibit variable expression during activatiamd
myogenesi§/1-75 M-cadherin, maintains satellite cell adhesion to the myofiber and
is primarily expressed during satellite cell quiescencklai® myoblast fusio(iZ6,
77) Other markers may be found surrounding the satellite cell membrane such as, the
neural cell adhesion molecule, (NCAM) and vascular adhesaacule (VCAML1)
(Fig 1.5).(78, 79 Also commonly used to identify satellite cells are the cMET
receptors responsible for cell activation into the proliferative state. The cMET
receptors are activated in an autocinediated manner upon localease of
hepatocyte growth factor (HGF) from heparin sulfate proteoglycan (HSPF) té30ers.
81) Other surface receptors noted for their role in satellite cell activation are the
Syrdecan3/4 dimer and Notch receptord, The latter being mostly recognized for its
role in promoting the asymmetric division responsible foriewal(82, 83 The
chemokine Gprotein coupled receptor (GCPR), CXCR4, used to facilitate in the
identification of human satellite cedlsmdfunctions in cell motility(84) While not a
surface marker, thcanonical marker of satellite cells is the transcription factor
Pax7(63) Despite the expression of both Pax3 and 7 in the muscle progenitasfcells
fetal and some adult skeletal muscle cells, a murine Pax7 knockout study has shown
Pax3 expressing cells to be incapable of performing the vital role of preventing

terminal differentiation and maintenance of the undifferentiated state, as compared to
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cdls expressing its paralog, Pa¢g3, 85, 86 When identifyingsatellite cells irsitu, it

is advantageous to use antibodies against Pax7 in combination with a surface marker.
A common pair of markers used to identify satellite cells in adult muscle, are Pax7 and
NCAM.(87) While this method proves robust, it can not be used when isolating
satellite cells from fresh tissue digests. In order to label Pax7, both the cell and
nuclear membrane fiato be permeabilized to allow antibodies to reach the nucleus

As thismethodwould kill the cells and render them useless for future culturing
aternative labeling methods must be used to identify satellite cells in a live cell
suspension Alternatively, two surface markers can be used. The highest success
isolating myogenic progenitors expressing Pax7 from tissue extracts is obtained by
using NCAM and CXCR4 surface marke{88-90) Figure 1.5 displays a simplified
diagram of the satellite cethyofiber niche as well as other identifyingarkers used

in the current study.

Basal Lamina ﬂ ltga7P1 W cMET
-

"Nucleus

Wi

VCAM1

Myofiber ' M-Cadherin

Figure 1.6: The Satellite Cell Shown here is a simplified diagram of location
satellite cell and a selection of surface markers commonly used for
identification. Select surface markers shown in red or green are color
matched based on their reported location. Asterisk identifiestsele
markers used in the present study.
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1.10 Myogenesis

Non-pathological muscle has a high regenerative capacity due to its resident
population of muscle progenitor cells. The highly specialized niche of satellite cells
allows for quick activation by both meahical and chemical cu¢dl) Satellite cells
become activated, proliferate, and migrate to the site of injury or hypertrophic growth
and fuse into an existingy new myofiber. A select few return to the quiescent state to
replenish the satellite cell pool. These processes require the organized temporal
expression of multiple transcription factors, whose levels can be influenced by internal
and external factors

The quiescent satellite cells are mai
lack of external cues and by the high expression of inteegalators. These internal
signals function to prevent initiation of the cell cycle with cydégpendent inbitors,
micro RNAsilencing of myogenic transcripts, and altered epigenetic patterns of
myogenic genef3, 92, 93 Activation is typically initated by a disruption in these
inhibitory controls. There are numerous pathways and signaling molecules responsible
for the activation of satellite cells including those released in response to hypertrophy
and ECM remodeling, (HGF and bFGF), following ijwr inflammation (1L-6), or
from endocrine, autocrine, or paracrine signaling (BDNF and 1@198) Satellite
cell activation results in the initiation of signal transduction pathways that promote
transcription of proliferative and myogenic genes.

Like most stem cells, satellite celise capable of two methods of division:
apicobasal (asymmetrical) or planar (symmetrical) orientation (Fig. 1.4). The ability
to perform either type of division is vital to the long term maintenance of the satellite
cell population, as asymmetrical diwias produce one Pa%Myf5~ stem cell

(associated with the basal side) and one Hai#5 ™ differentiation committed
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myoblast (associated with the muscle fiber s{@&) 99, 100 Throughout
proliferation, a balance of Pax7 and two MRFs, Myf5 and MyoD is maintaiviatt
theexpression of pralifferentiation genes, myogenin and Mrf4, is block&dl) Over
time, as myoblasts proliferate, the intracellular concentration of MyoD increases,
which allows it overcome the repressive effects of Péubsequentlytherelease of
prohibitive-methylationfrom pro-differentiation genes, such as myogenin or Myf4
occurs(102) Initiation of myogenin and other MRF expression marks a phase of
terminal differentiation, as the cells begin expression of misgEeific genes and
lose the ability to resrt back to Pax7satellite cells. Following this phase of
differentiation, myoblasts exit the cell cycle, begin to fuse into muitieated
myotubes, and fuse with the mature myofiber (Fig 1.6). Early myotubes and
myofibers are marked by their expressof myogenin and embryonic myosin heavy
chains (MyHCs)103105 By taking advantage of the temporal regulation of
myogenic transcription factors, myogenesis can be observed and interrogated to

uncover potential causes of dysregulation.
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Quiescent or Activated and/or Late Proliferation/ Early Fusion Late Fusion

early Proliferative High confluence
Activation
Pax7* Pax7* Pax7*/ Pax7(cytoplasmic) Pax7"
Myf5 +/- Myf5 * Myf5 */- Myf5”
MyoD* MyoD * MyoD"
Myog/Myf4*/- MyoG/Myf4 * MyoG/Myf4 *

MyHC *

Figure 1.7: Myogenesisand Temporal expression of Transcription Factors The
temporal expression of various transcription factors regulagestages
of satellitecell mediated myogenesis. Early markers identify whether the
satellite cell is quiescent (Pax7+) or activated and proliferative
(Pax7/Myf5*/", and MyoD/). As satellite cells and daughter myoblasts
expand, terminal differentiatiosignaling transcription factors (MyoG
and Mrf4) are upegulated to signal myoblast fusion, and result in the
abrogation of Pax7 expression. Pax7 expression listed-asifeve
indicates that some Pax7 is seen in the cytoplasm as satellite cells
becone committed to differentiation. Early and late fusion is marked by
the expression of myosin heavy chain.
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1.11 Factors affecting Satellite Cell Activity

The process of myogenesis involves an orchestrated signaling process.
Perturbations can affect its sess and result in altered physiology or disease. It has
been demonstrated, for example, that alterations in ECM composition and thickness
can inhibit proper myogenegi$06) In addition, some studies suggest that select in
vitro conditions using cespecific medium or supplementing medium with-cell
specific growth factors,an stimulate transdifferentiation of satellite cells into a-non
myogenic lineag€l07) Sincethe ECM facilitates in transmitting mechanitesed
signals, sequestering of GFs, and remodeling to allow satellite cell migration, altered
ECM can have profound effects. Altered metabolism may impact satellite cell
activation and differentiation sineeany activation pathways are initiated by systemic
and local release of growth factors and cytokines. Research has demonstrated that
exercise mediates the systemic release of satellitactlhiating growth factors such
as IGF and HGF, and local expressbdf other myokines and mitogens like BDNF
and 1L-6.(108

Certain diseases associated with limited mobility or malnutrition are likely to
result in a lower systemic concentaoatiof growth factors that may lead to reduced
satellite cell activation. For example, studies have shown that reduced levelslof IGF
accompany malnutrition and muscle dis(B89-111) IGF-1is an activator of satellite
cell proliferation and differentiation, mediator of musdéated protein synthesis (via
MTOR activation)and a negative regulator of apoptosis, so a reduction i, |G
have profound effects on muscle growtidanaintenancél12) In addition to the
factors listed above, other elements may influence satellite cell activity and the
pathological state of musclélthoughreseach has shed light on epigenetic controls

of satellite cell activity, it remains unclear how these pathways may differ in diseased
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stateq113) Further research is needed to elucidate if the cause behindci@adn
satellite cell quantity is the consequence of aberrant internal programming or an

imbalance of external cues.

1.12 Current Research to Understand Satellite Cell Activity

The invitro behavior of satellite cells has been studied as a model system to
better understand the development of diseased muscle. Such research has proved
difficult; however, as once removed from their highly organized niche, satellite cells
lose many vital contacts responsible for maintaining their-stelhstate. As a result
of the nicheloss, in vitro satellite cells quickly transition to myoblasts, which exhibit a
significant reduction in the ability to sakénew(114, 119 These observations have
prompted investigations into nicliesembling substrates that can mimic the native
satellite c# environment.

Significant research has been focused on promotingessdfval and
expansion of satellite cells for tissue engineering therapies. Early studies using 2D
culture methods and mouse satellite cells reported moderate success with ECM
coaings such as collagens, gelatin, and laminins, as well as entire ECM substitution
matri ces s uc(hl6, 41§ Thike studiesoverk &fective for stem cell
expansion under high serum condigpbut the culture conditions lack the ability to
replicate the complete native environment, especially the local stiffness of muscle.
Systems based on 2D and 3D hydrogel culture of satellite cells, have begun to
elucidate how the biophysical environmesagulates satellite cell activity. Studies
have assessed sedfnewal and functional contractility when satellite cells are cultured
on substrates of native stiffness and-edhesion ligand concentrati¢hl8, 119

One group was able to demonstrate that satellite cell engraftment potential is
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significantly increased when satellite cells were cultured on substrates of physiological
stiffness (~12kPa) prior to transplantatid@20 These results indicate that tissue
engineering could be used to improve the regenerative potential of pathological

muscle.

1.13 Advantages of Hydrogel Culture

The engraftment of engineered tissue or encapsulation of growth factors and
antrinflammatory cell types has become a focus of research for those seeking ways to
improve postsurgical outcomegl21) Engineered substrates have shown great
promise in promoting efficient expansion and viability of long term tissue
culture(122 One group of substrates provisgccessful in such tissue culture
engineering are hydrogels. One of the primary features of hydrogel materials is their
high degree obiocompatibility. Poly (ethylene glycol) (PEG) based hydrogels, are
commonly used in culture as they have a longhysbf demonstrating
biocompatibility through lack of immunological host respor(d28, 124 In addition,
PEG hydrogels are favored due to their ease of manipuldi&ih The manipulative
advantage of using PEGs is that they are highly tunable; simply adjusting their
stoichiometric ratios results in changes in stiffness that can be-tyneddown(126)
Thirdly, PEGscan reactviadé c |-d lcekmi s t -finking mechamisnthat
facilitates the rapid formation of a porous netwpvkhichmodels tissue and ECM
structure. Additionally, the loose, porous networks promote conditions favorable to
cell encapsulation ar@D culture(127, 128 An example of the typical PEG
components used in our lab as well as the formation chemistry can be Begiren
1.8 Another advantage of using PEG hydrogel sysisrtigat their chemistry is

amenable to pr&unctionalization of adhesion ligan@s29
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Adhesion ligands are proteins and peptides typically found in the niche or
surrounding ECM of the cell. Common constituents include fibronectin, collagens,
and lamining130) Selecting the appropriate adhesion peptide for a specific cell type
increases the chanceaththe cellxan retain their nativehenotype and remain
attached to the PEG substratg®5 One celtbinding site commonly employed is the
tri-peptide sequence Ai@ly-Asp (RGD). This peptide binds a variety of eslifface
integrins and is comnmby used in hydrogel substrat@is31) Laminins, represent
another prevalent component of ECM and are lghgeoproteinscomposed of a
peptidetrimer of alpha, beta, and gamma subunits. Because eleven different laminin
trimers are formed from combinations of the various subunits, nomenclature follows
an abbreviated form to identify which alpha, beta, and gamma subunit are present.
Forexamplel ami nin Ulbloa would be (Bitten as |
Various laminin isoforms are preferentially expressed throughout the body, such as
Laminins 211 and 521, which are commonly found in skeletal muscle. Alternatively,
laminins 411 and 421 are wpguhted in the ECM of endothelial cel(d.33)

Laminins 211 and 521 have recently been used in hgtifognulation when
developing scaffolds for Satellite ce(532, 133 In these studies, it was shown that
Laminin 521 coatings are able to maintain satellite cell differentiation {altafter
long term expansio(l35 Such findings provide promising implitans for future

clinical applications and translational medicine.
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Figure 1.8: Reaction chemistry of two commonly used PEGs4-ARM PEG
maleimide and 4ARM PEG thiol react via Michael addition chemistry.
The specific structure of each PEG component promogefotmation of
a porous meshke structure.
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1.14 Summary and Hypotheses

Combined, these data suggest that satellite cell activity is carefully regulated
by its local environment in addition to other systemic signaling mechanisms. If this
balance is alteredt, is likely that the ability of satellite cells to repair and maintain
muscle will be affected and, further, that a reduction in the satellite cell pool may be a
cause of muscle pathology in disease states. Research into metabolic and mechanical
pathways that regulate satellite cell activity suggests causes for a reduced reserve
population of satellite cells in patients with CP; however, whether the reduced fraction
of muscle progenitors in CP is the cause or effect of muscle pathology, has yet to be
thoroughly evaluated. The proposed research seeks to elucidate if the reduced
satellite cell quantity in patients with CP is the result of alterations of internal
pathways, or if the stiffness of the local environment reduces activation potential.

To evalate if the muscle pathology in patients with CP could be attributed to
altered internal pathways controlling satellite cell activityjll test the hypothesis
that Cultured satellite cells from patients with CP exhibit reduced proliferation,
myogenic ptential, and selfenewal compared to controsnd alternatively, atellite
cells from both CP and control patients will exhibit reduced proliferation, myogenic
potential, and selfenewal on stiffer substratego test thesbypothesed, havetwo
specfic aims:

1. Evaluate the selfenewal and myogenic potential of CP and control satellite
cells in vitrousing standard tissue culture conditions
2. Determine the effects of hydrogel substrate stiffness on:
a) Proliferation rate ofatellite cells
b) Myogenic potenal.

c) Maintenance of theatellite cellpool.
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Chapter 2
METHODS

2.1 Patient Enroliment

Patients with a diagnosis of cerebral palsy,-nearomuscular idiopathic
scoliosis, or other types of nareuromuscular diagnoses requiring surgery were
approached with study infoation about the Nemours Biobank. After IRB approved
consent, assent (patients agek37, or informed consent (patients ages 18 and older)
when applicable, patients were enrolled in the Nemours Biobank (IRB documents
Appendix B.7). Research procedurestfee collection of tissue samples in the form
of blood, muscle, or epidermis, were performed by the operating room staff. During
the placement of the 1V, the nurse anesthetist would draw 2 mL of blood into a red and
purple topvacutaine(BD BiosciencesNew Jersey: 367812 and 367835). Skeletal
muscle samples were either biopsied for the research protocol, or collected as remnant
tissue at the end of the procedure. Skeletal muscle samples were stored under sterile
conditions in saline saturated telfanj@&rican Surgical Company, Salem, MA, #B®)
for immediate transport or stored on wet ice until retrieved by the biobank coordinator.
All skeletal muscle samples were snap frozen in liquid nitrogen chilled isopentane and

stored at80°C for future use.

2.2 Evaluating Satellite Cell Content in Skeletal Muscle

Skeletal muscle biopsies previously obtained from patients during surgery,
were sectioned with a cryostat to a thickness e2Q@m, adhered to standard 25 mm
X 75 mm glass slides (Siga#edrich, St Louis, MO, S9802), and stored-&d°C
(methods perfornieby Nemours Histotechnology Core). Frozen slides were quickly

retrieved and placed in a slide incubation chamber (Sijidiach, St Louis, MO,
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40082) with 10 mL of 2% paraformaldehyde (PFA, Electron Microscopy Sciences,
Hatfield, PA, prepared with Dulbeco 6 s phosphat-BBSlpH7.3,er sal i n
Corning) for 5 minutes at room temperature. PFA was then exchanged for 0.1%
Triton x-100 (SigmaAldrich, St Louis, MO), allowed to incubate for 15 minutes,
followed by 3, 5 minute rinses with the standardeisslution (DPBS, pH 7.3) and
blocked for 30 minutes with 3% Bovine Serum Albumin (BSA, Sighidrich, St

Louis, MO), all at room temperature. After removing the BSA, slides were incubated
overnight at 4°C, with mouse aitex7 (5 pg/mLPAX7 was deposid to the DSHB

by KawakamiA., DSHB Hybridoma Product PAX7, lowa City, IA) and rabbit anti
NCAM (2.5 ng/mL, Millipore, Billerica, MA). Slides were rinsed for 3, 5 minute
cycesofBPBS and then incubated overnight at 4
clond Alexa Fluor IgG secondary antibodies (Goat Amtbuse555 and Goafnti-
rabbit488(Thermo Fisher Scientific, Philadelphia, P&t a dilution of 1:500, and
Hoechst33258 (Thermo Fisher Scientific, Philadelphia, PA) at 1:2000 (0.12 pg/mL)
Images wer¢aken using Image Pro software (v6, Media CyberneRogkville MD)

onan Olympus BX60 wide field microscope, fitted with &wolution Quid

monochrome 1-bit (1360x1036 pixels) digital cameaa well as sedat quad filters
(Chroma, Bellows Falls, VT) amgdichromatic mirror arrangement to prevent
fluorescence signailrossover between channels total of 5 randomly distributed

images were taken for each stained patient/sample, and the total nuclei, Pax7 positive
nuclei, NCAM positive nuclei, both Pax7 aN€CAM positive nuclei, and total nuclei

were recorded for each image. For each patient sample evaluated, the stain or
combination of stains were averaged to determine the percentage of satellite cells,

defined as nuclei positive for all three stains, ab agthose nuclei that were Pax7
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INCAM™. A second Pax7 antibody was evaluated for future immunofluorescence

assays where a mouse clone could not be #sgdA.4).

2.3 Tissue Culture Maintenance

All culture maintenance and experimentsps were perfornteunder sterile,
biosafety level 2 conditions in a laminar flow biosafety cabinet, in which all surfaces
and necessary materials were-pterilized with 70% ethanol prior to use. Culture
experiments utilized 7 (CP = 3, Control = 4) cell lines of cryaaresd human
skeletal muscle satellite cells, from previously isolated erector spinae muscle biopsies,
obtained after IRB approved consent, during posterior spinal fusion surgery. (Isolation
methods previously performed, see appendix B). Satellite cefstivawed using a
rapidthaw method by which cell vials were placed in &3airculating water bath for
60 seconds, followed by trituration and suspension in warm proliferation medium
(PM, Zenbio Skeletal Muscle Growth Medium, Triangle Park,Nplemated to a
final concentration of 20% Qualified FBS, (Thermo Fisher Scientific, Philadelphia,
PA), 4 g/L of D Glucose,(Thermo Fisher Scientifihiladelphia, PA) 1 ng/mL of Hu
bFGF, (Pepro Tech, Rocky Hill, NJ), and 1% Peniciilneptomycin, (Thermo Figin
Scientific, Philadelphia, PA) and then subsequent centrifugation for five minutes at
300 x g to pellet cells. DMSO containing medium was removed by aspiration and the
cell pellet was resuspended in PM. Rauspended satellite cells were plated on
gelatin coated 75chtissue culture flasks (BD Biosciences, Bedford, MA, 356488),
with a small aliquot of suspension reserved for immunofluorescent (IF) quantification
of Pax7 expression. Cell lines were excluded if they did not possess greater than 80%
Pax7positive nuclei. Satellite cells were placed in &3AEPAFiltered incubator

and maintained at 5% C@uring initial expansion and all future experiments.
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Twenty-four hours post seedinghnedium was changed to remove any-adherent

cells. Cells reseed for Pax7 assessment were fixed and stained. Culture medium
was then changed every other day until cells reached approximatéffe0
confluence and were ready to be used for 2D culture experiments. During this
expansion period, materials were pregbfor 2D hydrogel experiments (see 2.4 for

hydrogel methods).

2.4 Standard Hydrogel Preparation for 2D Culture

Maleimide and Thicfunctionalized poly(ethylene glycol) (PEG, 4 arm,
10,000 g/mol, Jenkem Technology, Plano, T>arth PEG Maleimide
(pentaerythitol) MW 10000 and 4arm PEG Thiol (pentaerythritol), MW 10000) were
used as the main hydrogel components for 2D culture. PEG vials were st@@tCat
and brought to room temperature in a glass desiccator for at least 30 minutes prior to
use. Concurrdly, frozen aliquots of adhesion ligands and-gtexile filtered citrate
buffers at pH 6.4 and 3.2 (Table AR,gmaAldrich, Saint Louis, MQ, were thawed at
4°C. Once thawed, desired amounts of each PEG component were aliquoted and
stored in sterile mro-centrifuge tubes (Thermo Fisher Scientific, St. Louis, MO). To
ensure high accuracy, PEGs were weighed using a +bétamce (Mettler Toledo,
Columbus, OH) and mass was recorded to the nearest 0.01mg. Actual weighed
amounts of each PEG were loggatbia spreadsheet to determine the volume needed
to dissolve each PEG by its respective solvent. All subsequent steps were performed
under sterile conditions unless noted. Stock comatonhs of 0.1mg/mL Ln 521
(BioLamina, Stockholm, Sweden) were stefileered using 0.2 um, 0.5 mL
Ultrafree®-MC centrifugal filter units (Millipore, Billerica, MA, UFC30GV25) and

then diluted to a final concentration of 0.05 mg/mL witfPBS containing calcium
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and magnesium (Thermo Fisher ScientiRbjladelphia, PA).Citrate buffers of pH

6.4 and 3.2 were used to dissolve PE& and PEGSH respectively. Upon the
addition of each solvent, polypropylene mi@entrifuge tubes (Thermo Fisher
Scientific, Philadelphia PA, 080224B) containing the prdissolved mixture wre
capped, inverted multiple times, vortexed briefly, and allowed to rest for 5 minutes
before aliquots were quickly spilown and removed to prepare each hydrogel
mixture. Vortex and microfuge used were located outside of the laminar flow hood,
and micrecentrifuge tubes were sterilized with 70% EtOH prior to returning to the
culture hood. Specific amounts of each PEG mixture were combined in a micro
centrifuge tube, so that three aliquots of equal gel volume, could be dispensed into
consecutive culturerells. Gels were allowed to rest in the tissue culture hood for 10
minutes before beinglaced in a 37°C incubator for 1 hour to allow the crosslinking
reaction to complete. Plates were then removed from the incubator, and gel swelling
with buffer exchang was carried out with 3 washes of 2x gel volume -6fE5, pH

7.3 containing calcium and magnesium that wasy@ened for 15 minutes in a 37°C
water bath. The final buffer exchange was followed with an overnight incubation in

PM at 4°C.

2.5 Optimizing Hydr ogels for Cell Attachment

Experiments to evaluate the suitability of different adhesion ligands were
carried out on a 4 wt% PEMal-SH hydrogel, prepared as described above. In three
different experiments, laminin isoforms in conjunction with or withtbetaddition of
a synthetic RGD peptide (5mg/mL stock, synthesized by R.Scott, PhD, see appendix
B.1) were performed to determine the conditions for optimum cell adhesion. In these

experiments, 5,000 cells were seeded onto-aébplate containing theels as
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described below, as well as TCPS control, and visually monitored#ateys. Cell
attachment was visually assessed using a lieweated microscope with Hoffman
modulation contrast at 10x magnificatiireica, Buffalo Grove, IL). Three differén
isoforms of laminin, mouse laminin 111 (mLN111, Corning New Your,3$%233,
human laminirR11, and human laminin 521 (Biaimina, LN21102 and LN52102),
were independently assessed. Laminins were combined witAiMREE@rior to
addition of PEGSH. The first experiment tested different combinations of 1 or 0 uM
ML111 with 0 or 0.5 mM GRGD-SPC. Maintenance of cell adhesionswhen
evaluated for two human laminins, LN211 and LN521. Gels in this experiment
contained 1 uM of each laminin, individually, and our$ahndard concentration of
G-RGD-SPC (1 mM).

The LN521 was then tested at concentrations of 1, 10 and 20 pM, whil
keeping the RGD concentration at 1 mM. Images were captured with the Leica
inverted microscope with Hoffmavl odulationContrast at 10x magnificatiofheica)
and the Evo&L Cell Imaging System,Tlhhermo Fisher Scientific, Philadelphia, PA
Cell titer bue assay was used to indirectly compare cell growth rate between the
different concentrations of LI821 used. All subsequent hydrogel experiments were
carried out with final concentrations of 20 uM LN521 and 1 mNRGD-SPC Fig
2.0).
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PEG Gel Components Final Gel Structure

4 ARM- PEG- Malemide
Pre-functionalized with LN 521
and RGD ligands.

G-RGD-SPC
Michael Addition

LN-521 (nucleophilic attack)

4 ARM- PEG- Thiol

b

Figure 2.1 A cartoon schenatic of the final PEG hydrogel formulation and
mechanism G-RGD-SPC and N 521were prdunctionalized to PEG
Maleimide prior to addition to PEGhiol component. PEG hydrogels
form polymers via a Michael addition reaction by which a nucleophile on
one armof maleimide attacks of the thiol arm, or is functionalized to an
adhesion ligand.
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2.6 Selecting Hydrogel Stiffness

The preparation of hydrogels with weight percents of 3.5, 4, 5, and 6, were
gualitatively assessed for mid to long term cell attachmentjaadtitatively for
stiffness. Gels prepared for rheology assessment of stiffness, were made in triplicate,
15 uL aliquots and allowed to crosslink in a cylindrical maliduheter = 4.6 mm,
thickness = 1.8 mntp ensure fixed shape. Gels for rheology weepared using the
standard procedure listed above, with the following modifications: molds were sealed
with Parafilm® during thd.0-minuteresting period, and then gels were washed with
approximately 2 mL of buffer Ted subsequer
mechanical properties of the hydrogels were studied using bulk oscillatory rheology
(ARG-2, TA instrunents, New Castle, DEJ.he equilibrium swollen moduli of the
hydrogels was determined using arBth diameter stainless steel, parallel plate
geomety under the linear viscoelastic regime (2% constant strain and 2 rad/s angular
frequency). A normal force of 0.2 N was applied to prevent slipping during
measurement. The shear modul us (GNj) was me
modulus (elastic modulus, Bying the formulaE=2G( + 3) wi th Poi sson
=0.5(136) The gel weight percents corresponding to 4 kPa and 12 kPa (3.5 and 5
wt%) were selected for experiments.

An assessment of cell attachment was performed witbetleeted ligands and
weight percents to validate final hydrogel selection. Cells were seeded at 8,000 cells
per cnt in a 96 well plate and allowed to proliferate for 5 days. Phase contrast images
to record qualitative data were taken on the Laigarted microscope with Hoffman

modulation contrast at 10x magnificatifireica)
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2.7 Hydrogel Preparation for 2D Culture Experiments

Proliferation and differentiation assays were completed in 96 (proliferation)
and 24well (differentiation) formats, requiring 70 a@d0 pL of gel, respectively.
After cell lines had been thawed and assessed for Pax7 expression, 3.5 and 5 wt%
PEGMal-SH hydrogels were prepared, as described above, with a final concentration
of 20 uM LN521 and 1 mM €RGD-SPC. In short: 3.5 wt% gels veemade first,
followed by the 5 wt% gels, all rested at room temperature for 10 minutes, incubated
at 37e¢eC for one hour, and fiPBSacontapingswel | ed
calcium and magnesium at 37°C. The final rinse was applied with PNhiaeed t
empty wells in each plate were coated with 70 pL (for-av@8 plate) or 240 pL (for
a 24 well plate) of coatingN521 (coating concentration of 5ug/mL). Plates were
sealed with 70% EtOH sterilized Parafilm® and placed at 4°C overnight. Laminin
coaing solutions were removed and wells were washed one time with warm PM prior
to the addition of cells. Each cell line was plated in its own 96 or 24 well plate,
containing a triplicate set up of 3.5 and 5 wt% gels, LN&R4ted plastic, and

uncoated plast.

2.8 Experimental Setup for Proliferation and Differentiation Assays

Proliferating cells cultured on gelatin coated T75s were first washed with
warm DPBS, pH 7.3, and then detached with 2 mL ofwaemed 0.25% Trypsin
EDTA (SigmaAldrich, Saint Louis, MQ for 5 minutes at 3€. Approximately 6 mL
of warm PM was used to wash the trypsonized cells and the suspension was gently
triturated 57 times for even cell distribution. Cells were then centrifuged for five
minutes at 300 x g to pellet cells, anesuspended in fresh, warm medium. Cells

were counted using a Neubauer hemocytometer using trypan blue (Thermo Fisher
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Scientific, Philadelphia, PA), Cells for the proliferation asgag 2.2A) were seeded

at a density of 3,125 cells per £@000 cells pewell), and allowed to attach for 24
hours. After the4-hourattachment, half of the medium in each well was replaced
with warm EdUmedium for an 8 hour incubation. Clitk® EdU (Thermo Fisher
Scientific, Philadelphia, PA) was diluted inwarm PM atthe nuf act ur er 0 s
recommended concentration (2:1000, or 20uM). Pdsi@ EdU pulse, culture
medium was gently removed for storage2ffC, and cells were fixed and stained for
analysis (See 2.1 for standard fixing protocol). Cell suspension for difsienti
experimentsKig 2.2B) were diluted in half proliferation medium and differentiation
medium (DM, High Glucose DMEM, (Thermo Fisher ScientiRbjladelphia, P}

2% Horse serum;Thermo Fisher Scientific, Philadelphia, P26 Hu Insulin, (Sigma
Aldrich Saint Louis MO), and 1®enicillin-Streptomycin, (Thermo Fisher Scientific,
Philadelphia, PAand seeded at a density of 25,000 cells pér(48)250 cells per
well). Half the culture medium was replaced with DM-pr&rmed to 37°C on days 1
and 3 posseeding, and representative phase contrast images were taken for each
condition. After 7 days in culture, medium was carefully removed and stor2dQt
for potential myokine/growth factor quantification, and cells were fixed and stained

for analysis.
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Dayl: Cells thawed with an
aliquot plated for Pax7 analysis.

— sm=—

At 50-70% confluence,

A cells lifted for experiments B
Proliferation Experiment «— — Differentiation Experiment
96-well:Seeded at 3,125 24-well: Seeded at 25,000

cells/cm? cells/cm?

! !
..‘ 3.5 wt % PEG .'

?tgiﬁeg:, ﬁiﬁgt,
\ln{z_%st?:p?:ged ' ' ‘ SWLY LEG . . fvl‘\rgtzglesd to
contamng @ @ @ 1N s21 conted crs @ @ @ T Gineed”
ggllsj ef'or Shr . . ‘ Uncoated TCPS . . . Dland D3.

Figure 2.2 Overview of Experimental Setup. lllustration shows a brief
explanation of culture experiment sgi. Cells seeded in 98ells were
seeded at approximately 30% confluence whilevefls were seeded at
approximately 60% confluence. Diagrams abowednawn to scale.
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2.9 Assessment of SelRenewal and Myogenic Potential of Satellite cells

Staining preparation reagents and methods for IF analysis of tissue culture
experiments match those mentioned in section 2.2, with the following modifications:
fixing and permeabilization incubation times were extended to 30 minutes, the initial
rinse and blocking step were performed concurrently with 4nibQite washes of 3%
BSA-DPBS solution at pH 7.3, the concentration of primary and secondary antibodies
used or2D gel cultures was doubled (standard concentrations are given below, all
antibodies and working dilutions are listed in appendix Ar®) the primary and
secondary antibody washes were extended to-MifQte incubations, replacing the
first three rinseof D-PBS with 0.5% Tween (PB¥, SigmaAldrich, Saint Louis,
MO). For proliferation anearlyself-renewal assessmeptjlselabeling ofDNA with
the Clicklt EJU AlexaFluor4 8 8 st ai ning protocol (foll owi
protocol) was completed joni to staining with the cell cycle marker rabbit afi67
(5 pg/mL, AbcamCambridge, MA, and satellite cell marker, mouse aRtix7 (5
pg/mL, DSHB, lowa City, IA). Primary antibodies used to assessaaéfwal and
myogenic potential aftafifferentiation experiments included, goat avityf5
(15pg/mL, R&D systemdylinneapolis, MN, rabbit antiPax7 (10 pg/mL, Abcam)
and supernatant from clone A4.1025 against myosin heavy chain (MyHC, used at a
final dilution of 1:20, DSHB, lowa City, IA). &ondary antibodiesere used at
dilutions of 1:500 for TCPS and 1:250 for hydrogels. Secondary antibody solutions
alsoincluded Hoechs®3258 (Thermo Fisher Scientific, Philadelphia, PA) diluted at
1:2000 and were completed with overnight incubatiorf@tid the dark. Secondary
antibodies for the proliferation assessment were Alexa Fluor Goathbit 647 and
Goat antimouse 555; however, in some experiments, thaseophores were

switched to those raised in donkey to prevent ereastivity with he goat Myf5
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primary (Life Technologies, Carlsbad, CA). All Imaging was completed on an Evos
FL Cell Imaging System, (Life TechnologjeSarlsbad, CAand Olympus BX60.

Image analysis was performed using Image Pro Plus (v7, Media Cybernetics,
Rockville, MD). To assess proliferation rate and selfiewal, 8bit grayscale images

of each stain (Nuclei, Ki67, EdU, and Pax7) were dlatesholded and subtraction
overlay composites were prepared to eliminate counting nuclei negative for EdU or
Ki67 (Fig 2.3). After final composites were prepared, the azdgant toolwas usedo
assess each measure (Edu alone, Ki67 alone’/Eii7*, and total nuclei). A similar
mechanism was utilized for pedifferentiation evaluation of satellite cell seéinewal
and myogerua potential, but modified to include myonuclei (fusion index) or exclude

myogenic monenuclei (fusion potential) outside of the myotube area.
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Color composite of Nuclei,
EdU, and Ki67.

Composite is split into three color channels, thresholded, and masked.
EdU and Ki67 masks are subtracted from nuclei mask
to eliminate counts of non-specific binding.

! ! i
Nuclei Non-nuclei Non-nuclei
subtracted EQU subtracted Ki67
Oo ®g B
® 2
e 0 ® & o ©

00% 04 . o

EdU*/Ki67*

Total counts for each color and final .
EdU/Ki67 composite are performed. . .

Figure 2.3: Schematic of procedure used to quantify proliferation of satellite
cells. For each composite capturedidgrthe proliferation assessment,
sub-color channels are extracted and then thresholded. Channels for EdU
(green) and Ki67 (red) are subtracted from the nuclei channel (blue) to
eliminate any areas with nepecific binding from the final counts. The
Asbtractedo EdU and Ki 67 channel s
count of cells positive for both EAU and Ki67
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Chapter 3
RESULTS

3.1 Patient Demographics

CP samples, (N = 33, 20 erector spinae and 13 lower extremity) and controls
(N =25, 20 erector spinae and 5 low&tremity) were analyzed. Analysis of patient
demographicsKig 3.1) show that overall, the mean age of all CP study participants
(12 + 4.2) was significantly lower than the controls (14.8.7). When comparing the
difference in age between patientsttog erector spinae samples, no significant

difference was seen.

3.2 Satellite Cell Content in Skeletal Muscle

Indirect immunofluorescence techniques were used to quantify the proportion
of satellite cells in skeletal muscle crgections of patients with Cihd controls.
Satellite cells were defined as cells staining positive for both the transcription factor
Pax7 and the surface marker NCAM, as showrign3.2. Results showed that
patients with CP had a significantly lower proportion of satellite cel®s+4.30) as
compared to control$(9+ 0.5], Fig 3.3A). This finding was independent of muscle
group; however, when examining satellite cell content between individual muscle
groups, analyses showed that control muscle of the back and leg, had a greate
proportion of satellite cells than the corresponding CP muscle. In addition, when
comparing between diagnoses, there was a greater difference in the proportion of
satellite cells found in leg muscle as compared to erector spinae. While control muscle
showed a significant difference in satellite cell quantity between back and leg muscle,
CP muscle did nofHig 3.3B). Interestingly, while the quantity of Paxiuclei

occupying the satellite cell niche (identified as PAXCAM™) was significantly
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higher n CP patients for all muscle groups (p< 0.001), a significant interaction
between muscle groups for each diagnosis was only seen when comparing trunk

muscle Fig 3.4).
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Table 3.1:

Patient Demographicénformation about patients in the current study
was ecorded. Significant differences in agre< 0.05)and BMI(P < 0.05)were seen
between CP and controls.

44

Muscle Statistics Cerebral Palsy Control
Type
Gender M:F M=10 F=10 M=10 F=10
Range 9-20 6-18 13-18 11-17
Age Median 14.5 11 15.5+1.9 14+1.6
Mean 14.7+3.2 11.8 +3.2 152+ 1.9 14
Erector Range 14.9-21.3 12.1-24.1 17.3-34.3 15.3-29.7
Spinae BMI* | Median 17.5 15.9 21.3 20.2
Mean 17.8 +2.1 16.6 + 3.6 223457 20.8 +4.6
Range 4-5 4-5
GMFCS | Median 5 5
Mean 4.67+0.5 4.75+0.5
Gender M:F M=9 F=4 M=3 B=2
Range 4-18 9-11 12-14 13
Age Median 12 10 14 13
Mean 12.1+4.5 10+ 1.1 13.3+1.1 13+0
Lower Range 14.4-23.4 16.8-21.3 18.1-21.3 16.1-21.6
Extremity BMI* | Median 17.9 21.1 19.5 18.8
Mean 18.5+4.1 20.1+2.2 19.6 + 1.6 18.8 +3.9
Range 2-5 2-4
GMFCS | Median 4 3
Mean 3.65+0.9 3+0.8
Gender M:F M=19 F=14 M=13 F=12
Range 4-20 11-18
Age Median 12 14
Mean 12+4.2 143+1.7
Combined Range 12.1-24.1 15.3-34.3
Data BMI* | Median 17.4 20.7
Mean 17.1 +4.8 21.3+48
Range 2-5
GMFCS | Median 4
Mean 39+1.2




Neg. Control

Figure 3.2 Representative Image oBatellite cellsin a Skeletal Muscle
Cryosection Arrows identify satellite cells, verified from tice-
localization (magenta) of a nuclear marker, Hoechst (blue) and Pax7
(red), the canonical marker of satellite cells. A second stain typically
used to outline the satellite cell niche is the surface marker NCAM

(green).
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Erector Spinae

Control

(@)

Cerebral Palsy

Figure 3.3: Immunofluorescence Comparson of Satellite Cell Content in
Different Muscle Groups for Patients with Cerebral Palsy and
Controls. Representative images of immunofluorescently labeled
skeletal muscle cryosections show control muscle (A and B) has more
Pax7 expressing nuclénagend, identified by upwardrrows). CP
muscle (C and D) exhibits more nuclei occupying the satellite cell niche

which are Pax7NCAM™ (downward arrows), and in addition, that this
occurrence is more prevalent in trunk muscle
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Figure 3.4: Quantification of Satellite cellsin Skeletal Muscle.Box and whisker
plots show the distribution fatellite cell{Pax7/NCAM™) in A andC,

and distribution of PaxINCAM™ nuclei occupying theatellitecell

niche,B and D. (A) Results showed that, when evaluating by diagnosis

alone, patients with CP have significantly fewer satellite cells as
compared to controls (p <0.002, Mawhitney U test), and (C) this is
significance is seen even when examining muscle groups indagénd

(Two-way-anova: erector spinae p<0.05, and lower extremity p<0.0001).

CP muscle also contains a greater proportion of Paxdlei in the
satellite cell niche (B, p< 0.001, MaiwWhitney U Test); however, this
difference is only significant when exammg postural muscles (D).
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3.3 Examining Ligands to Improve Cell Attachment

Qualitative assessment of phase contrast images was used to determine the
optimum conditions supporting cell attachment to hydrogels during proliferation and
differentiation experimats. Results from the first laminin tested, mouse laminin 111
(mLN 111) showed that cells exhibit the strongest attachment to hydrogels that
included both mLN 111 and the BGD-SPC peptide. Cell attachment to these gels
wasvariable, and displayed a path of sparse, star shaped clustéig 8.5).
Attachment at 5 days was seen on gels containing oftG-SPC; however, cells
were beginning to show evidence of detachment andteklcohesion. Cells did not
survive on gelabsent oRGD and formed clmps of rounded cells seen as early as 72
hours post seeding.

To evaluate if cell attachment could be improved, experiments were repeated
with two different human laminins (LN 211 and LN 521), in combination with G
RGD-SPC. Only control satellite cells veeused for this evaluation. As early as 4
days, cells began to show detachment and rounding on the gels containing LN 211;
whereas, cells seeded on hydrogels containing the LN 521 remained $figeaé)(
Day 7 images showed that cell began tpogulate areas where cells had previously
peeled off of LN 214gels, while some cell pulling had just started to appear on the LN
521-gels. The final ligand examination of three concentrations of LN 521 in
hydrogels showed that cells remained attached toalientrationgvaluatedor at
least 6 daysHig. 3.7); however, cell titer blue assay reveals that cells were more

metabolically active / proliferative on the gels with the higher concentration of LN 521

(Fig 3.9).
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Cerebral Pals

Figure 3.5 Evaluating cell attachment onPEG hydrogels containing Mouse
Laminin111: Cell attachment was evaluated for 5 days$i)on PEG
MalemideThiol hydrogels containing different combinations of adhesive
ligands. Cell lines from both diagnostic groups display poor attachment
to hydrogels wth no RGD (B and F), and the greatest attachment to gels
containing both laminin and RGD (A and E).
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TCPS LN 211 LN 521

20um

Figure 3.6. Evaluating cell attachment on two isoforms of human lamininCell
adhesion was evaluated on TCPS and ®REBmideThiol hydrogels
containing eithetN 211 or IN521 with 1 mM GRGD-SPC. Images
attachment on days 2, 4, and 7 of satellite cell culture.p@eling is
seen in Day 7 for LN211 gels.
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1.0 uM LN 521

M LN 521

Day 3

Figure 3.7 Comparing cell attachment on increasing concentrations of LN21
Control Satellite cells wergrown on PE@MJaleimide Thiol hydrogels
containing 1, 10 and 20 uM LN 521 with 1 mMRBGD-SPC. Cell
peeling was seen on day 9 by cells grown on hydrogels containing 1 and
10 uM of LN 521 (GH). Cells maintained the best attachment on
hydrogels containing0 uM of LN 521(C,F,I)
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Cell Titer Blue assaywas used to assess cell growth on hydrogels of
increasing concentrations of LN521A 2-hourcell titer blue assay was
performed on satellite cells cultured on RE@leimide Thiol hydrogels
contain 1, 10and 20 uM LN521 (See key). Satellite cells exhibited
higher reducing ability, indicative of moneetabolicactivity or
proliferation on gels with a higher concentration of LN%2iangles).

52



3.4 SelectingHydrogel Stiffness to Optimize @Il Attachment

To select two hydrogel substrates exhibiting a wide range of stiffness that
would maintain cell attachment for approximately 7 days; rheology and qualitative
evaluation of cell morphology was assessed when cells were grown on hydrogels of
3.5, 4, 5, and @eight percentFigure 3.9 shows, by day 7, cells are able to maintain
attachment to all gels, with the exception of the 6 wt% gel. Rheology of the gels
showed the stiffness increaseditinear manner from the 3.5%tto the 5 wt% gels,

with almost no dference between the 5 and 6 wt#d. 3.10).

Figure 3.9. Assessing cell attachment on PEG hydrogels of increasing stiffness
Satellite cells from patients with CP and controls were culturdeEss
Maleimide Thiol hydrogels of increasing stiffness. All gels contained
20uM LN521 and 1 mM GRGD-SPC. Cells maintained attached Tor
days on all gels except thevB%b.
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Figure 3.10 Rheology of PEG hydrogels of increasing weight percenSgtiffness
of lowerweight percent gels increases in a nearly linear mariries.
highest weight percent (6% hydrogel showsa similar stiffness to the 5
wit% gel
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3.5 Evaluation of Satellite Cell Proliferation and Maintenance of Pax7
Expression

Selfrenewal of satellite cellwas assessed by comparing the quantity of
immunofluorescent abel ed cel |l s06 expression of Ki 67,
Cells in any state of the cell cycle excepts&ined positive for Ki67. The EdU
marker permanently identified any cell whichdigone through S phase. Since Ki67
is transiently expressed, evaluation of Ki67 alone could not accurately capture a
snapshot of the proliferation rate. Calculation of the Hul¥i67 ratio gave a better
estimation of proliferation rate during the 8 h&dU pulse. Quantification of Ki67
expressing cellsHig 3.11and3.12A) demonstrated that there was no difference in the
average proportion of cells progressing through the cell cycle, adlestbstrates and
diagnoses. Control satellite cells; howeesthibited a significantly higher proportion
(16%) of EdU positive nucleiFg 3.11) indicating a higher proportion had passed
through S phase. The ratio of EQU:Ki67 expression was analyzed to give a more
accurate measure of proliferation rafeg(3.12B). When using EdU:KIi67 ratio as a
measure of proliferation rate in cycling cells, it was found that control satellite cells
exhibited a significantly higher proliferation rate (EdU:Ki67 = 79%.09% than
satellite cells from CP patients ( EdU:Ki67 #%+ 0.03%). The softer hydrogel
promoted the largest difference in proliferation rate between CP (61%) and control
(90%) satellite cells. Although not significant, the overall proliferation rate of control
satellite cells tended to decrease steaditls wmcreasing stiffness of substrates
containing LN521 (70, 75, and 90% respectively); whereas, CP satellite cells maintain
approximately the same proliferation rate,@pedndent of substrate stiffness
presence of LN521Fg 3.12B). When comparing Paxexpression between

diagnoses, for substrates without laminin, control satellite cells maintain significantly
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similar between diagnoses across all other substifaigs.(13).

Nuclei EdU Ki67

more Pax7 expressing nuclei than CP. The quantity of Pax7 expressing cells was
Merle

Figure 3.1 Immunofluorescenceanalysis of satellite cell proliferation rate
Images show representative satellite cell proliferation rate assessed at 24
hours after seeding on hydrogels. Higher proportions of EdU indicate
that more cells have gone thgiuthe Sphase of the cell cycle. Ki67
indicates which cells are not inG

Control

Cerebral Palsy
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Figure 3.12 Quantification of satellite cell proliferation rate: Bar graphs

Figure 3.13

represent mean expression of Ki67 (A) and EdU to Ki67 ratio (B) for all
substrates. On average, congatellite cells exhibit a significantly faster
proliferation rate across all substrates. (Two way anova, p < 0.001). The
only individual comparison to demonstrate a significant difference
between diagnoses was the 4kPa gels (p < 0.05).

Self Renewal of Satellite Cells

1.07

B
T e Il cControl
= -
0.9 T CcP
0.8
0.7 4
0.6
0.5~ T T T T
AN AN Y
° ° o OQQ

L3 A

+ <
Percent of Pax7 Mononuclei

2
& &
1 NZ

Substrate

Quantification of Pax7 expression after 24 hours of in vitro
hydrogel culture: Two way anova indicates that a significant difference
exists in the Pax7 expression between control and CP satellite cells
(p<0.01), and that a significant effect of substrategen between
diagnoses (p< 0.02).

57



3.6 Assessing Differentiation

To evaluate myogenic differentiation, the measures of myotube area and fusion
index were quantified using indirect immunofluorescence. Myotube area was
measured by quantifying the averageaain unt of MyHC positive area in 5 images
per replicate. Fusion index was measured as the total amount of nuclei per?l@f0 um
myotube. Surface area was not significantly different between diagnoses; however, as
results in figure3.14show, when compang myotube area across moduli, softer
materials promoted a higher quantity of myotubes per field, with smaller surface area.
Satellite cells from both diagnostic groups produced the largest myotubes on uncoated
TCPS, with the fewest on the softest magufFig 3.1%A). Results suggest that CP
satellite cells produced smaller myotubes on softer substrates. The difference seen
was not significant; howevemyoblasts exhibited a trend of producing fewer
myotubes with increasing substrate stiffndsg 3.15B).

Fusion index, as assessed by the quantity of nuclei per 196fumyotube
area Fig 3.16, showed no significant difference between diagnoses or across
substrates. Again, a trend was seen, in that fusion index decreased with increasing

substrate #fness; however, this was not significant.
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Cerebral Palsy

Figure 3.14 Representative images of immunofluorescently labeled myosin
heavy chain across modulilmages show that myotub&ged) cultured
on stiffer substrates (Lidoated TCPS and TCPS) have slightly more
surfacearea.
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Figure 3.15 Quantification of myotube size and quantity across hydrogel
moduli: Although not significant, a higher number of smaller myotubes
(A) was observed on the hydrogels as compared to the lanoated
stiffer substrateWhen comparing myotulksze, a significant effect of
substrate stiffness was observed @may anova, P < 0.05); however
posthoc tests identify this is attributed to the difference between the 4
kPa gel and TCPS, a condition that was not part of the original
comparisons.
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Figure 3.16: Average number of nuclei per 100 purhof myotube: Two way anova
indicates that a significant effect of substrate on fusion index, is seen (p<
0.02), with no significant effects on fusion index due to diagnosis alone.

60



3.7 Evaluating PostDifferentiation Sel-Renewal of Pax7 Expressing Cells
Satellite cell selrenewal was assessed by determining the number of
immunofluorescently labeled Pax7+/Myf#ononuclei, existing outside of the
myotubes Fig 3.17). CP satellite cells possessed the same quantityogenic Fig
3.194), fusiondestined [Fig 3.1B), and selrenewed Fig 3.19.C) mononuclear cells
across all substrates. Control satellite cells displayed trends that were stiffness
dependent. Although not significant, the proportion of P45 monauclear

cells increased with increasing substrate stiffness; whereas the proportion of
Pax7/Myf5 mononuclear cells is decreased with increasing substrate stiffness.
Culture images show control satellite cells maintained a greater proportion of
mononuclar cells on softer substrates exist on differentiatiap 7 Fig 3.13).
Furthermore, approximately 25% of the mononuclear cells remaining at
differentiationday 7 are those expressing only Pax7. This percentage of Pax7 is
significantly higher than theO®6 or less Pax7 mononuclei seen in CP satellite cell
culture on the same substrates. Overall, 4kPa and 12 kPa hydrogels supported the
retention of Pax7 expressing mononuclear cells in controls, at a significantly higher

proportion than the LMoated or ncoatedTCPS
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Figure 3.17: Visualizing difference in Pax7 expression across stiffness
Representative immunofluorescent images comparing quantity of Pax7

mononuclei show that softer materials (12 kPa gels, A and E) promoted
significantly higher selfenewal afer 7 days of differentiation.
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Figure 3.18: Assessing Fusion Potential of mononuclear cells after
differentiation: Representative immunofluorescent images comparing
guantity of Myf5" mononuclei show that Lidoated TCPS promotes
higher fusion potential aftét days of differentiation. Significantly more
fusiontlikely cells (GreerC and G) were seen in control satellite cell
cultures only.

CerebralPalsy
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Figure 3.19: Evaluation of selfrenewal and fusion potential after satellite cell
differentiation : Although no difference ithe quantity of mononuclear
cells (A) was found between the diagnoses, a significant effect of
diagnosis (p< 0.001) and substrate (p= 0.0001) was seen on the
expression of Pax7 (C). Nuclei destined for fusion (B) wereegplated
in control satellite cés (p< 0.02) with no significant effects of substrate
observed.
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Chapter 4

DISCUSSION

4.1 Preliminary Study: Satellite cell content in our patients matches previous
reports

In agreement with previous reports, our CP patient population exhibited
reduced proportionsf satellite cells in skeletal muscle of the lower extremity. In
these previous studies, children having ACL surgery were used as the cohtsoils
notthe best option for a comparis@spatients having ACL surgery are likely to be
more active, withmuscles in a constant state of hypertrophy, and may possess a larger
proportion of satellite cells as a res{df, 59 To determine if te same difference of
satellitecell quantity is seen in other muscle groups, postural muscles of the back were
also evaluated. Present datsoashow control erector spinae muscle also has a
significantly higher proportion of satellite cells than CP erector spir@eever this
difference is not as great as that seen in leg muscle. It has been shown that satellite
cell quantity decreases withcreasing age; however, age was not a contributing factor
as the mean age for each diagnostic groupsivagar.(137) The current study
revealed that the CP patients had a significantly lower BMI, supporting previous
reports that suggest patients with CP have altetgrition and metabolism. As stated
earlier, the concentration of many growth factors such & BDNF, and HGF are
metabolismadependent and lower systemic concentration of these growth/endocrine
factors may result in a reduced potential for satedieactivation and proliferation.

A secondary, unexpected finding in the affected patient population was that
they possessed a significantly higher amount of PBXZAM+ nuclei in thesatellite
cell niche, and further that the quantity of these nugkie significantly correlated

with increasing GMFCS scof€ig 4.1). As higher GMFCS scores indicate a greater
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level of motor affect, this may provide additional support to previous studies that
suggest that higher NCAM expression in skeletal musclesecaged with myopathy.
(138 Additionally, a higher expression of NCAM in skeletal muscle has been
observed in denervated and regenerating m$88).Thes data combined suggests
that chemodenervation therapy or neurodegeneration may also reduce satellite cell
guantity by causing a reduction in local BDNF, or other NGFs suggested to activate
satellite cells. It would be interesting to see if skeletal neusgpatients with CP

whom have had no chemodenervation treatments, have the same quantity- of Pax7
INCAM+ nuclei occupying the satellite cell niche. Given that patients with higher
GMFCS scores typically have limited mobility, it is likely that their olas

composition is not like that of controls.

One study demonstrated that differences in satellite cell content may be fiber
type specific, which a higher proportion on fagidative fiberg140) As previously
indicated, muscle disuse and spasticity may result in-figer switching. If this
fiber-type switch results in fewer faskidative fibers, it may result in an overall
reduced satellite cell content. Future work could elucidate if a lower proportion of

fastoxidative fibers correlates with a reduced satellite cell pool in CP patients.
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Figure 4.1 GMFCS score correlates with increased Paxhuclei in the satellite
cell niche. An increasing quantity of Paxiuclei occupying the satellite
cell nichein patients with CPwas found to significantly correlate with
increasing GMFCS score. Whiletrsignificant, a reduced quantity of
satellite cells was found to correlate with increasing GMFCS score.
Findings suggest that motor affects may be related to satellite cell
content.

4.2 CP satellite cells selfenew less on stiffer substratesand overall, proliferate
slower than controls.

When evaluating if differences in proliferation rate of satellite cells from
patients with CP could account for the decreased satellite cell load, it was found that
the control satellite cells overall, proliferate fasthan their CP counterparts.
Additionally, it was observed that substrate stiffness seemed to hafieet on
control satellite cells, but no effect of stiffness was seen on CP satellite cell
proliferation. While control satellite cells exhibitedr@rd of decreasing proliferation
with increasd substrate stiffness, the CP proliferation rate was unchanged across all

substrates. Interestingly, the control satellite cell proliferation was higher on uncoated
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plastic than the plastic coated with lamidial. While unexpected, these results are in
agreement with previous studies that examined control myoblast proliferation on glass
coverslips and hydrogels of increasing stiffness well above those epathlogical
muscle. These studies demonstrag that myoblast proliferation was highest on
coverslips and those gels with a stiffness resembling that of skeletal nja4cTehe
current findings suggest that satellite cells in patients with CP may have alterations in
their matrix stiffnessensing pathways, or that control of satellite cell activation and
proliferation may be altered. An interesting observation, whiletadistically

significant, was that CP satellite cells maintained a slightly lower level of Pax7
expression on the stiffer substrates-foated TCPS and uncoated TCPS) as

compared to the hydrogels. This observation has been noted in previous stagies usi
hydrogel substr anteesss 0t oo fmasiantteailni tfies tceeth | s a
that while stiffness may not impact CP satellite cell proliferation rate, it may have an
effect on the type of division a CP satellite cell undergoes. Future researc

elucidate if CP satellite cells exhibit differences in the mechanisms that govern self
renewal divisions, may help uncover the cause of the reduced satellite cell pool in
these affected patients. A few pathways of interest are the integdrated ontrol

of gene expression and proliferation through P13K/Akt and ERK, or those which
mediate cytoskeleton organization via FAK / RAC1 signaling pathwiigs (

4.1).(141) Alterations in these pathways could cause a disruption in the expression of
pro-sdf-renewal transcription factors, or organization of signaling molecules
responsible for division symmetry, and thus result in altered or reduceeselfal.

In addition,systemic levels of metabolisdependent (satellite cell activating) growth

factors,have been reported to be reduced in patients with some types of brain
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trauma(142) Reduced levels of such growth factors can also mediate or interact with

integrinrmediated signaling pathways and cause alterations in cell ackty (

4.2).(141)
Input Tissue stiffness  Matrix composition Growth factors
\_} *
! ! (1)
-~
- JIRME GFR
PI3K Src FAK sSrc FAK  Fak

gl LK FAK Cas FAK  Crk Paxillin
TORC2 Ras Crk p190 Dock180 PIX/G|T
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output Survival Proliferation Differentiation Migration Adhesion Polarity

Copyright © 2009 by Cold Spring Harbor Laboratory Press

Figure 4.2 Integrin Mediated Signaling Pathways. The above simplified
diagram shows a selection of downstresigmnaling pathways that are mediated
by integrins. Tissue stiffness and matrix composition function via indirect
integrinrmediated signaling; whereas, growth factors can follow a similar
mechanism (1), interact with secondaysociated signaling moleesl (Il), or
with other tertiarysignaling messengers (lllymage reproduced from: Legate,
Wickstrém, and Fassler, Genes D2909

68



4.3 Satellite cellderived myotube area may be stiffnessependentbut exhibits
similar fusion index across substrates.

To determine if satellite cells from patients with CP produced inferior
myotubes in vitro, both CP and control myoblasts were evaluated for fusion index and
myotube area after 7 days of differentiation. Surprisingly, no significant difference
was seen betvemdiagnose®r across substra®f increased stiffnesshen
evaluating fusion index. Since myotubes on stuffer substrates were often tethered
together, to eliminate subjectivity of the separation of tubes, fusion index was
guantified as the number of ¢clai per myotube area. Control satellite cells produced
the largest myotubes with the lowest fusion index on uncoated TCPS, and CP satellite
cells produced smaller myotubes on softer materials with no difference in fusion
index. Additionally, fusion inex seemed to be constant across all substrates for
control satellite cells; whereas, a slightly smaller myotube size was seen on laminin
containing substrates as compared t@oated TCPS. This finding suggests that
control satellite celberived myotubéormation may be laminin or adhesion
dependent, while fusion of Gierived myoblasts may be partially mediated by
stiffness. While previous research has not reported changes in fusion index related to
substrate stiffness, other measures of myotube rmatwch as contractility and
presence of myosin striations were reported to be higher in rrdensed myotubes
cultured on substrates similar in stiffness to skeletal m@$4®.In agreement with
previous data, current findings show that both CP and control myoblasts generated a
slightly higher fusion index on softer substratesli¢ating a higher level of myotube
maturity. Another observation also seen but not quantified in the previous study was
that myoblasts cultured on hydrogel substrates tended to form large, spherical

protrusions in the center of the myotube where nuobeildvcluster. Automated
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nuclei counts may have excluded some nuclei that may have been overlapping or too
tightly clustered to be distinguished from one another, causing an underestimation of
fusion index. Itis undetermined if myoblasts cultured oressftibstrates form a
micro-3D environment and some of the myotube area may be underestimated by 2D

image analysis.

4.4 Aim 3: Control satellite cells maintain a higher percentage of Pax7+
mononuclei on softer substrates than CP, which had the same level oix7a
expression across all substrates.

While no difference in the quantity of mononuclear cells was seen between
diagnoses or across substrates, control satellite cells maintained a significantly higher
proportion of Pax7 expressing cells on softer sutestras compared to CP and control
satellite cells cultured on stiffer substrates. On average, control satellite cells had
approximately the same quantity of fusidestined mononuclear cells across laminin
coated substrates with almost tiadd higher expession on uncoated TCPS. In
contrast, CRlerived satellite cells maintained a constant level of mononuclear cells
both ceexpressing Pax7 and Myf5 and exclusively expressing Pax7 or Myf5 across
all substrates. Again, in agreement with previous repastgrol satellite cells are
able to maintain a higher level of Pax7 expression on softer substrates, indicating
preservation of the stewell state is stiffness dependent. This ability of soeth
preservation appears to be lost to CP satellite celisjwhay indicate that internal
controls of seHrenewal divisions are altered, rendering pathological satellite cells
indifferent to the stiffness of their environment. The lack of differential expression of
Myf5 and Pax7 in the CP mononuclear myoblasay imdicate that these cells have
not progressed through fusion and myogenesis as quickly as their control counterparts.

As aresult, assessing sedinewal at 7 days of differentiation may be too soon to
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determine the final percent of Pax7 mononuclei Witk reoccupy the satellite cell

niche. Data presented herein show that substrate stiffness may affect some aspects of
satellite cell behavior such as se¢hewal; whereas, other satellite cell functions seem
altered based on diagnosis alone. Thiglies that internal controls regulating

satellite cell function in patients with CP are disrupted by other mechanisms. Further
study irto the internal controls of gene expression or external concentration of
metabolismderived satellite cell activators wd provide more clues as to the

mechanism causing a reduced satellite cell pool in patients with cerebral palsy.
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Appendix A

ADDITIONAL TABLES AND FIGURES

Antibody Table.

Table A.1: List of Antibodies and working dilutions.

Target: location Experiment Antibody (clone) Dilution Source ( Item #)

Pax7: nucleus Aim 1 DSHB Pax7 1:20 (5 ug/mL) Developmental Studies
Hybridoma Bank (Pax7-
S, Supernatant)

NCAM1: surface marker | Aim 1 Rabbit Polyclonal 1:200(2.5 ug/mL) Millipore (AB5032)

DNA: Nucleus All Hoechst 1:2000 Thermo Fisher Scientific

(33258)

Pax7: nucleus

Proliferation and
Differentiation

Rabbit Polyclonal

1:100* (10 ug/mL)

Abcam (AB187339)

Ki67: nucleus

Proliferation

Rabbit Polyclonal

1:200 (5 ug/mL)

Abcam (AB171870)

Synthesized DNA:
Nucleus

Proliferation

EdU (Click-1t)

1:2000 (10 uM)

Life Technologies
(C10337)

Myf5: Nucleus

Differentiation

Goat- Polyclonal

1:25* (15ug/mL)

R&D systems (AF4027)

MyHC Differentiation Mouse (A4.1025) 1:20* (Undiluted DSHB (MYH1 —
Supernatant) Supernatant)
Goat Primary AB validation Donkey Anti-Goat-405 1:500 Life Technologies (LT)
(AB175665)

Goat Primary Differentiation Donkey Anti-Goat-488 1:500 LT (A11055)

Rabbit Primary Differentiation / Aim 1 | Donkey / Goat Anti- 1:500 LT (A31573 / A21245)
and Proliferation Rabbit-647

Mouse Primary Differentiation / Aim 1 | Donkey / Goat Anti- 1:500 LT (A31510/ A21424)
and Proliferation Mouse-555
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List of Reagents

TableA.2: Reagents used with any specific modifications.

Reagent Catalog Source Notes
Number
Dul becco|55031 | Thermo Fisher Scientific, pH 7.3
phosphate buffer | PCR Philadelphia, PA
saline (DPBS)
DPBS with Ca 1404013| Thermo Fisher Scientific,
and Mg 3 Philadelphia, PA
Paraformaldehyde 1570 Electron Microscopy Sciences, | Diluted to 4% with
Hatfield, PA DPBS
Triton X-100 T9284 | SigmaAldrich, Saint Louis, MO| 0.1% IF stains
0.5% Clickit EAU®
Tween® 20 P1379 | SigmaAldrich, Saint Louis, MO
BovineSerum A9576 | SigmaAldrich, Saint Louis, MO| Diluted to 3% with
Albumin (BSA) DPBS
Skeletal Muscle | SKM-M | Zenbio, Triangle Park, NC Proliferation
Growth Medium Medium
bFGF 100-18B | Prepro Tech, Rocky Hill, NJ 0.5 pug/500mL (PM)
Fetal Bovine 2614007| Thermo Fisher Scientific, Qualified, not heat
Serum 9 Philadelphia, PA inactivated
D-Glucose 1502302| Thermo Fisher Scientific, Added 3g/L to
1 Philadelphia, PA Zenbio PM
High Glucose 12491 | Thermo Fisher Scientific,
DMEM (pouch) | 023 Philadelphia, PA
Horse Serum 1605013| Thermo Fisher Scientific, Differentiation
0 Philadelphia, PA Medium
Hu Insulin 19278 SigmaAldrich, Saint Louis, MO
PenStrep 1514012| Thermo Fisher Scientific,
2 Philadelphia, PA
Collagenase 2 LS0041 | Worthington, Lakewood, NJ Used at 0.0025%
74
TrypsinEDTA T-3924 | SigmaAldrich, Saint Louis, MO| 0.25%
MACS running 130 Miltenyi, San Diego, CA Used to make
Buffer 091-221 MACS PEB
Laminin 521 LN-521- | BioLamina, StockholmSweden | Used in Gels and fo
02 Coating TCPS
Laminin 211 LN211- | BioLamina, StockholmSweden
02
Citric Acid C1909 | SigmaAldrich, Saint Louis, MO| Citrate Buffer
Monohydate
Trisodium Citrate | S1804 SigmaAldrich, Saint Louis, MO| Citrate Buffer
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Antibody Validation with eRMS and human satellite cell line.

Pax7 MerHe

Figure A.1: The eRMS cell line(graciously donated by Dr. S@hurch at the
Biomolecular Core Laboratory, Nemours Alfred | duPont Hospital for
Children) is a well characterized embryonal rhabomyosarcoma cell line.
Rhabdomyosarcoma is a cancer of skeletal myseleursors that have
lost the ability to properly differentiate. Since these cells exhibit
aberrant expression of pdifferentiation transcription factors, they are a
good cell line to use to validate select skeletal muscle antibodies.

eRMS

Human Satellite Cells

Negative Control
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Pax7 Antibody validation for Rabbit and Mouse clones.

Merge + Nuclei

Figure A.2: Pax7 clone validation. For proliferation and differentiation
experiments when a Pax7 rabbit antibody was needed, prior verification that the rabbit
clone selected was performed in muscle cryosections.
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Satellite Cell lines used for proliferation and differentiation experiments.

TableA.3: Seven patient cell lines were used for culture experiments (CP n =3,
IS/Control n =4). There was no significant difference in age between

diagnostic groups.

Cell Passage Percent of
Dl Sample Condi Ae Bl for Cells Positve
Number Proliferation / for Pax7
differentiation | (before use)
499 F 12 29.7 5/5 975
Idiopathic 53 M 16 22.3 3/3 100
Scoliosis 56 F 11 18.1 5/5 100
62 M 15 19.6 4/4 94.6
Means 14.8+2.3 22.445.1 43+1 98.0+2.6
335 M 16 17.2 4/6 100
Cerebral Palsy 532 F 10 16.2 5/5 99.3
538 F 18 15.6 4/4 99.3
Means 14.7+4.2 16.4+0.8 5+1 99.5+0.4
Phase contrastinages of PEG hydrogels with and without cells.
4 kPa PEG-Gel 12 kPa PEG-Gel LN 521- Coated TCPS Uncoated TCPS

No Cells

Figure A.3: Phase contrast imagesf PEG hydrogels. Images provided tehow
thetextural differences in the surface of the PEG gels as compared to the
LN-coated and uncoated TCPS. Images with cells are included to show
the cell morphology and attachment to each type of substrate.

With Cells
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Negative controls for IF stains on Hydrogels.

Hoechst - Nuclei DonkeyAnti-Goat 488 Donkey Anti-Mouse 555 Donkey Anti-Rabbit 647

4 kPa Gel

12 kPa Gel

LN Coated TCPS

Figure A.4: Negative Controls for immunofluorescent stains used for hydrogel
culture experiments.



Appendix B
ADDITIONAL METHODS, PERMISSIONS, AND IRB DOCUMENTS

RGD Synthesis by R. Scott, PhD

GRGDSPC (MW 689.7 Da) was synthesized by sphdse peptide synthesis
using a Focus Xi automated peptide synthesizer (AAPPTec, Louisville, KY) with
standard Fmoc chemistry. The peptide was cleaved from the resin in a TFA cleavage
cocktail (92.5% TFA (Fisér Scientific), 2.5%,2-ethanedithiol (Sigma AldrichR.5%
triisopropylsilane (Sigma Aldrich), and 2.5%®)), precipitated in cold diethyl ether,
and purified by reversphase higtperformance liquid chromatography (Waters,
Millford, MA). Synthesis was @nfirmed by electrospray ionization mass spectroscopy
(ESEMS) using a Thermo Finnegan LCQ Advantage mass spectrometer. The peptide

was stored as a | yophilized powder at 120/

Satellite Cell Isolation Protocol

Weigh muscle sample to the neai@$§tlg and place it into a 50 mL conical of
DPBS (pH7.3) for 30 minutes. While rinsing, weigh out 3 aliquots of 0.0025g of
collagenase type 2 (CLS2, Worthington) per gram of tissue. Set up spinner flask in
biosafety cabinet and attach hoses to water battspinner flask on a magnetic stir
plate, and initiate the cycling of water to warm the flask. After the tissue has been
rinsed, aspirate the DPBS and place the tissue in a 35 mm petri dish with-dbout 2
mL of DPBS. Mince the tissue inteddnm piecesnd place in spinner flask. Add 5
mL of 37JC serurafree DMEM (Gibco) to one tube of CLS2 and inveii®times to
mix (store other tubes at 4°C until use). Transfer digest solution to spinner flask and

let tissue process for 3b minutes. After 3@5 minutes, carefully remove any
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supernatant from the spinner flask and filter sequentially through a 100, 70, and 40 pm
mesh strainer, washing with®2mL of MACS PEB (Miltenyi) each time. Apply a

fresh aliquot of the digestion mixture to the spinner fias# allow sample to continue
processing for an additional 3% minutes Repeat the supernatant removal, filtration,
and application of fresh digestion mixture once more (or a fourth time for large pieces
of muscle). After tissue is completely digeséedl resulting supernatant is

sequentially filtered, spin all collection tubes at 300 x g for 10 minutes. Aspirate
supernatant, reuspend pellet in sterile RO water, invert tubes 10x, let tubes rest for 3
minutes, and then collect pellet via centrifugatagain. Aspirate supernatant
(Containing lysed RBCs), tguspend cell pellet in 7800 uL of MACS PEB and

apply 36200 pL of MACS CD56émicrobead antibody and incubate in the dark at 4°C
for 15 minutes. Rinse the cells wittb2anL of MACS PEB, centrifug at 300 x g for

10 min at 4°C, hydrate appropriate magnetic column, aisdspend pellet in 1 mL (if
using minicolumn) or 5 mL (if using a LS column) before dispensing into column.
After filtering entire sample rinse column 3 x 1 or 3 mL of MACS PEBcald the
flow-through and elute positive fraction with accompanying column tool. Pellet cells
at 300 x g for 10 min at 4°C and aspirate to 1 mL-sBspend cells and add 20 uL of
bead release reagent. Incubate sample in the dark for 10 minut€s &idse cells

with 2 mL of MACS PEB and then centrifuge at 300 x g for 10 min at 42€yspend

in 30 uL of MACS PEB, add 30 uL of stop reagent, mix, and add 10 uL of CXCR4
APC antibody. Incubate sample for 10 min at 4°C. Rinse cells with 2 mL of MACS
PEB and then centrifuge at 300 x g for 10 min at 4°&usgpend in 80 uL of MACS

PEB and add 20 uL of ARAPC microbeads. Incubate sample for 10 min at 4°C.
Rinse cells with 2 mL of MACS PEB and then centrifuge at 300 x g for 10 min at 4°C.
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Re-suspendells in 1 mL (if using miricolumn) or 5 mL (if using a LS column).
Apply cells to column to isolate CXCRA4 cells. Rinse column 3x 1 mL with MACS
PEB, discard flowthrough and elute the positive fraction with the MACS tool and
37°C proliferation mediumPlate the final positive cell fraction on a gelatin coated 6

well plate.

Figure Permissions (Figure 1.1)

Written permission given via email by:

Robyn Cummins
World Cerebral Palsy Day Manager

Cerebral Palsy Alliance, PO Box 6427, Frenchs Forest, N3 20stralia
T+61 299758712 | M + 61 439 758 575 | F +61 2 9451 5209
W cerebralpalsy.org.aliworldcpday.org

Figure Permissions (Fig 1.2)

Written permission given via email by:

Taya John
Administrative Assistant

McMaster University, 1400 Main Street West, IAHS 408, Hamilton 8§ 1C7
T: 9055259140 ext 27850
tdzaman@mcmaster.ca
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Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wile
Sons, Inc. or one of its group companies (each a"Wiley Company") or han
on behalf of a society with which a Wiley Company has exclusive publishir
rights in relation to a p#cular work (collectively "WILEY™"). By clicking
"accept" in connection with completing this licensing transaction, you agre
the following terms and conditions apply to this transaction (along with the
billing and payment terms and conditions es&iidd by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions'
the time that you opened your RightsLink account (these are available at ¢
time athttp://myacount.copyright.com

Terms and Conditions

1 The materials you have requested permission to reproduce or reus
"Wiley Materials") are protected by copyright.

T You are hereby granted a personal,-eanlusive, norsub licensable (o
a standalone basis), netransferable, worldwide, limited licenge
reproduce the Wiley Materials for the purpose specified in the licen:
processThis licenseand any CONTENT (PDF or image file)
purchased as part of your order,is for a onetime use only and limitec
to any maximum distribution number specified in the license. The fii
instance of republication or reuse granted by this license must be
completed within two yearsf the date of the grant of this license
(although copies prepared before the end date may be distributed
thereafter). The Wiley Materials shall not be used in any other mani
for any other purpose, beyond what is granted in the license. Permi
is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shal
duplicate the copyright notice that appears in the Wiley publication |
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your use of the Wiley Material. Permissianalso granted on the
understanding that nowhere in the text is a previously published sol
acknowledged for all or part of this Wiley Material. Any third party
content is expressly excluded from this permission.

With respect to the Wiley Materials, aifjhts are reserved. Except as
expressly granted by the terms of the license, no part of the Wiley
Materials may be copied, modified, adapted (except for minor
reformatting required by the new Publication), translated, reproduce
transferred or distributk in any form or by any means, and no deriva
works may be made based on the Wiley Materials without the prior
permission of the respective copyright owker.STM Signatory
Publishers clearing permission under the terms of th&TM
Permissions Guidelineonly, the terms of the license are extended t
include subsequent editions and for editions in other languages,
provided such editions are 6r the work as a whole in situ and does
not involve the separate exploitation of the permitted figures or
extracts, You may not alter, remove or suppress in any manner any
copyright, trademark or other notices displayed by the Wiley Materi
You may noticense, rent, sell, loan, lease, pledge, offer as security,
transfer or assign the Wiley Materials on a statwhe basis, or any of
the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rightrein
shall at all times remain the exclusive property of John Wiley & Son
Inc, the Wiley Companies, or their respective licensors, and your in:
therein is only that of having possession of and the right to reprodus
Wiley Materials pursuant t8ection 2 herein during the continuance ¢
this Agreement. You agree that you own no right, title or interest in
the Wiley Materials or any of the intellectual property rights therein.
shall have no rights hereunder other than the license aisi@ddor
above in Section 2. No right, license or interest to any trademark, tr
name, service mark or other branding ("Marks") of WILEY or its
licensors is granted hereunder, and you agree that you shall not as:
such right, license or interesttirespect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY
WARRANTY OR REPRESENTATION OF ANY KIND TO YOU OR
ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITt
RESPECT TO THE MATERIALS OR THE ACCURACY OF ANY
INFORMATION CONTAINED IN THE MATERIALS, INCLUDING,
WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF
MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY,
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FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NONINFRINGEMENT AND ALL SUCH
WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS
LICENSORS AND WAIVED BY YOU.

WILEY shall have the right to terminate this Agreement immediatel\
upon breach of this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensor
and their respective directors, officers, agents and employees, from
against any actual or threatened claims, demands, causes of actior
proceedings arising from any breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TC
YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
ENTITY FOR ANY SPECIAL,CONSEQUENTIAL, INCIDENTAL,
INDIRECT, EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER
CAUSED, ARISING OUT OF OR IN CONNECTION WITH THE
DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACBF
WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR
OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES
BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS
OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL
APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL
PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of compe
jurisdiction to be illegal, invalid, or unenforceable, that provision she
deemed amended to achieve as nearly as possible the same econc
effect as the original provision, ancetlegality, validity and
enforceability of the remaining provisions of this Agreement shall nc
affected or impaired thereby.

The failure of either party to enforce any term or condition of this
Agreement shall not constitute a waiver of either parigte to enforce
each and every term and condition of this Agreement. No breach ut
this agreement shall be deemed waived or excused by either party
such waiver or consent is in writing signed by the party granting suc
waiver or consent. The waar by or consent of a party to a breach of
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provision of this Agreement shall not operate or be construed as a\
of or consent to any other or subsequent breach by such other part

1 This Agreement may not be assigned (including by operatiomodia
otherwise) by you without WILEY's prior written consent.

1 Any fee required for this permission shall be mefundable after thirty
(30) days from receipt by the CCC.

1 These terms and conditions together with CCC's Billing and Payme
terms and conditias (which are incorporated herein) form the entire
agreement between you and WILEY concerning this licensing
transaction and (in the absence of fraud) supersedes all prior agree
and representations of the parties, oral or written. This Agreement r
not be amended except in writing signed by both parties. This Agre:
shall be binding upon and inure to the benefit of the parties' succes
legal representatives, and authorized assigns.

1 In the event of any conflict between your obligations estagdidy thes
terms and conditions and those established by CCC's Billing and
Payment terms and conditions, these terms and conditions shall pre

T  WILEY expressly reserves all rights not specifically granted in the
combination of (i) the license detapgsovided by you and accepted in
course of this licensing transaction, (ii) these terms and conditions «
(iif) CCC's Billing and Payment terms and conditions.

T This Agreement will be void if the Type of Use, Format, Circulation,
Requestor Type wasignepresented during the licensing process.

1 This Agreement shall be governed by and construed in accordance
the laws of the State of New York, USA, without regards to such ste
conflict of law rules. Any legal action, suit or proceeding arisingobut
or relating to these Terms and Conditions or the breach thereof she
instituted in a court of competent jurisdiction in New York County in
State of New York in the United States of America and each party
consents and submits to the peagurisdiction of such court, waives
any objection to venue in such court and consents to service of pro
by registered or certified mail, return receipt requested, at the last k
address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS
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Wiley Publishes Open Access Articles in fully Open Access Journals and i
Subscription journals offering Online Open. Although most of the fully Ope
Access journals publish open access articles under the terms of the Creat
Commons Attribution (CC BY) Licensenly, the subscription journals and a
few of the Open Access Journals offer a choice of Creative Commons Lice
The license type is clearly identified on the article.

The Creative Commons Attribution License
TheCreative Commons Attribution License (€BY) allows users to copy,

distribute and transmit an article, adapt the article and make commercial u
the article. The C@Y license permits commercial and non

Creative CommonsAttribution Non -Commercial License

TheCreative Commons Attribution Ne@ommercial (CE@BY-NC)License
permits use, distribution and reproduction in any medium, provided the ori
work is properly cited and is not used for commercial purposes.(see below

Creative Commons Attribution-Non-Commercial-NoDerivs License

TheCreative Commons Attribution NeBommecial-NoDerivs Licens€CC-
BY-NC-ND) permits use, distribution and reproduction in any medium,
provided the original work is properly cited, is not used for commercial pur
and no modifications or adaptations are made. (see below)

Use by commercial "fa -profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or market
purposes requires further explicit permission from Wiley and will be subjec
fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/SectionAd10895.html
Other Terms and Conditions:

v1.10 Last updated September 2015

Questions?  customercare@copyright.com or+1 -855 -239 -3415 (toll free in the US) or
+1 -978 -646 -2777.
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Figure Permissions Fig. 1.4 and 4.1)
Both article website permissions indicate that they are operating under open
access, Creative Commons Licensing described at:

https://creativecommons.org/licensesfin/4.0/

Using Creative Commons Public Licenses

Creative Commons public licenses provide a standard set of terms and
conditions that creators and othights holders may use to share original works of
authorship and other material subject to copyright and certain other rights specified in
the public license below. The following considerations are for informational purposes
only, are not exhaustive, add not form part of our licenses.

Considerations for licensors: Our public licenses are intended for use by those
authorized to give the public permission to use material in ways otherwise restricted
by copyright and certain other rights. Our licensesraegocable. Licensors should
read and understand the terms and conditions of the license they choose before
applying it. Licensors should also secure all rights necessary before applying our
licenses so that the public can reuse the material as expacttsors should clearly
mark any material not subject to the license. This includes othdic&@&ed material,
or material used under an exception or limitation to copyright. More considerations for
licensors.

Considerations for the public: By using asfeour public licenses, a licensor
grants the public permission to use the licensed material under specified terms and
conditions. I f the | icensor 0 sforp@ampiej ssi on i
because of any applicable exception or limitatmidpyright then that use is not
regulated by the license. Our licenses grant only permissions under copyright and

certain other rights that a licensor has authority to grant. Use of the licensed material
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may still be restricted for other reasons, inclgdiecause others have copyright or
other rights in the material. A licensor may make special requests, such as asking that
all changes be marked or described. Although not required by our licenses, you are
encouraged to respect those requests where rddsoltore considerations for the
public.

Creative Commons AttributiecNonCommercial 4.0 International Public
License

By exercising the Licensed Rights (defined below), You accept and agree to be
bound by the terms and conditions of this Creative Commanibution-
NonCommercial 4.0 International Public License ("Public License"). To the extent
this Public License may be interpreted as a contract, You are granted the Licensed
Rights in consideration of Your acceptance of these terms and conditions, and the
Licensor grants You such rights in consideration of benefits the Licensor receives
from making the Licensed Material available under these terms and conditions.

Section 1 Definitions.

Adapted Material means material subject to Copyright and Similar $ligat
is derived from or based upon the Licensed Material and in which the Licensed
Material is translated, altered, arranged, transformed, or otherwise modified in a
manner requiring permission under the Copyright and Similar Rights held by the
Licensor.For purposes of this Public License, where the Licensed Material is a
musical work, performance, or sound recording, Adapted Material is always produced

where the Licensed Material is synched in timed relation with a moving image.
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Adapter's License meatise license You apply to Your Copyright and Similar
Rights in Your contributions to Adapted Material in accordance with the terms and
conditions of this Public License.

Copyright and Similar Rights means copyright and/or similar rights closely
related to opyright including, without limitation, performance, broadcast, sound
recording, and Sui Generis Database Rights, without regard to how the rights are
labeled or categorized. For purposes of this Public License, the rights specified in
Section 2(b)(2:)2) are not Copyright and Similar Rights.

Effective Technological Measures means those measures that, in the absence
of proper authority, may not be circumvented under laws fulfilling obligations under
Article 11 of the WIPO Copyright Treaty adopted on Decenfe 1996, and/or
similar international agreements.

Exceptions and Limitations means fair use, fair dealing, and/or any other
exception or limitation to Copyright and Similar Rights that applies to Your use of the
Licensed Material.

Licensed Material mearthe artistic or literary work, database, or other
material to which the Licensor applied this Public License.

Licensed Rights means the rights granted to You subject to the terms and
conditions of this Public License, which are limited to all Copyrigiat Similar
Rights that apply to Your use of the Licensed Material and that the Licensor has
authority to license.

Licensor means the individual(s) or entity(ies) granting rights under this Public

License.
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NonCommercial means not primarily intended for imected towards
commercial advantage or monetary compensation. For purposes of this Public
License, the exchange of the Licensed Material for other material subject to Copyright
and Similar Rights by digital filsharing or similar means is NonCommercial
provided there is no payment of monetary compensation in connection with the
exchange.

Share means to provide material to the public by any means or process that
requires permission under the Licensed Rights, such as reproduction, public display,
public peformance, distribution, dissemination, communication, or importation, and
to make material available to the public including in ways that members of the public
may access the material from a place and at a time individually chosen by them.

Sui Generis Datzase Rights means rights other than copyright resulting from
Directive 96/9/EC of the European Parliament and of the Council of 11 March 1996
on the legal protection of databases, as amended and/or succeeded, as well as other
essentially equivalent rightsyywhere in the world.

You means the individual or entity exercising the Licensed Rights under this
Public License. Your has a corresponding meaning.

Section 2 Scope.

License grant.

Subject to the terms and conditions of this Public License, the Licbassiny
grants You a worldwide, royakiyee, norsublicensable, neaxclusive, irrevocable

license to exercise the Licensed Rights in the Licensed Material to:
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reproduce and Share the Licensed Material, in whole or in part, for Non
ommercial purposes onlgnd produce, reproduce, and Share Adapted Material for
NonCommercial purposes only.

Exceptions and Limitations. For the avoidance of doubt, where Exceptions and
Limitations apply to Your use, this Public License does not apply, and You do not
need to corply with its terms and conditions.

Term. The term of this Public License is specified in Section 6(a).

Media and formats; technical modifications allowed. The Licensor authorizes
You to exercise the Licensed Rights in all media and formats whetheknmwn or
hereafter created, and to make technical modifications necessary to do so. The
Licensor waives and/or agrees not to assert any right or authority to forbid You from
making technical modifications necessary to exercise the Licensed Rights, igcludin
technical modifications necessary to circumvent Effective Technological Measures.
For purposes of this Public License, simply making modifications authorized by this
Section 2(a)(4) never produces Adapted Material.

Downstream recipients.

Offer from the licensori Licensed Material. Every recipient of the Licensed
Material automatically receives an offer from the Licensor to exercise the Licensed
Rights under the terms and conditions of this Public License.

No downstream restrictions. You may not offeirapose any additional or
different terms or conditions on, or apply any Effective Technological Measures to,
the Licensed Material if doing so restricts exercise of the Licensed Rights by any

recipient of the Licensed Material.
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No endorsement. Nothing ihis Public License constitutes or may be
construed as permission to assert or imply that You are, or that Your use of the
Licensed Material is, connected with, or sponsored, endorsed, or granted official status
by, the Licensor or others designated to inexattribution as provided in Section
3(a)(1)(A)).

Other rights.

Moral rights, such as the right of integrity, are not licensed under this Public
License, nor are publicity, privacy, and/or other similar personality rights; however, to
the extent possie, the Licensor waives and/or agrees not to assert any such rights
held by the Licensor to the limited extent necessary to allow You to exercise the
Licensed Rights, but not otherwise.

Patent and trademark rights are not licensed under this Public License

To the extent possible, the Licensor waives any right to collect royalties from
You for the exercise of the Licensed Rights, whether directly or through a collecting
society under any voluntary or waivable statutory or compulsory licensing scheme. In
all other cases the Licensor expressly reserves any right to collect such royalties,
including when the Licensed Material is used other than for NonCommercial
purposes.

Section 3 License Conditions.

Your exercise of the Licensed Rights is expressly madedio the
following conditions.

Attribution.

If You Share the Licensed Material (including in modified form), You must:

retain the following if it is supplied by the Licensor with the Licensed Material:
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identification of the creator(s) of the Licensedtbtal and any others designated to
receive attribution, in any reasonable manner requested by the Licensor (including by
pseudonym if designated);a copyright notice; a notice that refers to this Public
License; a notice that refers to the disclaimer afrargies; a URI or hyperlink to the
Licensed Material to the extent reasonably practicable; indicate if You modified the
Licensed Material and retain an indication of any previous modifications; and indicate
the Licensed Material is licensed under thislRubcense, and include the text of, or
the URI or hyperlink to, this Public License. You may satisfy the conditions in Section
3(a)(1) in any reasonable manner based on the medium, means, and context in which
You Share the Licensed Material. For examplmay be reasonable to satisfy the
conditions by providing a URI or hyperlink to a resource that includes the required
information.

If requested by the Licensor, You must remove any of the information required
by Section 3(a)(1)(A) to the extent reasdyaiyacticable. If You Share Adapted
Material You produce, the Adapter's License You apply must not prevent recipients of
the Adapted Material from complying with this Public License.

Section 4i Sui Generis Database Rights. Where the Licensed Rightsienclu
Sui Generis Database Rights that apply to Your use of the Licensed Material: for the
avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce,
and Share all or a substantial portion of the contents of the database for Non
Commercial purposes only; if You include all or a substantial portion of the database
contents in a database in which You have Sui Generis Database Rights, then the

database in which You have Sui Generis Database Rights (but not its individual
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contents) is Aapted Material; andYou must comply with the conditions in Section
3(a) if You Share all or a substantial portion of the contents of the database.

For the avoidance of doubt, this Section 4 supplements and does not replace
Your obligations under this PublLicense where the Licensed Rights include other
Copyright and Similar Rights.

Section 5 Disclaimer of Warranties and Limitation of Liability.

Unless otherwise separately undertaken by the Licensor, to the extent possible,
the Licensor offers the Licerd Material ass and asavailable, and makes no
representations or warranties of any kind concerning the Licensed Material, whether
express, implied, statutory, or other. This includes, without limitation, warranties of
title, merchantability, fithess fa particular purpose, nanfringement, absence of
latent or other defects, accuracy, or the presence or absence of errors, whether or not
known or discoverable. Where disclaimers of warranties are not allowed in full or in
part, this disclaimer may napply to You.

To the extent possible, in no event will the Licensor be liable to You on any
legal theory (including, without limitation, negligence) or otherwise for any direct,
special, indirect, incidental, consequential, punitive, exemplary, or ogsrdpcosts,
expenses, or damages arising out of this Public License or use of the Licensed
Material, even if the Licensor has been advised of the possibility of such losses, costs,
expenses, or damages. Where a limitation of liability is not allowedliarfin part,

this limitation may not apply to You.
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The disclaimer of warranties and limitation of liability provided above shall be
interpreted in a manner that, to the extent possible, most closely approximates an
absolute disclaimer and waiver of adlbility.

Section 6 Term and Termination.

This Public License applies for the term of the Copyright and Similar Rights
licensed here. However, if You fail to comply with this Public License, then Your
rights under this Public License terminate automHyica

Where Your right to use the Licensed Material has terminated under Section
6(a), it reinstates: automatically as of the date the violation is cured, provided it is
cured within 30 days of Your discovery of the violation; or upon express reinstatement
by the Licensor.

For the avoidance of doubt, this Section 6(b) does not affect any right the
Licensor may have to seek remedies for Your violations of this Public License.

For the avoidance of doubt, the Licensor may also offer the Licensed Material
underseparate terms or conditions or stop distributing the Licensed Material at any
time; however, doing so will not terminate this Public License.

Sections 1, 5, 6, 7, and 8 survive termination of this Public License.

Section 7i Other Terms and Conditions.

The Licensor shall not be bound by any additional or different terms or
conditions communicated by You unless expressly agreed.

Any arrangements, understandings, or agreements regarding the Licensed
Material not stated herein are separate fromiagejpendent of the terms and
conditions of this Public License.

Section 8 Interpretation.
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For the avoidance of doubt, this Public License does not, and shall not be
interpreted to, reduce, limit, restrict, or impose conditions on any use of the Licensed
Material that could lawfully be made without permission under this Public License.

To the extent possible, if any provision of this Public License is deemed
unenforceable, it shall be automatically reformed to the minimum extent necessary to
make it enforeable. If the provision cannot be reformed, it shall be severed from this
Public License without affecting the enforceability of the remaining terms and
conditions.

No term or condition of this Public License will be waived and no failure to
comply conserd to unless expressly agreed to by the Licensor.

Nothing in this Public License constitutes or may be interpreted as a limitation
upon, or waiver of, any privileges and immunities that apply to the Licensor or You,
including from the legal processes olyguarisdiction or authority.

Creative Commons is not a party to its public licenses. Notwithstanding,
Creative Commons may elect to apply one of its public licenses to material it
publishes and in those i nstanceodsthewi | | be
Creative Commons public licenses is dedicated to the public domain under the CCO
Public Domain Dedication. Except for the limited purpose of indicating that material
is shared under a Creative Commons public license or as otherwise permitted by the
Creative Commons policies published at creativecommons.org/policies, Creative
Commons does not authorize the wuse of the
other trademark or logo of Creative Commons without its prior written consent
including, without Imitation, in connection with any unauthorized modifications to

any of its public licenses or any other arrangements, understandings, or agreements
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concerning use of licensed material. For the avoidance of doubt, this paragraph does
not form part of the puiz licenses.
Creative Commons may be contacted at creativecommons.org.

https://creativecommons.org/licensesfn/4.0/legalcode
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S, Nemours Office of Human Subjects Protection
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= B il Phone: 904-697-4023 ~ Fax: 904-697-4024
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DATE: August 8, 2014

TO: Diana Corao, MD

FROM: Nemours IRB 1

STUDY TITLE: [349465-19] Nemours Biobank

IRB #: 349465

SUBMISSION TYPE: Continuing Review/Progress Report
ACTION: APPROVED

APPROVAL DATE: August 8, 2014

EXPIRATION DATE: August 7, 2015

Thank you for your submission of Continuing Review/Progress Report materials for this research study.
Your submission received expedited review based on the applicable federal regulation and meets

all DHHS and FDA criteria for approval. The above-referenced research study continuing renewal is
approved per expedited categories 2 and 5.

The Amendment to remove Christine Brandt-Montone and Elise Williams is approved.

Please Note: Please submit the updated Spanish documents to the most recent templates along with an
Amendment Form.

The IRB has determined that:

This is "Research not involving greater than minimal risk per 45CFR46.404 and 21CFR50.51".

Informed Consent or Parental Permission is required prior to initiation of any research procedures
using only the most current IRB approved form(s) posted as a Board Document in IRBNet. All
protocol documents, including Board approved documents are found in the "Study Designer” for
each study in IRBNet.

The permission of one parent is sufficient. A person who is not a parent may not give permission
without prior IRB review and approval.

Assent of minors is required prior to initiation of any research procedures, using only the most
current assent form(s) posted as a Board Document in IRBNet.

A signed copy of the Parental Permission/Informed Consent form must be included in the Nemours'
medical record. Research data may also be included into the Nemours medical record.

To continue, the research requires IRB review and approval on an annual basis. August 7, 2015 is
the last day that research may be conducted. The Principal Investigator is responsible for the timely
submission of the continuing review application. Please post this date on your research calendar.

Reviewed/approved documents in this submission:

+ Amendment/Modification - Amendment to Consent with Removal of Staff (UPDATED: 08/7/2014)
+ Child Assent - Assent 7-11 (UPDATED: 08/7/2014)

1.
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Child Assent - Assent 12-17 (UPDATED: 08/7/2014)

Consent Form - ICF (UPDATED: 08/7/2014)

Continuing Review/Progress Report - Continuing Review 2014 (UPDATED: 08/7/2014)
Data Collection - Biobank Collection/Distribution data (UPDATED: 08/6/2014)

Other - Consent Appendices (UPDATED: 08/7/2014)

Parental Permission Form - English PPF (UPDATED: 08/7/2014)

Investigator Agreement: As the P, you have agreed to assure that this research is conducted in
compliance with Nemours policy and all applicable federal regulations and ICH standards, including, but
not inclusive of:

All research must be conducted in accordance with this approved submission. Any revision to
approved materials must be approved by the IRB prior to initiation.

Remember that informed consent/parental permission is a process beginning with a description of
the study and insurance of participant understanding followed by a signed consent form. Informed
consent must continue throughout the study via a dialogue between the researcher and research
participant. Federal regulations require each participant receive a copy of the signed consent
document.

All serious and unexpected adverse events and unanticipated problems affecting participants must
be reported promptly to the IRB according to NOHSP policy.

All non-compliance issues or complaints regarding this study must be reported to the Director,
NOHSP.

All research records must be retained for a minimum of three years.
A Closure Report must be submitted to the IRB when this protocol is completed.

If you have any questions, please contact Camille Varacchi at [Al duPont Hospital for Children
1600 Rockland Road, ARB-Room 160A, Wilmington, Delaware 19803, 302-651-6807 or
cvarrach@nemours.org. Please include your study title and reference number in all correspondence with

this office.
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Nemours
Parental Permission for Participation in an

Observational / Non-Interventional Research Study
Version February 2014

You have been asked to permit your child to be in a research study. If you are a parent or legally authorized
representative of a child who may take part in this study, permission from you is required. This form explains
the research, your child’s rights as a research participant, and any responsibilities that you may have as a
result of your child’s participation. You should understand the research study before you agree to permit your
child to be in it. You will receive a copy of this form. Read this permission form carefully. You may also
talk with your family or friends about it. A research team member will answer any questions you have
before you make a decision.

1. WHAT IS THE TITLE OF THE STUDY?
The title of the study is the Nemours Biobank.

2. WHO IS IN CHARGE OF THE STUDY AT NEMOURS?

If you have a question, complaint, or problem related to the study, you can call the investigator anytime at
the numbers listed below.

Principal Diana A. Corao, MD
Investigator
Address Dept of Pathology & Clinical Lab.

1600 Rockland Rd.
Wilmington, DE 19803

Daytime Phone (302) 651-5650
After Hours
Phone

Long Distance 1-800-SOS-KIDS (1-800-767-5437)

3. WHO SHOULD RESEARCH PARTICIPANTS CONTACT ABOUT THEIR RIGHTS?
If you have questions about your child’s rights as a research subject, what to do if your child is injured, if
you would like to offer input or obtain information, or if you cannot reach the investigator or want to talk to
someone else who is not involved with this research, you may contact the persons listed below.

Carlos Rosé, MD, CIP, Chairperson, Nemours IRB 1 at 302-651-5970
Paul Garfinkel, MSH, CIP, Director, Nemours Office of Human Subjects Protection at 904-697-4023
Email address: NOHSP@nemours.org

4. WHAT IS THE PURPOSE OF THE STUDY?
The purpose of this research study is to collect and store samples, such as tissue and blood samples, as
well as information about your child so that researchers can use them to help find the causes and new
treatments for conditions that affect children. Samples stored in the Biobank will be given to Nemours
researchers for genetic and other testing. Genetic testing looks at pieces of your child’'s DNA, called genes,
that provide the instructions needed to make our bodies work.

Version February 2014 Page 1of 8
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Abbreviated Study Title: Nemours Biobank

The Nemours Biobank is a part of Nemours Department of Biomedical Research. The Biobank collects
tissue and other samples for use in research and will collect samples for this project.

5. WHO IS SPONSORING OR PAYING FOR THE STUDY?
Nemours is the Sponsor of this study. Nemours will pay for its costs in conducting this study.

6. WHO CAN BE IN THE STUDY?
All children that are treated at any of the Nemours locations [Florida or Delaware] can provide samples to
the Biobank. Some members (blood relatives) of the patient’s family may also provide samples.

7. HOW MANY OTHER PEOPLE WILL BE IN THE STUDY?
We expect samples from hundreds of people.

8. HOW LONG WILL PARTICIPATION IN THE STUDY LAST?
If you have agreed to allow your child’'s samples to be banked for future research, his/her samples will be
stored indefinitely. This study may involve one extra visit if a blood sample was not obtained at the time
your child had a procedure done for his/her medical care.
There is no set time for destroying the information that will be collected for this study. Your permission to
use and share the information and data from this study will continue until the research study ends and will
not expire unless you or your child (when he/she becomes an adult) withdraws permission (see Section
12). Researchers continue to analyze data for many years and it is not possible to know when they will be
completely done.

9. WHAT ARE THE RESEARCH PROCEDURES?
There are several different ways that your child’'s samples may be added to the study. Project staff will
explain what your child’'s options are from those listed below, should you choose to participate:

+ Aslong as your child remains enrolled in this study, if your child has a procedure (surgery or
biopsy), tissue that is removed but not needed for their medical care will be collected at that time
and stored for future research use. In most cases only leftover tissue that would normally be
thrown away will be stored

+ In some cases, we may ask for extra tissue to be taken specifically for the Biobank study. This
sample will only be taken from tissue that is already being exposed or cut during the procedure. The
tissue will be collected in a way that does not alter your child's procedure and recovery, and will
only be collected at the discretion of your child’s doctor. In these cases, the project team or your
child’s doctor will discuss this with you and your family (Please see Appendix A).

+ Two (2) tubes of blood (about 2 teaspoons total) may be taken for the purpose of this study, stored
and used for future research. The amount taken may be less than 2 teaspoons if your child does
not weigh a lot. If blood was not collected during a procedure, a blood draw may be needed.

+ A urine sample may be collected, stored, and used for future research.

e A saliva (spit) sample or a cheek swab (also called a buccal swab) may be taken, stored, and used
for future research. The cheek swab involves taking what looks like a cotton swab and rubbing it on
the inside of your child’s cheek for about 10 seconds with the same force used to brush your teeth.

¢ Information about your child and your child’s health will be collected from their medical records,
stored, and used for research. This will include information such as diagnosis, treatment, test
results, and outcome. Information about your child will be collected when they enter the project and
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then periodically in the future. Information will also be collected at the time of any surgery or
procedure when any samples are collected for the study.

+ Relatives of children who take part in this study may also be asked for a blood sample (about 10mL,
or 2 teaspoons) to store and use for future research. This blood sample is optional and not required
for your child to be in the study. Relatives will be asked to sign a separate consent form for this
sample. We will not be routinely collecting medical information about adult relatives.

Patient care is always a priority at Nemours. In the rare event that your doctor needs to retrieve tissue that
is already in the Biobank for studies that were not foreseen at the time of banking, they could retrieve the
sample or part of it for that purpose by simply requesting tissue to the Biobank staff. Unfortunately
because of the processing, this possibility cannot be extended to blood, urine or bone marrow samples. If
your child returns to Nemours for treatment or surgery which generates additional samples, we would like
to collect and store those also.

Future Research Use of Samples

Any remaining portion of your child's sample(s) will be permanently stored for future research use. These
samples and health information about your child might be used by other investigators for genetic research
about other diseases. By participating in this study, you are also agreeing to this use of your child's
sample(s) and health information.

WHAT ARE POSSIBLE RISKS OF BEING IN THIS STUDY?

Any research has some risks (things that could make your child sick, make your child feel uncomfortable,
or hurt your child). The risks with the most chance of happening to someone in this study are listed below.
Not all the risks can be foreseen; however, we consider this study to be of minimal risk.

The greatest risk to your child is the accidental release of information from your child’s health records to
someone who should not have it. Nemours will protect your child’s medical records so that your child’s
name, address, and phone number will be kept private. Your child's participation in this research will be
held strictly confidential and only a code (ID) number will be used to identify your child’'s stored samples
and data. The chance that this information will be given to someone else is very small.

Blood drawing may cause pain, bruising, bleeding, or infection at the site of the needle stick. Care will be
taken to try to prevent this from happening. Rarely, taking blood may cause fainting or infection. |If
possible, the research blood sample(s) will be taken at the same time your child is having blood drawn for
clinical care or through an 1V catheter (small tube) if your child already has one inserted into a vein.

Possible risks related to the cheek swab could include irritation in the cheek where the swab was rubbed.

The tissue (like muscle or bone marrow) for the Nemours Biobank is only collected from routine operations
and procedures, and is not needed for the doctors to make a diagnosis. The care of your child is not
changed.

Genetic Research

A Federal law, called the Genetic Information Nondiscrimination Act (GINA), reduces the risk of
discrimination by health insurance companies, group health plans, and most employers based on your
genetic information. This law protects your child in the following ways:

Veersion February 2014 Page 3 of 8
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+ Health insurance companies and group health plans may not request your child’'s genetic
information we get from this research.

« Health insurance companies and group health plans may not use your child’s genetic information
when making decisions regarding your child’s eligibility or premiums.

¢ Employers with 15 or more employees may not use your child’s genetic information that we get
from this research when making a decision to hire, promote, or fire you when setting the terms of
your employment.

Be aware that this new Federal law does not protect your child against genetic discrimination by companies
that sell life insurance, disability insurance, or long-term care insurance.

NOTIFICATION FOR FLORIDA RESIDENTS:

By Florida law, the results of any DNA analysis, which includes DNA typing and genetic testing, are the
exclusive property of the person tested, and may not be disclosed without your permission (as provided in
this form). Nemours is notifying you that the DNA analysis described in this document will be performed as
described, and results will be provided to those individuals and / or groups noted in the section on ‘use and
disclosure of PHI'. At your request, Nemours will provide the results of DNA analysis that it receives to
your child’s primary care physician. The DNA analysis is performed strictly for research purposes and will

not be used in any decision regarding insurability, employment, mortgage, loan, credit or education
opportunity.

WHAT ARE POSSIBLE BENEFITS OF BEING IN THIS STUDY?

You should not expect you or your child to benefit directly from this study. No specific research test results,
findings or discoveries about your child or their health will be shared with you and your family, but it is
important to understand that the care they receive will not change. It is hoped that the conclusions derived
from the research using the data and samples from this study will help to better understand diseases and
conditions that affect children. This may help other children in the future, and lead to improved ways of
treating diseases in children.

IS BEING IN THE STUDY VOLUNTARY?

Being in this study is totally voluntary. Anyone who takes part in the study can stop being in it at any time.
There will be no change to your child’s usual medical care if you decide not to permit your child to be in
the study or decide to stop your child’s participation in the study. No one will be angry with you or your
child, or treat your child any differently than before your child was asked to be in the study.

If you decide now that your child’s tissue can be kept for research, you can change your mind later. If you
do this, your child’s samples left in the Biobank will be destroyed. No additional updates will be sent to the
Biobank from your child’s medical record.

To take back your authorization, you must send a letter to the doctor in charge of the project (information
located on page 1 of this document). In the letter, you must say that you changed your mind and do not
want us to collect any more health information about your child and you want your child’'s samples to be
destroyed. If you ask that we no longer collect your child's health information for the clinical updates, your
child’s participation in the project will end. It is important to know that any research that has already been
done on the samples cannot be changed.
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When your child turns 18 (becomes an adult) we will attempt to contact your child to tell him/her that their
samples and medical information are being stored in the Nemours Biobank because you gave your
consent when they were a child. We will ask for their consent to continue to store those samples and
information. If they decide that they do not want their samples stored in the Biobank, we will destroy any
remaining samples, and no additional updates will be sent to the Biobank from their medical record.

13. WHAT ARE THE COSTS OF BEING IN THIS STUDY?
There is no cost billed to you or your insurance company for any aspect of this study. The only cost to you
and your child is a small amount of time for collecting samples.

14. WILL MY CHILD BE PAID FOR BEING IN THIS STUDY?
No arrangement exists that would allow participants to share in any profit generated from this study or
future research.

15. WILL | BE TOLD OF ANY NEW INFORMATION THAT MIGHT AFFECT MY WILLINGNESS TO PERMIT
MY CHILD TO STAY IN THE STUDY?
Any new information that may change your mind about allowing your child to be in this study will be given
to you. A committee called the Institutional Review Board (IRB) will review this study at least once per
year. If the IRB finds that there is new information that you should know about while your child is taking part
in this study, it will ask the study doctor to tell you about it. You may be asked to sign a new version of this
form after discussing the new information with a member of the research team.

16. WHAT INFORMATION ABOUT MY CHILD WILL BE USED OR DISCLOSED? (AUTHORIZATION TO
USE AND / OR DISCLOSE PROTECTED HEALTH INFORMATION)

Identifiable health information about you or your child will be maintained by the Biobank, but will not be
disclosed to researchers receiving your child’s tissue unless specific approval is obtained from the
Institutional Review Board (IRB). This is done to conduct the research project, to monitor the safety of
research participants and for auditing. Federal law requires us to tell you about, and get your approval
for research use and disclosure of health information that includes “identifiers” that can connect the
health information to you or your child. (Names, initials, date of birth, addresses, phone numbers, and
social security numbers are examples of identifiers.) This Identifiable health information is called
Protected Health Information (PHI).

Use of Health Information by Nemours Researchers
The health information that will be used within Nemours includes all data collected for this project. The
following health information may be collected during this project:
« Demographic information, such as age or sex
Personal medical history
Current, past and future medications, therapies, surgeries, procedures
Current, past and future hospitalizations
Information from current, past and future physical examinations
Information about the pathology (where doctors use a microscope to look at samples to make a
diagnosis) of the blood, bone marrow, and/or tissue samples
+ Other current, past and future medical or information from pathology, therapies or clinical tests that
may be pertinent to research studies, including chromosome profiling and genetic testing
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Nemours will protect your child's health information by allowing only authorized Nemours, Hospital and Project
staff to have access to paper and electronic copies. Study records are kept in secure offices and in password
protected computer files. The research results may be presented at meetings or published in journals to inform
other doctors and health professionals. Participants' identities will not be disclosed in those presentations.

To be sure information about your child is kept private;, Biobank staff will assign your child a unique
identification (ID) number. This unique ID number (code) will be used instead of your child's name or other
identifying information and the researchers will not be able to identify your child.

Specimens, including slides, blood samples, bone marrow, tissue, urine samples or cheek swabs will be
labeled with your child’s name, the date, and type of specimen. Once the Biobank receives these samples, the
information will be recorded and stored in a password-protected database. This database may only be
accessed by the Biobank staff with proper authority. Once the information has been transferred to the research
database, the samples will be stored with a unique identification number, which can only be identified in the
password-protected database. It is crucial that the samples are originally collected with your child’s name in
order to avoid errors.

The people that may view this health information may include:
¢ The investigators listed on the first page of this permission form and their staff
« The Nemours Institutional Review Board (IRB) (The IRB is a group of people that reviews research
activities. The IRB is responsible for the safety and rights of research participants)
+ Nemours internal audit staff
« U.S. and international governmental regulatory agencies involved in keeping research safe for people

By law, Nemours is required to protect your health information. The research staff will only allow access to
your health information to the groups listed above. By signing this document, you are authorizing Nemours to
use and/or release your child’s health information for this research. Some of the organizations listed above
may not be required to protect your information under Federal privacy laws. If permitted by law, they may be
allowed to share it with others without your permission.

Disclosure of Health Information to Others
Identifiable health information will not be disclosed outside of Nemours
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17. SIGNATURES:
| am making a decision whether or not to permit my child to participate in this study. | understand that my
child may also have to agree to participate in the study before he/she will be allowed to be in this study. |
have read this form, or have had it read to me in a language that | understand. | have been given enough
time to make this decision. | have asked questions and received answers about things | did not understand.
I willingly give permission for my child to participate in this study. By signing this form, | am not giving up
any rights to which | am entitled under law.

| understand that:

| can withdraw permission for my child’s participation in this study and for the use and/or disclosure
of my child’s PHI by contacting the person in charge of the study listed on the first page of this form.
The use and/or disclosure of my child's PHI will stop after Nemours receives the withdrawal notice.
Information that is used or disclosed before the withdrawal may still be used.

Unless | withdraw permission, the use and/or disclosure of my child's PHI described in this form will
not have an expiration date.

My child’s PHI may be disclosed again by the person or organization (other than Nemours) that
receives it. If this happens, Federal or state law may not protect the information.

| have the right to refuse to sign this permission form.

If I refuse to sign this permission form, my child will not be allowed to be in this research study.

I have the right to ask Nemours to tell me who has received my child’s protected health information.
| have the right to revoke my permission for the use and disclosure of my child’s health information
at any time, which would end his/her participation in this study.

I will receive a signed and dated copy of this form.

My signature indicates that:

As his or her parent or legally autheorized representative, | give my permission for the minor child
named below to participate in the research study described in this Parental Permission Form.

| give the researchers and Nemours permission to use and/or disclose my child's individually
identifiable health information for this research study as described in this form.

Name of Participant (Print) Participant Date of Birth:
Name of Parent / Legally Authorized Signature of Parent/ Legally Date
Representative (Print) Authorized Representative

Check Relation to Participant: ] Parent (] Legally Authorized Representative
(Legally Authorized Representatives must have documented authority to give permission for a child’s
participation in a research study according to the laws of the State in which the treatment occurs.)
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I, the undersigned, certify that to the best of my knowledge the parent / legally authorized representative
signing this permission had the study fully and carefully explained and that she / he understands the nature,
risks and benefits of his /her child’s participation in this research study.

Name of Person Obtaining Signature of Person Obtaining Date
permission (Investigator or Designee) permission

Copy of the signed form was provided to Parent/ Legally Authorized Representative on [Date]

[] Consent was obtained via phone and mail/fax method.
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