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Abstract

Spinal cord injury (SCI) is a devastating condition that leaves patients with lifelong sensory,
motor, and autonomic deficits. Stem cell therapies offer an attractive approach to repairing and
regenerating the injured spinal cord. While previous studies have shown that human neural stem
cells (NSCs) can improve locomotion, few have been able to demonstrate graft-host integration,
in part, due to ineffective viral and non-viral tracing methods. To overcome this challenge, we
engineered NSCs to express both antero- and retrograde trans-synaptic tracers to map transplant
integration. The resultant self-tracing NSCs retained typical stem cell properties as control NSCs
and differentiated into functional neurons. Furthermore, they successfully traced primary rat
cortical neurons in vitro. Preliminary in vivo data suggest self-tracing NSCs may also trace host
neurons. This exciting proof-of-concept shows promise as a tool to delineate synaptically

integrated sensorimotor pathways involved in stem cell-mediated recovery.
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Chapter 1
Literature Review

1 Literature Review

1.1 Spinal cord injury (SCI) overview

In North American alone, traumatic spinal cord injury (SCI) leaves more than 1 million patients
with profound and long-term sensory, motor, and autonomic deficits. While the sensorimotor
disabilities are commonly discussed, patients may also experience respiratory depression,
autonomic dysreflexia, increased risk of thromboembolism, pressure ulcers, and bowel
dysfunction depending on the level and severity of injury (Tator, 2006). Taken together, patients

experience a dramatic difference in their quality of life.

Adding to the personal costs of SCI are significant societal costs associated with expensive
health care treatment, rehabilitation, and loss of productivity (Munce et al., 2013). It is estimated
that the lifetime economic burden of SCI ranges from 1.5 million to 3 million CAD per patient
(Krueger et al., 2013). The staggering costs to treat SCI has driven researchers to develop novel
therapies that produce major functional improvements. To date, the field of SCI has led a healthy
number of clinical trials despite being a relatively small field, with only 11 000 new cases
annually in North America. Unfortunately, these trials have largely been unsuccessful, and a lack

of an effective treatment remains.

1.1.1 Epidemiology and etiology

The incidence of SCI is approximately 30 to 40 cases per million individuals in Canada (Singh et
al., 2014) and the United States (“Spinal Cord Injury Facts and Figures at a Glance,” 2014;
“Spinal Cord Injury Facts and Figures at a Glance,” 2012). This is considerably higher than
figures reported in other developed regions of the world, including Western Europe and
Australia, which are closer to 15 cases per million (Chen et al., 2013). Globally, SCI prevalence
has been estimated between 236 to 1173 per million (Cripps et al., 2011). This is likely a gross

underestimate given that many largely populated countries are missing a national SCI database.

Despite differences in the number of SCI patients worldwide, it appears that motor vehicle

accidents are a common major cause, accounting for approximately 50% of all cases (Cripps et



al., 2011). This is followed by a high rate of slip-and-falls, especially in developed regions with
aged populations. In contrast, SCI due to violence is more common in developing countries. The
remaining cases of SCI can be attributed to either sports/recreational injuries or workplace
injuries. It is also important to note that many patients also experience multisystem trauma,

further complicating a patient’s recovery (Burney et al., 1993; Krause et al., 2010).

Typically, males are three to four times more likely to incur an SCI compare to females and the
average age of SCI patients is 35 years old. In fact, young males aged 20 to 30 comprise the
majority of SCI patients (Sekhon and Fehlings, 2001). However, more recent data suggests that
an increasing number of older individuals are experiencing SCI after falling (Jain et al., 2015;
Wilson et al., 2014). Mirroring the ageing population, this the proportion of elderly patients is
only expected to grow. Unfortunately, older individuals are also less likely to recover from

injury.

Given the various etiologies of SCI, the patient population is highly heterogeneous, both in terms
injury level and severity. 55 to 75% of all SCIs occur at the cervical level with a relatively even
distribution of injuries occurring at the thoracic and lumbar regions (Pickett et al., 2006; Sekhon
and Fehlings, 2001). Once injured, impairments occur at and below the level of injury. From the
cervical level C5 to thoracic T1, the main muscle groups affected at the elbow flexors, wrist
flexors, elbow extensors, finger flexors, and finger abductors, respectively (Ditunno et al., 1994;
Kirshblum et al., 2011). Meanwhile, the lumbar level L2 to sacral S1 innervates the hip flexors,
knee extensors, ankle dorsiflexors, long toe extensors, and ankle plantar flexors. As a result,
cervical SCI patients typically suffer from greater impairments. Moreover, cervical SCI often
interrupts descending bulbospinal respiratory pathways leading to increased respiratory

complications (Zimmer et al., 2007).

Clinicians have also standardized the classification of neurologic deficits. By assessing the
presence or absence of key muscle functions and sensory perceptions, they are able to determine
the severity of SCI (Table 1). It is rare for patients to present with a complete SCI, defined by the
American Spinal Injury Association (ASIA) Impairment Scale (AIS, or International Standards
for Neurological Classification of Spinal Cord Injury, ISNCSCI) as having no motor or sensory
function at all. However, of the patients deemed AIS A, fewer than 5% convert to AIS B, C, or D

5 years post-injury (Kirshblum et al., 2011).



1.1.2 Mortality rate

Although the survival rates of SCI patients have greatly improved over time, their mortality rates
continue to exceed those of age-matched controls. An estimated 4% to 17% of SCI patients do
not survive beyond initial hospitalization. Patients who are discharged have annual mortality
rates of 3.8%, 1.6% and 1.2% in the first, second, and subsequent years after injury (Ahuja et al.,
2017). Previously, urinary tract infections were thought to be the leading cause of death in these
chronic patients, but later studies suggest that respiratory complications are to blame (De Vivo et
al., 1989). The presence of multisystem trauma, older age, higher level, and more severe injuries

further increase the risk of mortality and decrease the expected lifespan of an SCI patient.

1.1.3 Pathophysiology

The sensorimotor deficits caused by spinal cord injury results from the mechanical damage to the
spinal cord. This initial insult has been termed primary injury and encompasses a variety of
mechanisms, including contusion, compression, shear, stretch, and transection. Aside from injury
prevention, there is little to nothing that can be done to reverse the primary injury. Instead,
researchers place a greater emphasis on the secondary injury phase of SCI, a series of cellular
and molecular events that propagate tissue damage. Although secondary injury is not entirely
harmful, there is a well-defined timeline of mechanisms that can be targeted by potential

therapeutic interventions to ameliorate recovery.



Table 1 American Spinal Injury Association (ASIA) Impairment Scale
Scale Injury Type Classification Criteria

A Complete No sensory or motor function preserved in S4-5

B Sensory Sensory but not motor function is preserved
Incomplete | neurological level and extends through S4-5

c Motor Motor function preserved below neurological level with
incomplete | most muscles graded <3*

D Motor Motor function preserved below neurological level with
incomplete | most muscles graded =3**

E Normal Motor and sensory function is normal.

Adapted from Ditunno et al., 1994
*muscle grade <3 = total paralysis, visible contraction, or active movement without gravity
*muscle grade =3 = active movement, against gravity or with some/full resistance




1.2 Secondary injury
1.2.1 Acute phase

Secondary injury commences within minutes of trauma. This acute phase of SCI progresses over
the course of 48 hours and is marked by hemorrhage, ischemia, and vascular disruption (Tator
and Fehlings, 1991). Consequently, the compromised blood-spinal cord barrier (BSCB) not only
allows local, but also peripheral immune cells to respond to necrosis and initiate an inflammatory
response. The release of cytotoxic products and inflammatory cytokines further trigger apoptosis
in surrounding cells. Acute SCI is also accompanied by a rise in intracellular Na* and Ca?*
(Agrawal and Fehlings, 1996). Extracellular glutamate is also elevated due to malfunctioning ion
channels and transporters (Agrawal et al., 1998; Park et al., 2004). Together, these excitotoxic
mechanisms provide another mechanism for axonal degradation and neuronal cell death.
Interestingly, injured axons with elevated intracellular Ca?* can recover homeostasis
spontaneously and remain in a metastable state for hours, suggesting a self-preservation process
exists (Williams et al., 2014).

1.2.2 Subacute phase

The subacute phase of SCI lasts between two days to two weeks post-injury. In this time,
inflammation persists via macrophages rather than neutrophils and microglia activation, as in the
acute phase. Reports suggest neuron and oligodendrocyte apoptosis contribute to additional cell
loss and demyelination (Almad et al., 2011; Liu et al., 1997). Similarly, cell loss can also occur
through granular disintegration of axons distal to the injury epicentre, known as Wallerian
degeneration. As cell death continues, the formation of a cystic cavity can be seen. Enclosing the
lesion core is a layer of reactive astrocytes that form the glial scar. The hypertrophic and
proliferative glial cells secrete excess extracellular matrix (ECM) molecules, chemokines, and
other inhibitory molecules, forming a physical barrier to regeneration. A fibrotic scar comprised

of fibroblasts and pericytes surrounds the glial scar.

1.2.3 Intermediate and chronic phases

The time period between two weeks to six months is termed the intermediate phase of SCI.
During the intermediate phase, many of the processes observed in the subacute phase continue to
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progress, including the development of the cystic cavity, astroglial scar, and fibrotic scar.
Ongoing Wallerian degeneration and maturation of the scar inhibit endogenous regeneration.
However, some endogenous axonal sprouting of the corticospinal and reticulospinal tract can be
seen. Attempts at endogenous remyelination by both infiltrating Schwann cells and
oligodendrocyte precursor cells (OPCs) have also been reported at this stage. Beyond six months
after the initial injury, these processes are believed to have stabilized and have reached the

chronic phase.

1.3 Preclinical SCI models

Various methods of generating a preclinical model of SCI have been developed, each with their
own advantages and disadvantages (see Cheriyan et al., 2014 for review). The three most

frequently used models will be described.

1.3.1 Transection

Complete and partial transections involve the use of a scalpel to lesion the spinal cord, separating
the rostral and caudal components. Occasionally, longer segments of the spinal cord may also be
removed. While this mechanism of injury is extremely rare in clinical SCI populations, this
model is often used because of its relative simplicity, and thus, high reproducibility. Typically,
the transection model is paired with biomaterial treatments given that distinct borders between
tissue and material can be made. In terms of partial transections, targeting damage to specific
white and/or grey matter regions can be achieved. This allows researchers to focus on certain

sensory or motor pathways, simplifying scientific questions related to recovery and regeneration.

1.3.2 Contusion

To replicate a traumatic injury, a transient and acute impact can be applied to the cord, usually
by dropping a weight. However, within this category, the method of classifying and measuring
the severity of injury can differ. Some groups prefer changing the inherent weight (g) being
dropped on the exposed cord. Other researchers prefer controlling the actual force of impact
rather than weight. In any case, this model is believed to provide a more accurate depiction of
human SCI pathophysiology. Unfortunately, it is associated with more variability in results than
the transection model.



1.3.3 Compression

What both models lack, however, is the compression aspect of SCI. In humans, dislocated and
broken bone fragments put compress on the spinal cord until surgery can relieve the pressure.
The impactor SCI model has started to address this by leaving the weight sitting on the spinal
cord, allowing gravity to exert some pressure on the cord. However, this protocol is not well-
established. Small inflatable balloons have also been used to generate injuries. They can be
inserted in the epidural space and inflated using air or fluid before deflating after a pre-
determined duration. This model is more difficult to perform on smaller rodents and can be quite

variable.

1.3.4 Clip-compression

In our lab, we employ a contusion-compression model of SCI. A modified aneurysm clip is used,
with the blades placed on the dorsal and ventral surface of the spinal cord. The clip is calibrated
to close at a pre-set weight to generate an injury. The initial closure of the clip generates the
contusion while the 1 min closure time produces the compression. As a result, this model is
believed to be the most faithful to human SCI mechanisms. It has also been used to characterize
the vascular components of secondary injury. Unfortunately, its limitations lies in its variability,
which is highly dependent on an individual’s surgical skills. Nevertheless, we have chosen to use
the clip-compression model of SCI for our study to better replicate normal SCI deficits and

typical repair and regeneration.

1.4 Current treatments and limitations

Through a better understanding of secondary injury pathophysiology, scientists and clinicians
alike can develop targeted treatments to both increase tissue sparing and potentially repair and
regeneration of the spinal cord. This would greatly benefit SCI patients as there are currently few
treatment options for patients. Peri-injury recommendations include immobilization of patients
pre-hospitalization and early transfer to specialized treatment centres. Prior to surgery, patients
should undergo comprehensive assessments for physical impairment (Fehlings et al., 2011a),
cardiovascular dysfunction, and respiratory insufficiency (Witiw and Fehlings, 2015). Magnetic
resonance (MR) imaging is also strongly recommended for acute SCI prognosis.



1.4.1 Early surgical decompression and stabilization

After sustaining trauma, the spinal cord is often compressed by dislocated vertebral bones,
and/or ligaments. The goals of decompression surgery are: 1) to relieve the pressure on the spinal
cord by removing damaged structures; and 2) to stabilize the spinal column. Since prolonged
compression inhibits normal blood perfusion through the cord and exacerbates the secondary
injury cascade, it is thought that early intervention provides the best chance at preserving quality

of life and subsequent recovery.

Confirming this claim were the results of the Surgical Timing in Acute Spinal Cord Injury Study
(STASCIS) trial, a large, multi-centre, cohort study in North America comparing the
improvement in neurologic outcome between patients who underwent early (<24 h after injury)
or late (>24 h after injury) surgical decompression (Fehlings et al., 2012). Patients who received
early decompressive surgery were more likely to show clinically significant improvements at 6
months follow-up, defined as at least a two-grade improvement in AlS score. The study findings
validated preclinical work showing the effectiveness of decompressive surgery in attenuating
secondary injury mechanisms is inversely related to the time elapsed since SCI and have since
been adapted into the 2017 AOSpine guidelines for acute SCI management (Fehlings et al.,
2017a).

1.4.2 Methylprednisolone sodium succinate (MPSS)

Methylprednisolone sodium succinate (MPSS) is the only recognized treatment for acute SCI
that has been tested in a large randomized, controlled trial (Vismara et al., 2017). MPSS is a
synthetic corticosteroid with potent anti-inflammatory properties useful for preserving blood-
spinal cord barrier integrity and spinal cord blood flow. It also serves as a free radical scavenger

to mitigate lipid peroxidation (Hall and Braughler, 1982).

Early studies examined the effect of high-dose MPSS as a treatment for acute SCI in a feline
model. MPSS-treated animals displayed greater functional recovery and tissue preservation
compared to controls (Braughler et al., 1987; Means et al., 1981). Preclinical success and the
ongoing need for an SCI treatment helped move MPSS into clinical trial. The National Acute
Spinal Cord Injury Study (NASCIS) trials found early administration of MPSS, within 8 of
injury, and treatment for 24 to 48 h conferred modest motor recovery in patients both at 6 weeks
and 6 months follow-up (Bracken et al., 1997, 1992, 1990). Unfortunately, patients were also
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more likely to develop sepsis and severe pneumonia due to their immunosuppression. Numerous
groups have also gone on to criticize the NASCIS trials for failure to meet primary endpoints,
inconsistencies between participating centres, poor choice of outcome measures, and problematic
post hoc statistical analyses (Coleman et al., 2000; Hugenholtz, 2003; Sayer et al., 2006).

Consequently, the clinical use of MPSS declined over recent years (Schroeder et al., 2014).

Researchers have tried to replicate the initial studies to provide some clarity regarding the
controversial use of MPSS. A systematic review and meta-analysis of both randomized-control
trials and observational studies concluded that MPSS did not increase the risk of infections and
confers significant short-term motor score improvements when administered within 8 h of an
SCI (Evaniew et al., 2016). Patients with incomplete cervical SCI were also more likely to
benefit from MPSS treatment (Tsutsumi et al., 2006). In light of these findings, the most recent
clinical guidelines have recommended intravenous MPSS for 24 h when initiated within the first

8 h of SCI as a treatment option for patients (Fehlings et al., 2017b).

1.4.3 Haemodynamic maintenance

Since the establishment of guidelines for pre and post-surgical management of acute SCI, with a
focus on tissue oxygenation and perfusion, patient survival rates have improved greatly (Witiw
and Fehlings, 2015). In clinical practice, this translates to haemodynamic maintenance. Despite
initial stable cardiac and pulmonary function, acute SCI patients often develop hypotension,
hypoxemia, pulmonary dysfunction and cardiovascular instability between seven to ten days
post-injury (Levi et al., 1993). Cardiorespiratory complications not only limit the opportunity for
surgical intervention, but it also contributes to secondary damage through spinal cord ischemia.
For these reasons, the 2013 American Association of Neurological Surgeons (AANS) and
Congress of Neurological Surgeons (CNS) guidelines advocate vigilant monitoring and
maintenance of systemic blood pressure (Walters et al., 2013). Clinical practice involves
correction of hypotension (systolic blood pressure < 90 mmHg) to maintain mean arterial
pressure between 85 and 90 mmHg for the first week after SCI (Ryken et al., 2013).
Additionally, to prevent deep venous thrombosis, oxygen saturation should be maintained at

>90% and prophylaxis.

When support of mean arterial pressure was first introduced in 2002 (Hadley et al., 2002), the

recommendations were primarily founded upon findings small, uncontrolled, and underpowered



studies (Vale et al., 1997) and remained unchanged in the 2013 update (Ahuja et al., 2017,
Ulndreaj et al., 2017). However, the published guidelines were validated by more recent
retrospective clinical studies, which also suggested vasopressor administration demonstrated

neuroprotective potential (Hawryluk et al., 2015).

1.4.4 Rehabilitation

Once patients recover from surgery, a rehabilitation regimen is initiated. Even during
hospitalization, a multidisciplinary team of physiotherapists, occupational therapists, and nurses
are brought in to assist patients through exercises developed to improve range of motion and
muscle strength. The general consensus is that early intervention may shorten a patient’s length
of stay, prevent secondary complications, and prepare patients for discharge and further
rehabilitation programs. This is because activity-based therapy has been shown to promote

plasticity of relevant neural circuits and muscle systems (Behrman et al., 2017).

Locomotor or treadmill training is most commonly employed and can be adjusted for weight
support (Dobkin et al., 2006). Buehner et al. examined the relationship between locomotor
training, AIS score, and various functional outcomes. Although AIS score changes did not reflect
recovery following locomotion, they found that treatment improved gait speed to a clinically
significant difference that allowed or independent ambulation even after chronic SCI (Buehner et
al., 2012). A separate group studied the effects of locomotor training on respiratory function and
found that significant improvements in pulmonary measures, including forced vital capacity,
forced expiratory volume (1 s), maximum expiratory and inspiratory pressure (Terson de
Paleville et al., 2013). Surface electromyography recordings also revealed greater activity of

respiratory muscles during voluntary breathing.

Patient heterogeneity is taken into consideration during rehabilitation, but it adds a layer of
variability in the care SCI patients receive. Furthermore, rehabilitation protocols and duration
vary between hospitals and specialized treatment centres. In order to optimize activity-based
therapy, greater effort has been placed on comparing different physiotherapy regimens to
identify those that are most effective (Harvey et al., 2016). Clinicians, researchers, and fitness
specialists have also worked towards establishing a standardized physical activity guideline for
SCI patients, which includes a minimum of 20 min aerobic activities and strength training of

major muscle groups twice a week (Ginis et al., 2011).
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1.4.5 Limitations and challenges

Thus far, SCI can only be treated acutely by surgical decompression and haemodynamic
stabilization. Although MPSS has been approved and indicated for acute SCI, guideline
recommendations for its use have been relatively conservative due to its association with
increased infection risk. In chronic SCI patients, activity-based training has been shown to
promote modest motor and respiratory function via activity-based plasticity. While these findings
point to the potential of further recovery, it is unlikely that rehabilitation alone would be
sufficient.

Researchers have turned their attention to relieving vascular disruption and inflammation to
preserve more tissue and enhance the effects of acute SCI treatments. It is also likely that novel
therapies need to address the multifaceted nature of secondary injury mechanisms such as
excitotoxicity and reactive astrogliosis to extend the time frame for interventions and promote
more drastic changes in sensory and motor function. More importantly, existing treatment
options are only able to limit the extent of injury and maximize SCI outcomes rather than
promote repair and regeneration of the spinal cord. The central nervous system is notorious for
its lack of endogenous repair and regeneration. For this reason, cellular transplantation of stem
cells has become an increasingly attractive approach to treating SCI.

1.5 Promising treatments for SCI

The SCI research community has generated much knowledge on novel therapeutic strategies to
promote recovery, some of which have translated to clinical trials (Kwon et al., 2005; Ulndreaj et
al., 2017). Among the promising candidates are pharmaceutical agents which have demonstrated
neuroprotection in preclinical models and have an established safety record in humans for other
indications. Other potential treatments that have reached clinical translation have demonstrated

robust neurobehavioural improvements in a variety of clinically relevant SCI models.

1.5.1 Riluzole

Developing new pharmaceutical agents for clinical use has proven to be a long arduous process.
For this reason, a greater effort has been placed on repurposing FDA-approved drugs for off-
label indications. One such example is Riluzole, a benzothiazole Na* channel blocker approved

for the treatment of amyotrophic lateral sclerosis (ALS). A hallmark of the progressive motor

11



neuron disease is the demyelination of axons and excitotoxicity (Shaw and Ince, 1997). These
pathophysiological mechanisms can also be found in acute SCI. When tested in a transection
model of SCI, Riluzole was shown to suppress tail muscle spasticity (Kitzman, 2009). In a
separate study using a high cervical spinal hemisection injury, Riluzole was associated with

neural preservation, motor recovery, and respiratory recovery (Satkunendrarajah et al., 2016).

Riluzole’s preclinical success was enough for researchers to move the drug towards a clinical
trial for acute SCI patients. A Phase I/I1A trial was launched to assess the safety and
pharmacokinetics of Riluzole in this patient cohort (ClinicalTrials.gov Identifier NCT00876889).
A total of 72 patients were recruited for the study with 36 participants receiving treatment and 36
gender, age, and neurological impairment-matched controls. Patients who received Riluzole were
administered 50 mg orally every 12 hours for 14 days while controls received the standard of
care. Riluzole was shown to be safe and conferred statistically significant AIS motor score
improvements, especially in patients with incomplete cervical injury (Grossman et al., 2014).
Too few patients (8) and poor sensorimotor tests sensitivity for thoracic recovery were likely the

reasons for the lack of improvement seen in thoracic patients (Fehlings et al., 2016).

Accordingly, a follow-up Phase 11B/I11 trial, Riluzole in Acute SCI Study (RISCIS), to determine
safety and efficacy of Riluzole in acute cervical SCI patients began in 2013 (Clinical Trials.gov
Identifier NCT01597518). To date, the multi-centre, randomized, placebo-controlled, double-
blind trial has an estimated enrolment of 351 patients. Compared to the earlier study, the dosing
regimen was increased to 100 mg two times within the first 24h of injury followed by the
original 50 mg twice daily for the remaining two weeks. ISNCSCI scores at 180 days post-injury

serve as the primary outcome measure and the study is estimated to be completed by May 2025.

1.5.2 Glibenclamide (Glyburide, DiaBeta)

Glibenclamide (Glyburide) is another FDA-approved drug for diabetes mellitus type 2 being
repurposed for acute SCI. Glibenclamide is a sulfonylurea that binds to sulfonylurea receptor 1
(SUR1), an inhibitory regulatory subunit of ATP-sensitive potassium channels (Katp) (Serrano-
Martin et al., 2006), causing membrane depolarization, activation of voltage-gated Ca?*
channels, and ultimately insulin release in pancreatic beta cells. SUR1 also regulates Ca?*-
activated [ATP]i-sensitive non-specific cation (NCca-atp) channel, whose expression is

upregulated in astrocytes and neurons after hypoxia or ischemia (Chen et al., 2003; Chen and
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Simard, 2001; Simard et al., 2006). ATP depletion triggers NCca-aTp channel activation and leads
to cell depolarization, edema, and oncotic cell death, but glibenclamide was able to mitigate

these effects in an ischemic stroke model.

Building upon this work, researchers also examined the expression of SUR1-regulated NCca-atp
channels on endothelial cells in rats with unilateral cervical SCI. They determined that these
channels were greatly upregulated in the lesion epicentre, specifically in capillary endothelium
(Simard et al., 2007). Compared to the vehicle group, glibenclamide-treated animals
demonstrated reduced progressive blood extravasation, decreased lesion volume, and improved
functional recovery. It is believed that SUR1-regulated NCca.atp is a key mechanism underlying

progressive haemorrhagic necrosis seen in SCI.

To determine the safety and feasibility of glibenclamide as a neuroprotectant in acute cervical
SCI, the Spinal Cord Injury Neuroprotection with Glyburide (SCING) trial (ClinicalTrial.gov
Identifier NCT02524379) was initiated in February 2017. 10 patients will be administered
glibenclamide orally within 8h of SCI and every 6h following for a total of 12 doses. The trial is
projected to conclude in March 2021.

1.5.3 Minocycline

Minocycline is a broad-spectrum synthetic tetracycline antibiotic that is regularly used for the
treatment of acne vulgaris. While best known for its anti-microbial properties, minocycline has
also been shown to be anti-inflammatory (Yrjanheikki et al., 1999) and anti-apoptotic (M. Chen
et al., 2000; Garrido-Mesa et al., 2013) in other neurodegenerative conditions. Its ability to
attenuate microglia activation and caspase expression, has also been reproduced in various SCI
models along with improvements in long-term hind-limb function (Festoff et al., 2006; Lee et al.,
2003; Stirling, 2004; Teng et al., 2004; Wells et al., 2003; Yune et al., 2007).

Combined, these results allowed investigators to proceed with a single-centre, randomized,
placebo-controlled, double-blind, Phase I/11 trial of intravenous minocycline administration
within 12h of SCI for the purpose of dose optimization, safety assessment, and efficacy
evaluations (ClinicalTrial.gov Identifier NCT00559494). The trial completed in August 2010 and
a total of 52 patients were recruited (minocycline, n = 27; placebo, n = 25). Minocycline was
maintained for 7 days and the dosing regimen was generally well-tolerated with only one
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minocycline-treated patient experienced a transient elevation in serum liver enzyme levels
(Casha et al., 2012). When examining the changes in ISNSCI motor scores at 1-year follow-up,
only cervical SCI patient treated with minocycline showed a strong trend towards a 14-point
improvement but just failed to reach statistical significance. Nevertheless, there was sufficient
evidence to warrant a Phase 111 study of Minocycline in Acute Spinal Cord Injury (MASC,
ClinicalTrial.gov Identifier NCT01828203). With a larger cohort of 248 participants, the
investigators aimed to obtain more conclusive motor recovery results between placebo and
minocycline-treated patients. The expected completion date was June 2018, but results are
pending. Meanwhile, researchers have analyzed cerebrospinal fluid (CSF) samples from their
initial Phase |1 study to find novel biomarkers of SCI to evaluate both injury severity (IL1B,
MMP9, HO1) and 1-year prognosis (IL1B, MMP9, CXCL10) (Casha et al., 2018).

1.5.4 Therapeutic hypothermia

Mild to modest systemic hypothermia (32-35°C) is also being pursued as an experimental
treatment for neurologic injuries, including SCI. In fact, research into therapeutic hypothermia
for stroke and traumatic brain injury date back to the early 1950s (Alkabie and Boileau, 2016).
To combat ischemia, a state characterized by a lack of oxygen, ATP, and glucose, therapeutic
hypothermia can reduce metabolic demand 6-7% for every 1°C decrease in body temperature
(Polderman, 2009). Unfortunately, early clinical studies were poorly designed with small sample
sizes and a lack of randomized groups (Dietrich, 2009; Dietrich et al., 2011). Furthermore,
control patients did not receive surgical decompression or MPSS as the standard of care. The
prolonged protocol for cooling also led to many adverse events including pneumonia and cardiac
arrest. Overall, these trials reached inconclusive results and therapeutic hypothermia research

was largely abandoned.

In pre-clinical models, hypothermia has been shown to decrease early-gene expression c-fos and
excitatory neurotransmitter release to further reduce cell death (Song and Lyden, 2012). From
traumatic brain injury (TBI) research, therapeutic hypothermia also stabilized the blood-brain
barrier and reduced vasogenic edema (Karibe et al., 1994) by reducing immune cell,
inflammatory cytokines, free radicals, and thrombin permeability (Song and Lyden, 2012). These
molecular findings were accompanied by long-term behavioural improvements and have

reopened the door for clinical trials (Martirosyan et al., 2017).
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Drawing from the experience of previous failures, a new multi-centre, randomized, controlled
trial began in August 2017 to assess the efficacy of intravenous delivery of modest hypothermia
in acute SCI (ClinicalTrial.gov Identifier NCT02991690). Patients will be slowly cooled to 33°C
within 24 h of SCI and maintained for 48 h before normothermia is slowly restored by 0.1°C.
Currently, an estimated 120 patients have been enrolled and the study is expected to be
completed by March 2020. The primary outcome measure will be changes in AIS and ASIA
motor score between baseline and 12-month follow-up.

1.5.5 Anti-Nogo-A antibody (ATI-355)

Approaching regeneration from a different angle, removing molecular barriers to structural
neural plasticity may also be effective in promoting recovery after SCI. Secondary injury
mechanisms are known to prevent endogenous regrowth of severed axons, namely arising from
components of the glial scar and myelin. In 2 to 6-week-old rats with corticospinal tract (CST)
transections, injection of a novel monoclonal antibody (IN-1) against rat spinal cord myelin was
able to promote long-distance CST regrowth (Schnell and Schwab, 1990). In slightly older rats,
aged 6 to 8-weeks, similar recovery was seen along with specific reflex and locomotor recovery
(Bregman et al., 1995). Through greater characterization of IN-1, Nogo-A was found to be the
target antigen preventing neurite outgrowth (M. S. Chen et al., 2000; GrandPré et al., 2000;
Prinjha et al., 2000; Schweigreiter and Bandtlow, 2006).

Further studies examined a more refined subdural administration of a purified Nogo-A antibody
in both a rat thoracic hemisection model (Liebscher et al., 2005) and a monkey unilateral cervical
lesion (Freund et al., 2007, 2006). Again, anti-Nogo-A antibody promoted corticospinal axon
growth and conferred improved neurological recovery, including manual dexterity in the SCI
monkeys. The repeatable results were a strong indication for anti-Nogo-A antibody treatment to
test its safety and feasibility in an open-label Phase I trial in SCI patients (ClinicalTrials.gov
Identifier NCT00406016, (Zorner and Schwab, 2010). From May 2006 to September 2011, 52
patients began treatment anywhere between 4 to 60 days post-injury and received either
continuous intrathecal infusion or multiple intrathecal bolus injections at varying doses (5 mg to
30 mg/2.5 mL/day or 22.5 mg and 45 mg/3mL/4 weeks) (Kucher et al., 2018). 15 patients
reported 16 serious adverse events, but only one case was related to anti-Nogo-A antibody’s
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route of delivery. Generally, the drug was well-tolerated, but the study design limited the

investigator’s ability to draw conclusions concerning efficacy.

Although the clinical trial demonstrated relative safety to anti-Nogo-A, it also raised concerns of
potential off-target effects since the antibody is capable of freely crossing the blood-brain and
blood-spinal cord barrier. This was addressed by treating healthy rodents with an intrathecal
infusion of anti-Nogo-A antibodies for 2 to 4 weeks (Craveiro et al., 2013). In doing so,
researchers confirmed that although the treatment did promote higher expression of neural
growth and synaptic markers, these changes were not associated with any cognitive changes or
deficits. A secondary question regarding the treatment efficacy was whether future studies
should include a broad range of patients varying in time since injury. A follow-up study
performed in rodents suggested that the time frame for anti-Nogo-A treatment is restricted to 2
weeks (sub-acute phase) post-injury as longer delays correlated with decreasing effectiveness
(Gonzenbach et al., 2012).

1.5.6 BA-210 (VX-210, Cethrin)

Similarly, inactivating enzymes responsible for downstream growth inhibition would work in
parallel to neutralizing growth-inhibitory molecules themselves. Rho GTPase mediates actin
cytoskeleton remodelling in response to extracellular signals. Upon contact with growth-
inhibitory molecules present in the glial scar or on myelin, including Nogo-A, Rho is
immediately activated in all neuroglial cells both in the SCI epicentre and penumbra (Fitch and
Silver, 2008). Specifically, in neurons, Rho activation is responsible for the collapse of the axon
growth cone (Niederost et al., 2002; Yamashita et al., 2005). Inactivation of Rho by exoenzyme
C3 transferase has been shown to promote axon regeneration in vitro (Winton et al., 2002).
Unfortunately, cells are impermeable to C3 transferase. Alternatively, sSiRNA knockdown of Rho
achieved the same regenerative effect in a dorsal root ganglion model of axon growth (Ahmed et
al., 2005), but their potential for off-target effects prevent clinical translation.

To overcome these limitations, researchers modified the C3 transferase sequence to increase
permeability. They further eliminated vestigial and protease-sensitive residues (BA-210) for
potential clinical use (Lord-Fontaine et al., 2008). Epidural application of BA-210 in a mouse
thoracic hemisection model promoted long-distance regeneration of corticospinal neurons,

enhanced GAP43 expression in the motor cortex, increased locomotor scores, and improved limb
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coordination. Similar improvements in behavioural recovery were also seen in rat thoracic

hemisection models.

Capitalizing on these successes, BA-210 (VX-210, Cethrin) was brought to an open-label Phase
I/11a trial in February 2005 to test its safety and tolerability in acute complete cervical and
thoracic SCI patients (ClinicalTrial.gov Identifier NCT00500812). A single epidural application
of BA-210 at varying doses (0.3 mg to 9 mg) during surgery was tested in 48 patients. No serious
adverse events were attributed to drug treatment and preliminary efficacy analysis revealed that
cervical SCI patients who received 3 mg of Cethrin showed the greatest AIS motor score
improvement, even compared to historical STASCIS data (Fehlings et al., 2011b; McKerracher
and Anderson, 2013). This prompted a subsequent multi-centre, randomized, placebo-controlled,
double-blind, Phase 11b/I11 trial to determine the efficacy of high dose (9 mg) VX-210 in patients
with acute cervical SCI (Fehlings et al., 2018). An estimated 71 patients were recruited with the
study completed in November 2018 (ClinicalTrial.gov Identifier NCT02669849). Given the
focus on cervical SCI patients, investigators are predominantly interested in upper extremity

motor scores 6 months post-treatment, but results have not yet been published.

1.5.7 Functional and epidural electrical stimulation (FES, EES)

Through activity-dependent plasticity, rehabilitation aims to retain and augment residual
volitional movement. However, this relies on patients being able to initiate an action.
Fortunately, plasticity can also be driven by applying electrical stimulation below the level of
injury, even in chronic SCI patients (Behrman et al., 2017; Mayr et al., 2016). Typically,
stimulation needs to be precise both spatially and temporally in order to restore appropriate
circuit signalling and this can be achieved by either transcutaneous functional electrical

stimulation (FES) or epidural electrical stimulation (EES) in adjunct to rehabilitation.

The non-invasive nature of FES has propelled numerous clinical studies to validate for SCI.
Sadowsky et al. Found increased hamstring and quadricep muscle strength and increased quality
of life in patients who underwent FES with cycling (2013). When applied to trunk muscles,
Triolo et al. claimed FES produced positive changes in stability, posture, and reach (2013). A
series of clinical trials assessing FES for upper and lower limb movements have also been
completed (ClinicalTrials.gov Identifier, NCT00221117; NCT01208688; NCT00201968;
NCT01292811). Although relatively small studies, they observed improvements in grasping
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(Kapadia et al., 2013), walking speed, balance, endurance (Kapadia et al., 2014), and bone

turnover (Craven et al., 2017).

EES uses the same principles as but allows for greater spatial precision compared to FES. EES
over specific spinal cord locations with precise timing can modulate the degree of leg extension
and flexion in rats with severe thoracic SCI. Initial studies examined involuntary movements. but
the development of a brain-spinal interface (BSI) allowed researchers to examine voluntary
movements as well, to enhance relevant task-specific behaviours during rehabilitation (Bonizzato
et al., 2018). This was also tested in Rhesus monkeys and improved bipedal locomotion, setting
up the framework to evaluate the efficacy of BSI-based gait rehab in paraplegic patients
(Capogrosso et al., 2016). Moving to a human population, EES was shown to promote the
recovery of volitional leg movements and standing in individuals with chronic clinically
complete SCI (Angeli et al., 2014; Rejc et al., 2017a, 2017b). With BSI-controlled lumbosacral
EES and rehabilitation, chronically injured SCI patients showed improvements in locomotor
performance within 1 week of treatment, while voluntary control of paralyzed muscles without
EES could be seen after several months, even outside of rehabilitation settings (Wagner et al.,
2018).

1.5.8 Cell therapies

While the previously discussed strategies to treating SCI have focused on allowing the
endogenous mechanisms to reach their maximal potential, cell transplantation is not only able to
promote endogenous repair, but also replace lost and damaged cells. More importantly, they are
also expanding the therapeutic window of SCI towards the subacute and chronic phases of
injury. In the case of stem cells, their ability to self-renew, proliferate, and differentiate into
specific cell types make them an attractive approach to repairing the injured spinal cord. Much
preclinical work has been done to attempt to tease out the best cell type, timing, and dose for
transplantation. Although many groups have even moved these studies forward to clinical
populations, there is little consensus on the optimal protocol. In the next sections, we will discuss

the various cell types that have been tried and tested.
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Table 2 Promising treatments for SCI

Clinical Clinical Mechanism of Pre-clinical
Treatment . Phase .
Trial.gov Reference(s Action Reference(s)

Grossman et

Riluzole NCTO00876889 /A al., 2014 Decrease Kitzman, 2009
Fehlings et al excitotoxicity Satkunendrarajah et
NCT01597518 11B/111 " al., 2016
2016
Reduce Chen aznodofimard,
Glibenclamide | NCT02524379 I N/A haemorrh_ag|c Chen et al., 2003
Necrosis Simard et al., 2006
NCT00559494 1l Casgglezt al.,
Festoff et al., 2006
Reduce Lee_ e_t al., 2003
Minocycline inflammation Stirling, 2004
Casha et al., L Teng et al., 2004
NCT01828203 Il 2018 apoptosis Wells et al., 2003
Yune et al., 2011
Reduce
) excitotoxicity, Karibe et al., 1994
Therapeutic |\ ~r35991690 | N/A N/A inflammation. Song and Lyden,
hypothermia . 2012
vasogenic
edema
Zoérner and Schnell i\ggOSchwab,
Ant|-tho%o-A NCT00406016 | SKchvxab, %Ollo Axon sprouting Liebscher et al., 2005
antbody ucher €t al., Freund et al., 2007,
2018) 2006
Fehlings et al.,
2011b;
BA-210 NCT00500812 IMNa McKerracher
and Anderson, ) |
2013 Prevent axonal Winton et al., 2002
dieback Lord-Fontaine et al.,
iebac 2008
Fehlings et al.,
NCT02669849 b/ 2018
Kapadia et al.,
2013
Kapadia et al., .. Behrman et al., 2017
FES NCT00221117 N/A 2014 Neuroplasticity Mayr et al., 2016
Craven et al.,
2017
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1.6 Cell types for SCI transplantation

Conceptually, cell replacement strategies seem like a logical approach to repairing the spinal
cord after injury, but cells from the central nervous system are not abundantly available or easily
isolated/cultured for transplantation. As a result, cell transplantation strategies rely on either

peripheral nervous system cells or stem cells.

Stem cells vary in their developmental potential, ranging from totipotency (can generate embryo)
to multipotency (restricted lineage), with pluripotency (can generate all cell types) in between.
Within each classification, the cell origin and progeny fate further govern whether a cell type is
better suited for direct cell replacement, or indirect repair via promotion of a more permissive

growth environment.

1.6.1 Embryonic stem cells (ESCs)

Isolated from the inner cell mass of blastocysts are embryonic stem cells (ESCs). Their
pluripotent nature makes them highly versatile, but they also have high tumorigenic potential and
are not specific enough for SCI treatment. To overcome these challenges, prior to
transplantation, ESCs are often differentiated into multipotent cell types found within the
nervous system, including neural stem cells (NSCs), oligodendrocyte precursor cells (OPCs), or
even terminally differentiated neurons. Still, controversy surrounds the use of ESCs, not only

because of their immunogenicity, but also because of their embryonic source.

1.6.2 Induced pluripotent stem cells (iPSCs)

The discovery of key transcription factors (OCT3/4, SOX2, KLF4, and cMYC) have made it
possible to reprogram somatic cells to a pluripotent state, known as induced pluripotent stem
cells (iPSCs) (Takahashi et al., 2007; Takahashi and Yamanaka, 2006). In doing so, scientists are
able to generate a greater source of autologous stem cells without the same contentious ethical
discussions of ESCs.

At the same time, iPSCs have raised their own set of concerns. As with ESCs, pluripotency and
proliferation pose the risk of tumour formation. iPSCs may also retain epigenetic modifications
associated with the parental somatic cells, including methylation, which may hinder

reprogramming efficiency (Kim et al., 2010; Ma et al., 2014) and influence tumorigenicity (lida

et al., 2017). Conventional use of viral transduction for reprogramming cells further increase
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tumour potential through potential mutagenic integration into the host genome. The development
and application of non-viral techniques provide a safer alternative. Pushing iPSCs slightly further

along their developmental timeline to more differentiated stem cell subtypes is another option.

1.6.3 Mesenchymal stem cells (MSCs)

Mesenchymal stem cells (MSCs) are multipotent and stromal in nature and be isolated from both
adult and perinatal tissues. Found in bone marrow, adipose tissue, cartilage, umbilical cord,
placenta, and perivascular tissue, MSCs can give rise to osteocytes, adipocytes, and
chondrocytes. The vastly different sources of MSCs also translate to variable differentiation
potencies and have prompted scientists to establish minimal criteria for defining MSCs,
including plastic adherence in vitro, surface molecule expression of CD105, CD73, CD90 and
lack expression of CD45, CD34, CD14 or CD11b, CD79a, or CD19 and HLA-DR (Dominici et
al., 2006), but there is still a need to determine more concise terms for identification (Sipp et al.,
2018). Nevertheless, MSCs typically do not differentiate into neuroglial cells, yet they are still of
therapeutic interest for SCI because of their relative availability and paracrine effects (Tolar et
al., 2010; Wright et al., 2011).

Intravenous infusion of MSCs in preclinical SCI models have resulted in locomotor recovery
which was linked to immunomodulatory, anti-apoptotic, and pro-angiogenic effects (Badner et
al., 2018, 2016; Morita et al., 2016; Quertainmont et al., 2012; Vawda et al., 2019). Several
groups have tested MSCs in Phase | clinical trials, validating the safety of both intrathecal
(ClinicalTrials.gov Identifier NCT01909154), intraspinal, and intravenous (Geffner et al., 2008)
administration of MSCs. Although initially testing the safety and feasibility of intrathecal MSC
injections, investigators also looked a clinical recovery. They found modest but significant
improvements in sensory scores, bladder control, bowel control, and sexual function (Vaquero et
al., 2016). As a follow up to this study, preliminary efficacy was further assessed in an open-
label Phase 11 study, confirming earlier results (ClinicalTrials.gov Identifier NCT02570932,
Vaquero et al., 2017).

1.6.4 Schwann cells (SCs)

Oligodendrocytes are highly susceptible to the hostile SCI microenvironment, especially reactive
oxygen species produced by SCI (Almad et al., 2011; Giacci and Fitzgerald, 2018). They
undergo necrosis and apoptosis during the acute phase and are seen undergoing apoptosis well
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into chronic time points. Multiple studies examining the mechanisms of various neuroprotective
strategies have often associated greater white matter sparing with greater neurobehavioural
recovery (Chen et al., 2016; Kloos et al., 2005; Scholtes et al., 2011; Tu et al., 2013). For this
reason, promoting myelination has been pursued through cell therapies as well.

The peripheral nervous system has demonstrated time and time again superior regenerative
potential compared to the central nervous system. Luckily, Schwann cells (SCs) function in
parallel to oligodendrocytes in the peripheral nervous system; therefore, they have the capacity to
replace them after SCI. Endogenous SCs naturally migrate from the nerve roots towards the
lesion to assist in repair (Brook et al., 1998; Nagoshi et al., 2011). They are readily isolated from
peripheral nerve fibres and can be purified and expanded for therapeutic use compared to
oligodendrocytes (Brockes et al., 1979; Morrissey et al., 1991).

Transplantation studies have demonstrated that exogenous SCs can migrate long distances to
remyelinate denuded axons and restore efficient conduction of neural signals (Felts and Smith,
1992; Honmou et al., 1996), even in chronic SCI (Barakat et al., 2005). It believed that SCs
mediate repair by modulating the immune response (Pearse et al., 2018), and secreting numerous
growth factors, ECM components, and adhesion molecules (Bunge and Wood, 2012). Human
SCs have also been tested in rodent models, surviving up to 6 months post-transplantation and
promoted greater tissue preservation without tumour formation (Bastidas et al., 2017).
Nevertheless, there remain several challenges associated with SC transplantation. Firstly, SCs
provoke reactive astrogliosis which may reduce effective integration into the host tissue
(Guenard et al., 1994; Williams et al., 2015). Secondly, autologous transplantation requires in
vitro amplification which is time-consuming. Lastly, studies publishing more convincing
functional recovery required adjuvant treatments for increased efficacy (Kanno et al., 2015;
Tetzlaff et al., 2011).

Autologous SCs are still promising candidates for SCI treatment and have been translated to a
Phase I clinical trial (ClinicalTrials.gov Identifier NCT01739023). 6 patients with acute thoracic
SClI were recruited and sural nerve harvests were performed to isolate Schwann cells. Schwann
cells were expanded in culture and transplanted within 4 to 9 weeks of SCI and patients were
evaluated for 12 months. The study successfully demonstrated the feasibility of harvesting,

culturing, and transplanting autologous SCs without a reasonable time frame (Anderson et al.,
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2017). Furthermore, the treatment was not associated with any adverse events such as tumour

formations or abnormal rates of neuropathic pain, which are major concerns when using SCs.

1.6.5 Olfactory ensheathing cells (OECs)

More distant are olfactory ensheathing cells (OECs), specialized glial cells residing in the
olfactory bulb, the transitional zone between the peripheral and central nervous system (Fraher,
1999). During normal cell turnover or after damage to the olfactory nerve or epithelium,
endogenous OECs guide the growth of new olfactory receptor neurons through the lamina
propria into the nerve layer of the olfactory bulb (Doucette et al., 1983). OECs can be directly
isolated from olfactory mucosa biopsies relatively safety and are readily purified and expandable
in culture (Féron et al., 1998). These properties make OECs an ideal candidate for autologous

central nervous system cell transplantation.

Akin to SCs, OECs are equally able to remyelinate demyelinated axons and promote
regeneration across SCI lesions (Barnett and Riddell, 2004; Williams et al., 2004). Not only do
OECs secrete lipid vesicles, neurotrophic factors, and ECM molecules, but they also assist in
phagocytosis of extracellular debris (Nakhjavan-Shahraki et al., 2018; Roet and Verhaagen,
2014). Compared to SCs, OECs do not cause astrocyte hypertrophy (Lakatos et al., 2000), but
they still seem to show the greatest functional benefit when transplanted with additional factors
(Tetzlaff et al., 2011). As of now, only one clinical study is registered with the National Institute
of Health to treat patients with SCI using autologous OECs (ClinicalTrials.gov Identifier
NCT03933072), indicating the need for ongoing preclinical research.

1.6.6 Oligodendrocyte precursor cells (OPCs)

Within the central nervous system, oligodendrocyte precursor cells (OPCs) are the source of
oligodendrocytes for endogenous myelination. Perinatal and adult OPCs exist and both
populations express NG2 and PDGFa but can be distinguished by the expression of O4, which is
only seen on adult OPCs (Levine et al., 2001). Interestingly, OPC populations are predominantly
quiescent in adult tissue but will respond to insults by proliferating and differentiating to mature
oligodendrocytes (Assinck et al., 2017b; Watanabe et al., 2002). These fate-restricted cells may
thus help remyelinate the spinal cord after injury to an extent, limited by growth-inhibitory
molecules in the microenvironment (Kawabata et al., 2016). For therapeutic purposes, it is more
common to obtain OPCs through the differentiation of ESCs (Faulkner and Keirstead, 2005; Kerr
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et al., 2010) or neural stem/progenitor cells (L0 et al., 2010), or by directly reprogrammed

somatic cells (Kim et al., 2015).

Most studies have demonstrated proof-of-concept findings for OPC applications using rodent
OPCs, but Nistor et al. developed a high-yield protocol for obtaining human OPCs from ESCs
that are able to form compact myelin in vivo (Alsanie et al., 2013; Nistor et al., 2005). Used in
both a thoracic (Keirstead et al., 2005) and cervical (Sharp et al., 2009) contusion SCI model, the
human OPCs enhanced remyelination and improved motor function. These studies demonstrate
the effectiveness of human ESC-derived OPCs, but before they can be tested in patients, the
researchers needed to evaluate preclinical safety in multiple rodent models, included
Shiverer/Rag2 mice, SCID/Bg mice, and athymic nude rats. Flow cytometry and
immunocytochemistry panels served as quality control for OPC purity and no adverse events
were observed after transplantation (Priest et al., 2015). Ectopic cysts were seen at a very low
frequency but were not considered a major concern given no clinical symptoms. Findings were

repeatable in a cervical SCI model (Manley et al., 2017).

Geron Corporation initiated a Phase | trial of these human ESC-derived OPCs (GRNOPC1) for
complete SCI patient in October 2013 (ClinicalTrials.gov Identifier NCT01217008). Although
the company planned to enroll 10 patients, the trial was terminated after 4 patient
transplantations, citing financial reasons (Scott and Magnus, 2014). Luckily, Asterias
Biotherapeutics Inc. stepped in to salvage the trial, this time comparing escalating doses of OPCs
(AST-OPC1) in subacute cervical SCI patients (ClinicalTrials.gov Identifier NCT02302157).
While the study concluded in December 2018, results have yet to be published. Importantly,
caution should be made when eagerly searching for potential trends in clinical recovery as the

study was designed to be open-label, without a control group.

1.6.7 Neural stem cells (NSCs)

Earlier in the developmental lineage are neural stem cells (NSCs). Although neural stem cells are
defined as having broader potential and greater capacity for self-renewal compared to neural
progenitor cells (Gage, 2000), here, the two classes of cells have been grouped together due to
the poor distinction throughout literature. In some cases, even NSCs have also been termed
precursor cells (Karimi-Abdolrezaee, 2006).

24



Nevertheless, the rationale in pursuing NSC transplantation stems from the differentiation of
NSCs into neurons, astrocytes, and oligodendrocytes. These are the same types of cells that are
lost and damaged following spinal cord injury. NSCs, therefore, can be used as a cell
replacement therapy for SCI. However, cell replacement is just a small component of this

promising cell-based treatment.

Much more research has gone into understanding and optimizing NSCs for SCI. Therefore, we

will dedicate a separate section discussing the progress of this cell type.

25



Table 3 Cell types for transplantation

Cell Type Therapeutic C_I|n|ca| Phase Mechanisms Reference(s)
Source Trial.gov

ESC Inner cell N/A N/A D|ffe_rent|at|on to N/A
mass multipotent cells
Somatic cells . .
iPSC (fibroblast, N/A N/A Differentiation to N/A
multipotent cells
blood, etc.)
Bone marrow, Geffner et al
adipose NCT01909154 | Immunomodulation, 2008 "
MSC tissue, anti-apoptotic, pro- |
erinatal angiogenic Vaquero et al,
pe NCT02570932 Il 2016, 2017
tissue
sC Peripheral |\ 101739023 | Remyelination Anderson et
nerve al., 2017
OEC Olfactory NCT03933072 1 Remyelination N/A
mucosa
ESCs, iPSCs,
NSCs, directly NCT01217008 ! L Scott and
OPC reprogrammed Remyelination Magnus, 2014
somatic cells NCT02302157 IMA
. Curtetal.,
ESCs, iPSCs, NCT01321333 171 ~ Neuroprotection, 2014
directl immunomodulation, Ghobrial et al
NSC y NCT01725880 I/ angiogenesis, "
reprogrammed lastici 2017
somatic cells neuroplgstlt_:lty, Levi et al.,
NCT02163876 I remyelination 2017, 2019
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1.7 NSCs for SCI

In the adult, NSC populations persist in the subventricular zone (SVZ) and subgranular zone
(SGZ) for regular neuron turnover in the olfactory bulb and dentate gyrus of the hippocampus,
respectively (Doetsch et al., 1999; Gritti et al., 1996; Johansson et al., 1999; Morshead et al.,
1994; Reynolds and Weiss, 1992; Richards et al., 1992). In addition to generating neurons,
multipotent NSCs can differentiate into oligodendrocytes and astrocytes. A smaller dormant
population of NSCs reside in the ependymal layer lining the central canal of the spinal cord
(Hamilton et al., 2009; Weiss et al., 1996). Upon injury, these NSCs become activated and
migrate toward the lesion to differentiate and replace cells, predominantly of glial lineage (Beyer
and Kury, 2015; Stenudd et al., 2015), to help restrict the extent of injury (Sabelstrom et al.,
2013). This natural occurrence, however, is not enough to generate significant neurological
recovery, in part due to the small pool of endogenous NSCs. Like OPCs, the preferred

therapeutic source of NSCs is differentiated ESCs or iPSCs, or directly reprogrammed cells.

Seeing the regenerative potential of NSCs, multiple research groups have transplanted NSCs in
preclinical SCI models to test their efficacy. Making use of a wide range of therapeutic cell
sources, including both rodent and human fetal tissue-, ESC-, and iPSC-derived NSCs, and
transplanted into various SCI models, such as contusion or transection, most studies have found
NSCs enhanced recovery after SCI compared to vehicles (Bonner and Steward, 2015; Mothe and
Tator, 2013; Tetzlaff et al., 2011). Remarkably, these effects were typically seen with less than
10% graft survival (Hwang et al., 2016; Parr et al., 2008, 2007; Tarasenko et al., 2007). In some
cases, survival was estimated between 20 to 30%, but cell proliferation may have influenced
quantification (Okada et al., 2005; Salewski et al., 2015). Of the surviving NSCs, most cells
differentiate into astrocytes or oligodendrocytes, with a small percentage of cells turning into
neurons (Cummings et al., 2005; Karimi-Abdolrezaee, 2006; Tetzlaff et al., 2011). However, the

specific percentages appeared to depend greatly on the derivation of NSCs.

1.7.1 Timing of transplantation

NSC-based therapies are targeted towards the subacute and chronic phases of SCI (Lane et al.,
2017). At later time points, the injured spinal cord showed better post-transplant cell survival
because the inflammatory processes are believed to have stabilized. Okada et al. found that

transplantation time did not change overall behavioural recovery, but only delayed transplanted
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animals showed statistically significant recovery long-term (2005). Another study comparing
functional improvements between three groups of animals transplanted at different phases of SCI
helped validate these findings. Although final BBB scores were similar between all groups, the
difference in scores at the time of injection compared to that at the time of sacrifice was greatest
in the subacute group (Cheng et al., 2017).

1.7.2 Route and location of injection

The route of NSC administration also varies between studies and may impact the efficacy of the
cells. Generally, NSCs are either injected intrathecally or intraspinally. The rationale for using
intrathecal implantation relates to the paracrine effects of NSCs. This method is also less
invasive compared to intraparenchymal injections. However, intraspinal treatment may make use
of more structural, cell-dependent mechanisms which will be discussed in the following segment.
A comparison between the two routes of administration revealed that intraspinal implantation
increased both grey and white matter sparing, axonal sprouting, and decreased reactive
astrogliosis. On the other hand, intrathecal application of NSCs only supported white matter

sparing and axonal sprouting, but still facilitated similar motor recovery (Amemori et al., 2015).

To further understand the influence of injection method on efficacy, the location of injection
should also be considered. NSC graft survival is greater when transplanted rostral or caudal to
the lesion, likely due to the inhibitory factors present within the cystic cavity and epicentre (Piltti
et al., 2013). The depth of grafts was also found to change the differentiation profile of NSCs,
with more deeply grafted NSCs favouring neuronal phenotypes, whereas NSCs in the periphery,
under the pia, presented more astrocytic markers (Yan et al., 2007). In a separate study, 75% of
grafted cells differentiated into oligodendrocytes within the white matter, but less than 40% did
in the grey matter (Mothe et al., 2008).

1.7.3 Transplantation dosage

Continuing with variables in NSC transplantation, the optimal dose has not yet been defined.
Piltti et al. took up this challenge by testing total NSC doses ranging from 2 000 to 100 000 cells
per uL. Higher doses of NSCs correlated to decreased cell proliferation 2 weeks post-transplant,
but greater cell engraftment 16 weeks post-transplant (Piltti et al., 2015). A subsequent study
evaluated alterations in differentiation profile due to NSC dose, with higher doses decreasing the
proportion of NSCs converting to oligodendrocytes (Piltti et al., 2017).

28



1.7.4 Age of transplantation

A much less-studied factor of NSC transplantation is the age of the subject. Most rodent studies
use 8 to 10-week-old adult animals. Younger animals may have differential regenerative
capacities since their nervous systems are still undergoing development (Semple et al., 2013).
Older animals suffer more severe SCI pathophysiology and complications (von Leden et al.,
2017), making them more difficult to work with. Although aged mice may experience more
extensive damage from SCI, their injured spinal cords appear to be more permissive to NSC
treatments, demonstrating greater survival and growth (Takano et al., 2017). In terms of clinical

translation, these findings are exciting because of the growing number of elderly SCI patients.

1.8 Mechanisms of NSC-mediated recovery

1.8.1 Neuroprotection

Neuroprotection is thought to occur when a treatment confers an increase in the relative area of
healthy-looking tissue in the injury penumbra by dampening secondary injury mechanisms
(Assinck et al., 2017a). Following NSC transplantation, grey and white matter sparing is
frequently seen and associated with better sensorimotor function. White matter preservation may
be attributed to remyelination by differentiated NSCs into oligodendrocytes (Eftekharpour et al.,
2007; Karimi-Abdolrezaee, 2006; Plemel et al., 2011). While grey matter changes may be related
to NSC-derived neurons, there is greater evidence that NSCs secrete trophic factors, including
BDNF, CNTF, GDNF, IGF-1, and NGF, to enhance host cell survival (Hawryluk et al., 2012; Lu
et al., 2003).

1.8.2 Immunomodulation

The secretome of NSCs also promotes growth and recovery through non-neural cell types. NSCs
have been reported to modulate the immune response by secreting growth factors and anti-
inflammatory cytokines (Martino and Pluchino, 2006). Specifically, NSCs can induce
phagocytosis, decrease B cell infiltration, and deter classical M1 activation of macrophages, in
favour of the more anti-inflammatory M2 phenotype (Cusimano et al., 2012). Of note, it is
unclear whether NSCs have a direct or indirect effect on inflammation as NSCs also decrease

tissue damage through other means.
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1.8.3 Angiogenesis

Vascular pathophysiology in secondary injury is tied to early phases of SCI, but NSCs
transplanted at later time points have still managed to demonstrate improvements in
angiogenesis. Transcriptome analyses revealed upregulation of angiogenesis-related trophic
factor, VEGF, and immunohistochemical analysis supplemented this finding, showing more
PECAM-1" blood vessels (Kobayashi et al., 2012). In an independent study by Li et al., NSC
transplantation following SCI also induced VEGF expression, along with increased von
Willebrand factor-positive cells, and improved limb movement recovery (2014).

1.8.4 Neuroplasticity

Endogenous axon regeneration or sprouting is fairly uncommon after SCI. However, as
previously mentioned, NSC-secreted trophic factors may promote endogenous attempts at
repairing the injured spinal cord. Apart from the glial scar serving as a barrier to growth, the
cystic cavity also poses a challenge as axons prefer a substance over which to grow. NSCs
permit growth by serving as a bridge for axons to cross the lesion and have been associated with

corticospinal tract regeneration (Kadoya et al., 2016).

Alternatively, damaged circuits can be reconnected by neuronal relays, by which transplanted
NSCs differentiate into neurons and serve as the intermediary interneuron between severed axons
and dendrites (Assinck et al., 2017a; Bonner and Steward, 2015). In this way, host neurons do
not necessarily require long-distance growth. Instead, it relies on graft growth, which is achieved
more easily. Unfortunately, this mechanism is unable to explain all forms of recovery, as long-
distance graft growth has not been associated with marked behavioural improvements (Kadoya et
al., 2016).

For a visual summary of the main secondary injury mechanisms addressed by NSC

transplantation, please see Figure 1.
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Figure 1 Secondary injury mechanisms targeted by NSC therapy. The chronic injury
phase of SCI sees limited remyelination by endogenous oligodendrocytes and infiltrating
Schwann cells. The glial scar also surrounds cystic cavity, preventing axon regeneration.
NSCs secrete growth factors to promote a more permissive growth environment and
differentiate into neurons, oligodendrocytes, and astrocytes to replace lost and damaged cells.
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1.9 Moving NSCs towards clinic

1.9.1 Preclinical limitations

Not all SCI studies saw significant functional improvements with NSC transplantation. In some
cases, this may be related to the use of complete transection models (Kadoya et al., 2016), which
are less clinically relevant. In other cases, this may be related to the use of immunosuppression
agents (Pomeshchik et al., 2015). Importantly, very few papers have looked at the chronic effects
of NSCs. These studies are not common as they require greater time and resources to keep
animals alive, but they are vital to our understanding of human NSCs. The natural developmental
timeline of human NSCs requires greater than one or two months to mature. Lu et al. found that
prolonged maturation, a minimum of 12 months, was required to observe behavioural recovery
(2017).

A secondary consideration is the lack of large mammal models of SCI. While rat and mice may
mimic some aspects of secondary pathophysiology, the neuroanatomical organization and size of
the spinal cord are not representative of what is seen in humans. A more detailed analysis will be
addressed in the following section. Spinal cords of larger animal models, such as pigs and non-
human primates, are more comparable to those of humans. Thus, testing NSCs in these models is

a key step to help translate preclinical findings to clinical populations (Kwon et al., 2015).

1.9.2 NSCs in clinical trials

Among the better investigated NSC lines for SCI are a human fetal tissue-derived NSCs.
Previously Cummings et al. transplanted these human NSCs into immunodeficient NOD-scid
mice with a T9 contusion injury 9 days post-SCI. NSCs were successfully engrafted into mice
and conferred long-term BBB and ladder walk improvements compared to control groups, which
was lost after NSC ablation by diphtheria toxin (Cummings et al., 2006, 2005). In terms of
translational relevance, treatments that can expand the therapeutic window would be more
beneficial. As such, the same NSCs were then tested in a more chronic SCI cohort which
replicated similar improvements in locomotor recover, and also showed no increase in allodynia
(Salazar et al., 2010). Interestingly, by 16 weeks post-transplantation, NSCs were found to
differentiate predominantly into immature neurons (34%) and oligodendrocytes (38%), but very
few astrocytes (8%). The remaining population appeared to retain nestin expression, remaining
in an NSC-like state.
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Nevertheless, these experiments, done in collaboration with StemCell Inc., were convincing
enough for the company to proceed with a Phase 1/11 safety study of these human central nervous
system stem cells (HUCNS-SCs) in chronically injured thoracic SCI patients (Clinical Trials.gov
Identifier NCT01321333). Initiated in March 2011 and completed in April 2015, 12 patients
were recruited completed and underwentl-year follow-up assessments for adverse events. In
parallel, a long-term Phase /11 clinical trial started in November 2012 to determine safety and
efficacy of preliminary efficacy of transplanted patients for an additional 4 years after the initial
1-year follow-up (ClinicalTrials.gov Identifier NCT01725880). Unfortunately, this clinical trial
was terminated as StemCell Inc. was unable to continue funding such a long-term study.
However, an interim analysis presented at an international conference in 2014 suggested
HUCNS-SCs were not associated with any adverse events and showed early signs of efficacy for
sensory improvement (Curt et al., 2014).

The excitement of these findings prompted a third single-blind, randomized, Phase Il trial for
HUCNS-SCs, this time, in a chronically injured cervical SCI population (ClinicalTrials.gov
Identifier NCT02163876). The first patient was recruited by October 2014, but the study was
terminated early yet again due to financial concerns. By May 2016, 31 patients were enrolled.
Luckily, the participating investigators still reported their findings, demonstrating the safety free-
hand intramedullary transplantation of HUCNS-SC in cervical SCI, similar to thoracic SCI
(Ghobrial et al., 2017; Levi et al., 2017). Trends towards motor improvements in HUCNS-SC-
treated patients were also seen, but they did not meet predetermined efficacy thresholds,
justifying premature trial termination (Levi et al., 2019). While business decisions are not
uncommon reasons for clinical trial failures, this study has been the source of additional
controversy given that the scientific advisors performing preclinical efficacy studies had warned
against the translation of HUCNS-SCs for cervical SCI. Specifically, the NSC line used in the
cervical SCI study was not the same line demonstrating efficacy in the thoracic SCI studies. We

will discuss the implications of these actions below.

StemCell Inc. is not the only company testing NSCs in clinical trials. Other companies have also
attempted testing variations of NSCs for SCI patients, including Neuralstem Inc. Their Phase |
safety study of human spinal cord-derived NSCs for chronic SCI began in August 2014
(ClinicalTrials.gov Identifier NCT01772810). A total of 8 patients, (4 cervical, 4 thoracic) were
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recruited and monitored over 6 months but formal reports of their findings have yet to be

released.

1.9.3 Retrospective clinical considerations

Although several clinical trials have reached completion, we have also reported a series of trials
that have been terminated or interrupted due to business decisions, not only. This revisits the
challenge in translating preclinical success to clinical success. Modest functional recovery is not
enough to convince companies to continue funding research. Part of the problem is the failure in
identifying optimal patient cohorts and clinical outcome measures. Cervical SCI patients are
ideal for several reasons. They comprise much of the SCI population, and clinical assessments
are more sensitive to improvements associated with upper limb deficits. As such,
recommendations for the selection of appropriate clinical outcome assessments are being
developed (Jones et al., 2018). We have already described one study investigating cervical SCI
populations, but it too did not reach completion, suggesting another factor is influencing

treatment efficacy.

Conceptually, while it is easy to define what stem cells are, in practice, there are nuanced
differences between stem cell populations which often get lost in larger categories. This is
particularly important when discussing the proliferative, self-renewal, and differentiation
properties of stem cells. From our earlier grouping of neural stem, progenitor, and even precursor
cells under the umbrella term “NSCs,” these finer differences are clearly lost. Differences in
culture conditions and techniques can easily bias stem cells towards slightly different fates or
proliferative potentials (Sun et al., 2011; van der Sanden et al., 2010), and cause a once pure
stem cell population to become mixed. If mixed populations are transplanted, it is understandable
why variable efficacy may be seen. In some cases, if a research cell line is treated or processed
differently from a clinical cell line, there may even be negative impacts on clinical outcomes
(Anderson et al., 2017). There is an urgent need to standardize quality control of clinical cell
lines and all NSCs for human use must be vetted in rigorous preclinical studies in advance

(Anderson and Cummings, 2016).

Summarizing the lessons learned from failed clinical trials, the International Society for Stem
Cell Research (ISSCR) put forth a revised set of guidelines that researchers must adhere to

before approving future stem cell-based trials (Barker et al., 2018; Daley et al., 2016). In doing
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so, the ISSCR hopes to encourage greater oversight and transparency for more fruitful clinical

studies.

1.9.4 Combinatorial strategies

By all accounts, research into each cell-based therapy has only shown modest recovery.
Although some of the discrepancies may be explained by differences in experimental design
(injury model, transplantation time, cell type, cell dose, route of administration) (Tetzlaff et al.,
2011), most researchers would also argue that single transplant approaches are not enough to
demonstrate drastic clinical improvements (Hachem et al., 2017). For this reason, an increasing
number of groups have started to combine multiple cell therapies together (Hosseini et al., 2018;
Stewart et al., 2017), or include adjuvant therapies such as biomaterials (Teng et al., 2002;
Zweckberger et al., 2016), growth factors (Butenschon et al., 2016; Li et al., 2006), scar-
degrading enzymes (Ikegami et al., 2005; Suzuki et al., 2017), and/or rehabilitation (Hwang et
al., 2014; Tashiro et al., 2016).

1.10 Neuroanatomy

Understanding the basic neuroanatomy of the spinal cord is vital to developing appropriate
therapeutic interventions. Grossly, different levels of the spinal cord innervate distinct muscle
groups and receive afferents from distinct sensory domains. At a more detailed level, the spatial
distribution of motor and sensory tracts and presence or absence of central pattern generators
vary throughout the spinal cord. It is important to distinguish which pathways are impaired

following SCI and which pathways mediate distinct aspects of functional recovery.

1.10.1 Corticospinal tract (CST)

Originating from the primary motor cortex and terminating on lower motor neurons in the spinal
cord, the corticospinal tract (CST) is the main descending motor tract controlling volitional
movements of the trunk and limbs. The upper motor neurons fibres travel through the corona
radiata and posterior limb of the internal capsule They continue through the brainstem more
medially through the pyramids before the majority of fibres cross the pyramidal decussation.
Axons extend along lateral to the dorsal horns and synapse in the ventral horn on to lower motor

neurons at their appropriate spinal cord segments.

35



An MR imaging investigation of acute SCI patients over 12 months found patients had a
decrease in cross-sectional spinal cord area and decreases in internal capsule, right cerebral
peduncle, and left primary motor cortex volume compared to healthy controls (Freund et al.,
2013). These findings were also correlated to functional clinical scores, where a reduced area and
volume of CST regions were associated with improvements in spinal cord independence measure
(SCIM) score. Similar results were also observed in a separate study, where greater lateral CST
damage, as determined by MR image analysis, was correlated with decreased plantarflexion
torque (Smith et al., 2018). The CST is also responsible for manual dexterity in adult macaques.
After a unilateral SCI, reorganization of CST fibres caudal to the lesion was responsible for
restoring some hand function (Nakagawa et al., 2015). Overall, damage to the CST is associated
with the loss of motor function seen after SCI and enhancing its plasticity may be a key to
improving regenerative therapies (Serradj et al., 2017).

1.10.2 Rubrospinal tract (RST)

Some descending motor tracts are also found in the brainstem. At the level of the rostral
midbrain, the rubrospinal tract (RST) emerged from the red nuclei. The fibres immediately cross
midline and descend in the lateral funiculi, just lateral to the CST, and synapse either on the
inferior olivary complex in the rostral medulla, or the on intermediate region of the ventral horn.
Typically, the RST is relatively short and cannot be traced beyond upper cervical segments
(Nathan and Smith, 1982). This is not a major motor pathway, rather the RST serves a more

modulatory role in humans and non-human primates (Yang et al., 2011).

1.10.3 Vestibulospinal tract (VST)

Reflexes relating to maintaining balance are regulated through the vestibulospinal tract (VST),
specifically the lateral portion (McCall et al., 2017). The neurons are found within the lateral
vestibular nuclei of the pons and medulla and descend ipsilaterally through the ventral and
ventrolateral white matter of the spinal cord, before forming synapses on the ventral gray horn.
Clinical evaluation of SCI patients found that poorer Berg Balance Scale (BBS) performance and
decreases motor evoked potential (MEP) amplitude was associated with atrophy of the

ventrolateral spinal cord, the main region associated with the VST (Barthélemy et al., 2015).
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1.10.4 Dorsal column medial lemniscus (DCML)

In terms of sensory pathways, the dorsal column medial lemniscus (DCML) transmits fine touch,
vibration, and conscious proprioceptive signals to the sensory cortex. First order neurons are
found within the dorsal root ganglion of each spinal nerve and ascend the spinal cord within the
dorsal funiculus. Second order neurons are in the nuclei gracilis (lower limbs) or cuneatus (upper
limbs) which cross midline and continue rostrally to the ventroposterior nuclei of the thalamus.
The final neuron in this pathway terminates on the primary somatosensory cortex. In relation to
clinical assessments of sensory deficits following SCI, the AIS or ISNCSCI accounts for the
presence of light touch and pin pricks (Kirshblum et al., 2011). Alternatively, sensory evoked
potentials may be used to assess DCML function. However, relatively little research has been

done on understanding DCML-mediated mechanisms in SCI pathophysiology and recovery.

1.10.5 Spinothalamic tract (STT)

Like the DCML, the first order neurons of the spinothalamic tract (STT) reside in the dorsal root
ganglion. The neurons may travel briefly along the tract of Lissauer before synapsing on a
secondary neuron within the dorsal horn. These fibres then cross midline and ascend the ventral
white matter to synapse on the ventroposterior thalamic nuclei, followed by the sensory cortex.
The STT has been linked to pain, temperature, and crude touch. As such, STT damage and
sparing has been studied to understand why some SCI patients experience neuropathic pain
(Cruz-Almeida et al., 2012).

1.10.6 Spinocerebellar tract (SCT)

Lastly, the spinocerebellar tract (SCT) carries signals pertaining to unconscious proprioception
from the spinal cord to the cerebellum. The SCT serves as a feedback loop to assist in the
coordination of movements. Multiple divisions of the SCT exist, some travelling ipsilaterally,
others travelling contralaterally through the lateral white matter in the spinal cord (Kayalioglu,
2009). While clinical measures specific to SCT damage are not available, some preclinical
research has been done to asses the loss and recovery of Clarke’s neurons, a region of SCT
synapse, in SCI. After a complete T9 transection, fewer identifiable neurons were seen in
Clarke’s column (Feringa et al., 1985). However, Leung-Wah et al. were able to show that
chondroitinase ABC degradation of glial scar components could induce axonal regeneration of

Clarke’s neurons into a peripheral nerve graft (Yick et al., 2000).
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1.10.7 Differences between humans and rodents

Of note, the organization and relative importance of some somatosensory and motor tracts are
slightly different between humans and rodents used in preclinical studies. In rodents, the primary
and sensory cortices are less well-defined as there are no gyri or sulci. The CST is also found
medially, in the inferior portion of the dorsal funiculus, rather than laterally (Nudo and
Masterton, 1988; Paxinos and Watson, 2004; Watson et al., 2009). For a better visual depiction

of anatomical differences in the spinal cord between species, see Figure 2.

The CST appears to play a less significant role in lower animals as well. The RST larger in
rodents and plays a greater role in controlling locomotion. After graded severity clip-
compression injuries at the T1 level in a rat model of SCI, a negative linear relationship with
motor function was seen, as expected. However, preferential destruction of the large-diameter
axons, largely associated with the RST was determined (Fehlings and Tator, 1995). Greater
plasticity of the RST neurons compared to those of the CST was also seen in a hemisection
injury model (Zorner et al., 2014). Lesioning of the gigantocellular reticular nuclei reverted
motor function to levels seen in acute SCI. Unfortunately, early attempts at promoting RST
regeneration were unsuccessful (Harvey et al., 2005; Kwon et al., 2004). However, a more
refined RST-specific SCI model (Morris and Whishaw, 2016) and multiple rat strains (Mestre et

al., 2015) should be used before dispelling RST regeneration as a potential therapeutic target.
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Rat Human Ascending Tracts

B Dorsal column

B Spinocerebellar tract
B Spinothalamic tract

Descending Tracts

B Corticospinal tract
Rubrospinal tract

B Vestibulospinal tract

Figure 2 Neuroanatomical differences between rat and human spinal cords. At the C6
level, rat spinal cords measure approximately 3-4 mm in width whereas human spinal cords
are approximately 12-13 mm in width. While sensory and motor tracts are found in both
species, the organization and distribution throughout the white matter have slight but
important differences.
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1.11 Tract Tracing

Tracing is necessary to precisely distinguish which neurons are associated with specific
sensorimotor pathways and functions. This can occur in two directions: anterograde or retrograde
(see Figure 3 for illustration). Once injected into cells, tracer molecules are packaged into
vesicles and travel along microtubules via kinesin (anterograde) or dynein (retrograde) (Oztas,
2003). In SCI, anterograde tracing is the preferred method for analyzing axon sprouting and
regeneration. Alternatively, retrograde tracing may also be used to trace regenerating neurons by
quantifying the number of neurons with regenerated fibres caudal to the lesion. In relation to
stem cell transplants, it is unclear whether functional recovery is mediated by their differentiation
to neurons. The addition of tracing experiments would identify which motor and/or sensory

pathways grafts integrate into to mediate functional recovery.
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anterograde

retrograde

Figure 3 Targets of tract tracing. Injection sites for tract tracing should follow the main
sensory and motor pathways. If NSC transplants are centred at the lesion epicentre,
anterograde tracing should be done rostral to the injury, even from the sensorimotor cortex.
Altneratively, retrograde tracing should begin caudal to the injury, such as from the innervated
muscles targets. Ideally, tracing should be seen in the grafted NSCs.
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1.11.1 Non-viral

Beginning with non-viral tracers, horseradish peroxidase (HRP) is a 44 kDa enzyme isolated
from Cochlearia armoracia that has demonstrated bidirectional intra-axonal tracing potential
(Aschoff and Schonitzer, 1982; van der Want et al., 1997). More recently, HRP is used as a
conjugate to other tracer molecules, such as biotinylated dextran amine (BDA), a commonly
used in tracing studies for their sensitivity and ability to permanently label targets. BDA can be
found in a range of molecular weights, with 3 kDa and 10 kDa being the most popular for
retrograde and anterograde tracing, respectively (Lazarov, 2013; Reiner et al., 2000). While
diaminobenzidine (DAB) labelling can assist with visualization of traced pathways, fluorescent
dextran amines also exist. If retrograde tracing is desired, Fluorogold is an ideal tracer (Bilsland
and Schiavo, 2009; Catapano et al., 2008).

While many of these conventional tracing techniques are useful, they are largely non-trans-
synaptic. Some trans-synaptic tracers do exist, such as cholera toxin B (Lai et al., 2015).
However, non-viral tracers are unable to replicate, causing signal dilution after each synaptic
step. The poor detection of tracers may be misinterpreted as a lack of synaptic connectivity.
Therefore, non-viral trans-synaptic tracers are still used in combination with each other
(Lanciego et al., 1998) or viral trans-synaptic to verify neural connections (Arriaga et al., 2015).

1.11.2 Viral

When trans-synaptic tracing is desired, viral tracing is preferred. The most utilized viruses are
herpes simplex virus (HSV) and pseudorabies virus (PRV). Multiple strains of HSV exist, some
of which move in the anterograde direction, while others move in the retrograde direction
(Norgren and N. Lehman, 1998). On the other hand, PRV is a robust retrograde tracer (Enquist,
2002). Researchers have taken advantage of the inherent affinity of these neurotropic viruses to
move along neural pathways (Callaway, 2008). Additionally, viral replication occurs within the
host neurons before infecting adjacent synaptic connection, amplifying the signal and avoiding
dilution seen in non-viral methods. Viruses have been genetically modified to express different
reporter genes for detection (Banfield et al., 2003; Elliott and O’Hare, 1999; McGovern et al.,
2012; Smith et al., 2000). Further genetic modification of viruses can increase the specificity of
tracing (Beier and Cepko, 2012; Kim et al., 2016; Lo and Anderson, 2011; Wall et al., 2010;
Zeng et al., 2017).
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In order to use viral tracing effectively, it is equally important to consider their limitations. While
many of their limitations can be overcome by modifying promoters or adding a Cre-lox system,
this does not change the toxicity of the technique (Sun et al., 2019). Taking the best aspects of
non-viral and viral tracers—safety, trans-synaptic properties, and potential for genetic

modification—we describe two molecular tracers below.

1.11.3 Wheat germ agglutinin (WGA)

Wheat germ agglutinin (WGA) is a plant lectin routinely used in neuroanatomical studies to map
various pathways. Originally isolated from Tricticum vulgaris, the cysteine-rich WGA protein
measures 18 kD binds specifically to N-acetyl-D-glucosamine and N-acetylneuraminic acid
(sialic acid) residues in the carbohydrate moiety of glycoproteins and glycolipids (Nagata and
Burger, 1972; Ruda and Coulter, 1982). These targets are present on the extracellular surface of
plasma membranes of neurons, making WGA an effective tracer for neural systems (Wood et al.,
1981).

Neurons uptake intact WGA and transport the molecule bidirectionally to axons and dendrites,
but predominantly in the anterograde direction (Huh et al., 2010). Once in the cell, WGA is
localized to the neuron soma and proximal dendrites (Fabian and Coulter, 1984). More
specifically, when motor neurons in the facial nucleus were traced by WGA, the signal appeared
punctate, with WGA found within lysozymes and multivesicular bodies, but not in surrounding
glial cells (Ruda and Coulter, 1982). Despite intensive efforts to understand WGA transport,
researchers are only able to show that WGA undergoes endocytosis, travels slowly on actin
filaments but quickly on microtubules (Liu et al., 2011). WGA may stay within the cell
undergoing this cyclic process between actin and microtubule transport, or it may undergo

exocytosis.

Injections of WGA into well-known neural pathways have labelled both first- and second-order
neurons, demonstrating trans-synaptic transport (Huh et al., 2010). Often, neuronal projections
can be labelled within 2 days of injection (Levy et al., 2015). In one case, WGA could be
detected in the lumbosacral spinal cord 6 h post-injection into the cerebellum (Reeber et al.,
2011). In addition to its relative ease of use, commercial availability, and lack of toxicity, WGA
can also be conjugated for easier visualization. When fused to other proteins such as HRP
(Hoshino et al., 2010; Itaya and VVan Hoesen, 1982; Takeuchi et al., 2009), GFP (Oh et al., 2011),
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DsRed (Sugita, 2005), or Alexa fluorophores (Goshgarian and Buttry, 2014; Reeber et al., 2011),
WGA maintains trans-synaptic activity and presents more robust signals. WGA can further be
paired with Cre-recombinase systems to restrict tracing in discrete neuronal (Damak et al., 2008;
Libbrecht et al., 2017).

1.11.4 Tetanus toxin fragment C (TTC)

Looking at retrograde tracers, tetanus toxin fragment C (TTC) displays retrograde axonal and
trans-synaptic transport (Coen et al., 1997). Tetanus toxin (TeTXx) itself is a potent inhibitor of
neurotransmitter release produced by Clostridium tetani. Early studies involving intramuscular
TeTx injections in rats showed localization of the toxin to motor neurons and afferent synaptic
terminals (Schwab and Thoenen, 1976). TeTx was limited to neurons, with surrounding glial
cells being unlabeled. These findings revealed the retrograde nature of TeTx but its applications
as a tracer were not yet clear, especially since animals succumb to clinical tetanus and death
within 14 h of treatment.

The 50 kDa heavy chain of tetanus toxin, also known as TTC, was obtained by protease
digestion (Bizzini et al., 1977; Neubauer and Helting, 1981). Researchers determined that this
domain was responsible for cell-binding and toxin internalization (Calvo et al., 2012). Once
bound, the toxin could be internalized by clathrin-dependent mechanisms, independent of
synaptic vesicle recycling (Deinhardt et al., 2006). To avoid unnecessary use of a dangerous
neurotoxin, a non-toxic recombinant TTC protein was produced and reported to possess identical
properties and TTC achieved by papain cleavage of TeTx (Halpern et al., 1990). When injected
into paravertebral ganglia of pigeons, TTC could be found in both myelination and unmyelinated
sympathetic preganglionic axons, moving retrogradely at an approximate rate of 10 mm/h (Cabot

et al., 1991). This opened the doors for using TTC as a carrier for other proteins.

Coen et al. generated a hybrid lacZ-TTC protein which could be internalized in neurons,
distributed throughout the cytosol, both in vitro and in vivo (1997). By expressing -
galactosidase with TTC, the authors were able to visualize retrograde trans-synaptic transport
more easily by applying X-gal to reveal a blue stain. This demonstrated proof-of-concept that
fusion of recombinant TTC to a visual marker is an effective strategy to map neural networks.
Similarly, cytoplasmic staining of cultures Neuro2A cells and primary rodent spinal neurons

after treatment with a GFP-TTC protein confirmed the feasibility of this technique (Kissa et al.,
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2002). Importantly, TTC was only co-labelled in MAP2* neurons, but not GFAP* or 04" glial
cells. When Neuro2A cells were transfected with GFP-TTC and grafted into the caudate-
putamen, tracing of the globus pallidus, substantia nigra, and motor cortex, all known input
regions, was observed 5 days later. GFP-TTC could also be expressed in transgenic mice to map

neural circuits throughout development (Maskos et al., 2002).

1.11.5 Use of tracing in other neurological conditions

NSC transplantation is not unique to SCI. In fact, NSCs have been transplanted in other
traumatic injuries and neurodegenerative diseases. In all its uses, the integration of NSCs into
host networks may be necessary to confer functional benefits. Tracing may be used to help
elucidate these pathways. Similarly, neurodevelopmental studies would also benefit from tracing
techniques to delineate the formation of distinct sensory and motor pathways. This topic will be

discussed in more detail in the conclusion.
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1.12 Rationale

To summarize, human NSCs have proven to be a promising regenerative SCI treatment. Their
self-renewal, proliferative, and neuroglial potential allow them to replace lost cells and support
endogenous repair by the secretion of trophic factors. Preclinical studies have repeatedly
demonstrated neurobehavioural improvements associated with NSC transplants. Unfortunately,
these findings have not been as successful when translated to clinical populations. A deeper look

into NSC-mediated repair mechanisms may help us understand how to optimize NSC therapies.

Our lab has previously shown the importance of NSC differentiation to oligodendrocyte in
remyelinating denuded axons. However, more studies are demonstrating graft differentiation to
neurons that form extensive axon growth. To probe whether neuronal relay is indeed a valid
mechanism by which NSCs confer functional recovery, we believe trans-synaptic tracing is
necessary to demonstrate definite graft integration. Unfortunately, conventional tracing
techniques pose numerous challenges. Non-viral tracers are easier and safer to use, but they are
largely non-trans-synaptic. Viral tracers, while trans-synaptic, can only show monosynaptic
tracing due to neurotoxicity with prolonged exposure. More importantly, both strategies require
separate injections sites to NSC transplants, resulting in poor overlap of the tracer with engrafted
cells. To overcome this feat, we aimed to engineer self-tracing NSCs to express both antero- and
retrograde trans-synaptic tracers.

1.12.1 Overarching hypothesis

Self-tracing NSCs will maintain typical NSC characteristics and will be effective in tracing their

synaptic connections once differentiated into neurons.

1.12.2 Specific aims

Aim 1: Generate a monoclonal line of self-tracing NSCs by subcloning, transfecting, and sorting
a stable line of hiPSC-NSCs.

Aim 2: Characterize self-tracing NSCs for self-renewal, proliferation, and multipotency.
Aim 3: Validate the trans-synaptic tracing potential of self-tracing NSCs in vitro.

A summary of the experimental approach can be found in Figure 4.
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Chapter 2
Materials and Methods

2 Materials and methods

2.1 Genetically engineering self-tracing NSCs

2.1.1 Plasmid subcloning

An EFla::WGA-mCherry-IRES plasmid was previously generated by M.K. and C.S.A (see
Supplementary Figure 1). GFP-TTC was subcloned immediately downstream of the IRES
sequence by Gibson assembly to generate a bicistronic vector. Restriction enzymes and adapter
fragments used are found in Tables 4,5. Gibson assembly was performed using the Gibson
Assembly Ultra Kit (SGIDNA). Electrocompetent E. coli were transformed (Bacterial Program
6, Amaxa Nucleofector) with the assembled product and plated at 30°C under ampicillin and/or
kanamycin selection. Colonies were picked and grown for Miniprep (GeneAid) to screen

correctly assembled products. Positive colonies were further expanded for Maxiprep (GeneAid).

To verify the size of undigested plasmids and digested fragments, 10 ng samples (or 10 ug for
extraction) were run on a 0.8% agarose gel with SYBR Safe (10 000X, Thermo Scientific). A 1
kb plus DNA ladder was used to measure the length of fragments and the gel was imaged using
the BIORAD imager. If specific fragments were needed for additional subcloning, the small
fragment was briefly visualized using a UV transilluminator box and excised from the gel using
a sterile blade. Gel fragments were immediately processed using the Monarch Gel Extraction Kit
(New England Biolabs) to obtain DNA.
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Table 4 Restriction Enzymes

Restriction Enzyme Recognition Site Associated Fragment(s)
KAl GG*GWCCC GFP-TTC Adapter
CCCWG*GG TTC-PolyA gblock
Miul A*CGCGT TTC-PolyA gblock
TGCGC*A TTC-WPRE Adapter
GAGCT*C
Sacl C*TCGAG hH11(5)-EF1a Adapter
sall G*TCGAC hH11(5)-EF1a Adapter
CAGCT*G polyA-hH11(3) Adapter
GG*CGCGCC
Sgsl CCGCGC*GG polyA-hH11(3) Adapter
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Table 5 EFla::WGA-mCherry-IRES-GFP-TTC

TCTTGGAAATTACACTATAGATATCCTGGTCCGCGGTCGACGGATCG
ATCGCGGCATATCATGCGACTGATCGATCGCAATTATATCAGACCCG
CGATCGCGACGTCGATCGATGCATGCAAATGTAGCTAACTATCATCG
CACGGGCAGTGTGCATGCATCAACATGATCATATCGCGGTAGCTAC
GATGCTCGATCGATGCTAGCAGCTCCCGTGAGGCGTGCTTGTCAAT
GCGGTAAGTGTCACTGAT
CAGACCACACTCAGATGAACACTCCAATCGGAGGGGGTCCCGTACA
CGTACCCGAGTATCATCACCTGACCGTCTGGACATCGTTTGGAAAAG
GFP-TTC Adapter ACCCTGACGACGATGAAACTGATCATCTCAACATTGTGGAAGTGATC
AAGGCGGTGGACTTGGAAACATACCGGATGAAG AACCTGGACTGCT
GGGTTGACAAC
ATGAAGAACCTGGACTGCTGGGTTGACAACGAAGAGGACATCGACG
TGATCCTGAAGAAGTCCACCATCCTGAATCTGGACATCAACAACGAC
ATTAACATCGACATCAGCGGCTTCAACAGCAGCGTGATCACATACCC
CGACGCTCAGCTGGTGCCTGGCATCAATGGAAAGGCCATCCACCTG
GTCAACAATGAGTCCAGCGAAGTGATCGTGCACAAGGCCATGGACA
TCGAGTACAACGATATGTTCAACAACTTCACCGTGTCCTTTTGGCTGC
GGGTGCCCAAAGTGTCTGCCAGCCACCTGGAACAGTACGGCACCAA
CGAGTACAGCATCATCTCCAGCATGAAGAAGCACAGCCTGAGCAT
CGGAAGCGGCTGGAGCGTTAGCCTGAAGGGCAACAATCTGATCTGG
ACCCTGAAGGACTCTGCCGGCGAAGTGCGGCAGATCACCTTTAGGG
ACCTGCCTGACAAGTTCAACGCCTACCTGGCCAACAAATGGGTGTTC
ATCACCATCACCAACGACCGGCTGAGCAGCGCCAACCTGTACATCAA
TGGGGTGCTGATGGGCAGCGCCGAGATCACAGGACTGGGAGCTATC
AGAGAGGACAACAACATCACCCTGAAACTGGACCGGTGCAACAA
CAACAATCAGTACGTGTCCATCGACAAGTTTCGGATCTTCTGCAAGG
CTCTGAACCCCAAAGAGATCGAGAAGCTGTATACCAGCTACCTGAGC
TTC-PolyA gblock ATTACCTTTCTGCGGGACTTCTGGGGCAACCCTCTGAGATACGACAC
CGAGTACTATCTGATCCCCGTGGCCTCCAGCAGCAAGGACGTGCAG
CTGAAGAACATCACCGACTACATGTACCTGACAAACGCCCCTAGCTA
CACCAACGGAAAGCTGAACATCTACTACCGGCGGCTGTACAACGGC
CTGAAGTTCATCATCAAGCGGTACACCCCTAACAACGAGATCGACAG
CTTCGTGAAGTCCGGCGACTTTATCAAGCTGTACGTCAGCTATAACA
ACAACGAGCACATCGTGGGCTACCCCAAGGACGGCAACGCCTTTAA
CAACCTGGACAGAATCCTGAGAGTGGGCTACAACGCCCCTGGCATC
CCTCTGTACAAAAAGATGGAAGCCGTGAAGCTGCGGGACCTGAAAA
CCTACAGCGTCCAGCTGAAACTGTACGACGACAAGAACGCCTCTCTG
GGCCTCGTGGGCACACACAATGGCCAGATCGGCAACGACCCCAACC
GGGACATTCTGATCGCCAGCAACTGGTACTTCAACCACCTGAAG
GATAAGATCCTGGGCTGCGATTGGTACTTCGTGCCCACCGATGAAG
GCTGGACCAACGATTAATAGTGATTCAGACATGATAAGATACATTGAT
GAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATT
TGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGC
AATAAACAAGTTGTCGACCATGGAACGAGGTTAAGGTCTCTAAA
CGACCATGGAACGAGGTTAAGGTCTCTAAAGCACAGTACATGGACAG
ATATCCACGTAGATATTACGAGACGATTGAGACGATAGCCAGTATG
ACGATAGACGATATGGATAGACCATGCTTACCCGGTAAGCCAATCG
GGTATACACGGTCGTC
TTTCATAGGTCACTTACATATATCAATGGGTCTGTTTCTGGTACACAT
TCGGCATCGACGATGTAATCGATCGATCGATGCTGGCTATCTATAGC
ACAGACAGACAATATGGGCGCTTACGCGATATATGCGGATTCGACG
ACTTCGATCGACGCATATGTATCACATACATGCGCGCATCGACTCTG
ATGCATCGTCGCCAACTCGTACACGCGCCAGGCCTCATATGATCGAT
TAATTAACCGGTCCTA

* hH11 Adapters were only used to generate CRISPR plasmids

hH11(5)-EFla Adapter*

TTC-WPRE Adapter

polyA-hH11(3) Adapter*
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2.1.2 NSC transfection

hiPSC-NSCs were previously generated by M.K. In brief, BC1 cells, a hiPSC line derived from
CD34" bone marrow cells of a 46 y.o. male, were obtained from NIH (Johns Hopkins University
School of Medicine) and underwent dual SMAD inhibition for neural induction (Chambers et al.,
2009). The resultant hiPSC-NSCs were maintained in culture in Serum Free Media (SFM)
composed of: DMEM/F12 media with GlutaMAX (Gibco), Hormone Mix (see Supplementary
Table 1), B27 Supplement minus Vitamin A (Gibco), EGF (20 ng/mL, Wisent), FGF2 (20
ng/mL, Wisent), Heparin (2 ug/mL, BioShop), and Penicillin-Streptomycin (Gibco). See
Supplementary Table 2 for details.

In a 10 cm culture dish coated with Geltrex (Gibco), hiPSCs were grown to 70-80% confluency.
TrypLE (Gibco) was added to and cells were left at room temperature for 2-5min until lifted. 2
volume equivalents of 10% FBS was added to inhibit further enzymatic activity. Cells were
transferred to a new tube, pelleted, and resuspended in Nucleofector solution (Lonza) along with
20 ug plasmids. The cell suspension was then transferred to a 2 mm-gap cuvette for
electroporation (A-033, Amaxa Nucleofector). To reduce cell death, SFM with Rho/ROCK
inhibitor (10 uM, Y-27632) was added to the cuvette and cells were gently transferred to a new
Geltrex-coated plate. Additional SFM was added as necessary. Media changes were performed
regularly to wash out non-viable cells. Expression of mCherry and GFP was monitored over the
course of 2 weeks. Cells then underwent fluorescent activated cell sorting (FACS) into coated

96-well plates.

2.1.3 Fluorescent activated cell sorting (FACS)

Once cells achieve 70-80% confluency, NSCs were ready for FACS. Geltrex-coated 96-well

plates were prepared with 100 uL of SFM with Rho/ROCK inhibitor to reduce cell death. Cells
were sorted on purity mode through a 100 um nozzle. SFM change was done the following day
to remove the Rho/ROCK inhibitor and Ca?* from the sheath fluid. Subsequent media changes
were done once a week until fluorescence could be visualized. 2 weeks post-FACS NSCs were
screened for GFP and mCherry expression, with only strong dual-positive cells being passaged

for expansion.
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2.2 Stem cell characterization of self-tracing NSCs

After genetically modifying the NSCs, the canonical phenotypes needed to be verified to ensure

that the self-tracing cells remained NSCs.

2.2.1 Neurosphere assay

To assess self-renewal and proliferative potential, self-tracing NSCs and control GFP-NSCs were
plated at a clonal density of 10 cell/uL in a final volume of 500 uL SFM in uncoated 24-well
suspension plates (Starstedt). Neurospheres grew undisturbed for 7 days. The original description
of the assay suggested that the average size of neurospheres capable of propagating were, on
average, 150 um in diameter (Rietze and Reynolds, 2006; Weiss et al., 1996). Our lab has
previously demonstrated that spheres greater than 50 um are also ready for passaging. For this
reason, neurospheres greater than 50 um in diameter were quantified. Just prior to imaging, the
contents of each well were transferred to a Geltrex-coated dish, incubated for 30 min, and fixed
with 4% PFA. Duplicate wells also prepared for propagating NSCs into secondary and tertiary
neurospheres by mechanically dissociating cells, re-plating them, and allowing them to grow for

an additional 7 days.

2.2.2 RT-PCR of NSC markers

GFP and self-tracing NSCs were plated on 6-well plates coated with Geltrex at 1 x 108 cells per
well. 2 days post-plating, cells were washed 3 times with 1X PBS. NSCs were lifted as using a
cell scraper and pelleted for MRNA extraction (Exigon). A Nanodrop spectrophotometer was
used to evaluate mMRNA concentration and purity. cDNA was synthesized (Bioline) and diluted
to 1 ng/uL for RT-PCR using TagMan probes (Applied Biosciences): GAPDH
(Hs02786624_g1), MSI1 (Hs01045894_m1), NES (Hs04187831_g1), NOTCH1
(Hs01062014_m1), PAX6 (Hs01088114 m1), SOX1 (Hs01057642_s1), SOX2
(Hs01053049 s1), VIM (Hs00958111 m1). Markers were chosen based on key transcription
factors, signalling molecules, and cytoskeletal proteins associated with NSCs (Oikari et al.,
2016). Within each NSC group, cells were plated from different passage numbers to obtain an
average fold change value (n=5). Samples were run in triplicates with values normalized to
GAPDH.
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2.2.3 Immunocytochemistry (ICC) of nestin

Self-tracing NSCs were plated on Geltrex-coated glass coverslips in 24-well plates,
approximately 10 mm in diameter. Cells were fixed in their respective wells for 20 min at room
temperature with an 8% PFA in 30% sucrose solution, added at a 1:1 ratio of media to fixative
for a final solution of 4% PFA. Coverslips were washed three times with 1X PBS (10 min). For
intracellular staining, cells were subjected to a solution of 0.1% Triton in PBS to permeabilize
the cell membrane and placed on ice for 3 min. Blocking of non-specific antigen binding was
achieved using a solution of 5% BSA for 1 h at room temperature. The primary antibody for
NES (1:200) was diluted in blocking solution and applied to the coverslips for overnight
incubation at 4°C. WGA and TTC antibodies were also used to enhance tracer signal. Following
three washes (15 min) of 1X PBS, secondary antibodies Alexa Fluor 488, 568, 647 (1:1000)
and/or Q565 (1:100) were applied with DAPI (1:1000) for 1 h at room temperature. An
additional three washes with 1X PBS, Mowiol was used to mount the coverslips on to slides.
Slides were allowed to dry overnight at room temperature and transferred to 4°C for long-term

storage.

2.3 Differentiation to neuroglial lineage

Another key feature of NSCs is their ability to differentiate into neurons, astrocytes, and
oligodendrocytes. The general differentiation profile was first assessed by treating cells with
spinal cord homogenate to ensure that self-tracing NSCs were not abnormally biased towards
specific fates by RT-PCR. This was further examined by inducing single lineage differentiation
and assessing immunocytochemistry. All cells were plated on Geltrex-coated 10 mm glass

coverslips and placed into 24-well plates.

2.3.1 RT-PCR of NSC, neuron, astrocyte, and oligodendrocyte markers

GFP and self-tracing NSCs were plated on 6-well plates coated with Geltrex at 1 x 10° cells per
well. 100 pg/mL of spinal cord homogenate (extraction described in section 2.6.2) from naive or
8 week-injured SCI animals was used to treat cells for 1 week, with regular media changes
performed every other day. NSCs cultured in SFM were plated as controls. After 1 week of
treatment, NSCs were lifted as using a cell scraper and pelleted for mMRNA extraction (Exiqon).
A Nanodrop spectrophotometer was used to evaluate mRNA concentration and purity. cDNA

was synthesized (Bioline) and diluted to 1 ng/uL for RT-PCR using TagMan probes (Applied
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Biosciences): GAPDH (Hs02786624 g1), NES (Hs04187831_g1), SOX1 (Hs01057642_s1),
SOX2 (Hs01053049_s1), DLG4 (Hs01555373_m1), GAP43 (Hs00967138_m1), TUBB3
(Hs00801390_s1), AQP4 (Hs00242342_m1 ), GFAP (Hs00909233_m1), APC
(Hs01568269 _m1), and PDGFRA (Hs00998018 m1). Samples were run in triplicates with

values normalized to GAPDH.

2.3.2 NSCs to neurons

Neural induction media (NIM) replaced SFM to initiate differentiation of NSCs towards neurons.
NIM was composed of Neural Basal Media (Gibco), B27 Supplement with Vitamin A (Gibco),
N2 Supplement (Gibco), hLBDNF (10 ng/mL, PeproTech), dibutyryl cAMP (1 nM, Sigma),
Penicillin-Streptomycin (Gibco). 1 week post-induction, maintenance of neural differentiation
and further maturation of neurons were achieved by modifying NIM to Neural Maintenance
Media (NMM) by removing hBDNF and cAMP. Media compositions can be found in
Supplementary Tables 3,4.

2.3.3 NSCs to astrocytes

To differentiation NSCs to astrocytes, SFM was replaced with 1% FBS. Differentiation was

evident as early as 1 week post-induction.

2.3.4 NSCs to oligodendrocytes

Oligodendrocyte differentiation by NSCs required a longer protocol with sequential treatment
EC23, a retinoic acid receptor (RAR) activator (0.1 uM, Stem Cell Technologies), Shh (1 uM,
PeproTech) PDGFAA (20 ng/mL, PeproTech), and T3 (30 ng/mL, Sigma Aldrich). NSCs were
cultured in DMEM/F12 supplemented with N2 supplement and treated with EC23 for 3 days.
From days 2-7, Shh was added. On day 7, PDGFAA was added for 7 days. Maturation of

oligodendrocytes was promoted using T3 for a minimum of 7 days but could be prolonged.

2.3.5 Whole-cell patch clamp recording

Patch clamp recordings were performed by A.V. A coverslip was placed in a perfused chamber
mounted on Nikon E600FN microscope equipped with infrared differential interference contrast
optics (IR-DIC) and an epifluorescence system that included a computer-controlled excitation

wavelength switcher Lambda DG-4 (Sutter Instruments) and a high-resolution digital CCD
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camera (ORCA ER C4742-95-12, Hamamatsu). Images were acquired using NIS Elements
(AR3.10, Nikon) software and analyzed using ImageJ version 1.52 (Wayne Rasband, NIH).

The chamber was perfused at a rate of 0.5 ml/min with a solution containing (in mM): 140 NaCl,
5 KCl, 2 CaCly, 1 MgCl.. 10 HEPES, 15 D-glucose and 3 Na-pyruvate, pH adjusted to 7.2 with

NaOH (osmolarity ~295 mOsm, measured with a freezing point Advanced Micro-Osmometer).

The cells were visualized and selected for patch clamp recording using IR-DIC and fluorescence
for GFP and mCherry using appropriate filter cubes (EX480/40x, BS 505, EM510 for GFP and
EX535/50x, BS 565, EM610/75 for mCherry).

The patch pipettes were pulled on a laser-based programmable pipette puller (model P-2000,
Sutter Instruments) and filled with a solution containing (in mM): 130 K gluconate, 10 HEPES,
1 EGTA, 0.1 CaClz, 2 MgATP, 5 NaCl and 0.3 Na-GTP (pH 7.2 adjusted with KOH, osmolarity
~280 mOsm) and had resistances between 3 and 5 MQ. The patch pipette solution was
supplemented with 0.5 mM Lucifer Yellow (LY, dilithium salt, MW 457). LY fluorescence was
recorded using the same filter used for GFP. Due to a much brighter LY signal in cells injected
with LY during whole-cell recording, cell processes could be visualized and cells easily

recognizable after formaldehyde-fixation of the coverslips post-recording.

The cells were approached with a patch pipette using an MPC-385 Motorized Micromanipulator
(Sutter Instruments). The pipette was pressurized to 10 mm Hg during approaching the cells, and
a gigaseal (2-4 GQ) was formed by releasing the pressure after establishing a close contact of the
pipette tip with the cell membrane. A whole-cell mode of recording was established by mouth-
applied brief negative pressure to rupture the membrane and establish a direct connection
between the pipette interior and the cell cytoplasm. The gigaseal formation was monitored using

the Membrane Test feature of pClamp10 software (Axon Instruments, Molecular Devices).

The signals, low-pass filtered at 10 kHz and sampled at 20 kHz, were recorded with a computer-
controlled MultiClamp 700B amplifier, digitized with Digidata 1440 and processed/analyzed
using pClamp10 software (all from Molecular Devices). Both voltage clamp and current clamp
recording (current clamp). Capacitance compensation and bridge balance were performed using
the automatic functions of the MultiClamp 700B amplifier. To record Na* and K* currents, in

voltage-clamp mode the cells were held at -80 mV, and voltage was stepwise changed in 10 mV
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increments between -110 mV and +40 mV. For testing the ability of cells to generate action
potentials, in current clamp mode, the membrane potential was held at around -70 mV, and 50
and 250 ms-long current pulses were applied to depolarize the membrane to action potential
threshold levels, and up to 0 mV or higher when no action potentials were detected. To detect
spontaneous synaptic activity, 2 minute-long continuous (“gap-free”) voltage clamp and current

clamp recordings were performed in each cell, with membrane voltage held at around -70 mV.

All recordings were done at room temperature.

2.3.6 ICC of neuroglial markers

Cells were fixed in their respective wells for 20 min at room temperature with an 8% PFA in
30% sucrose solution, added at a 1:1 ratio of media to fixative for a final solution of 4% PFA.
Coverslips were washed three times with 1X PBS (10 min). For intracellular staining, cells were
subjected to a solution of 0.1% Triton in PBS to permeabilize the cell membrane and placed on
ice for 3 min. Blocking of non-specific antigen binding was achieved using a solution of 5%
BSA for 1 h at room temperature. Primary antibodies for TUBB3, MAP2, and GFAP
(Supplementary Table 5) were diluted in blocking solution and applied to the coverslips for
overnight incubation at 4°C. WGA and TTC antibodies were also used to enhance tracer signal.
Following three washes (15 min) of 1X PBS, secondary antibodies Alexa Fluor 488, 568, 647
(1:1000) and/or Q565 (1:100) were applied with DAPI (1:1000) for 1 h at room temperature. An
additional three washes with 1X PBS, Mowiol was used to mount the coverslips on to slides.
Slides were allowed to dry overnight at room temperature and transferred to 4°C for long-term

storage.

2.4 Co-culture

2.4.1 Neuro device (Campenot chamber)

18 mm glass coverslips were coated with PLO (10 pg/mL, Sigma) and Laminin (5 pg/mL,
Millipore) with 3 washes with sterile H>O after each step. The Neuro Device was UV sterilized
prior to placement over a gently dried coated coverslip. NIM was applied to one well with gentle
suction applied to the adjacent well to generate a directional flow of media. The process was
repeated for the bottom wells. The assembled device was placed into 12-well plates, with empty

wells filled with sterile H>O to minimize evaporation. Self-tracing NSCs (pB only) were cultured
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in SFM as previously described and resuspended at a density of 1 x 10° cells/mL in NIM. With
some gentle suction applied, self-tracing NSCs were added to the top well in 20 pL increments
until cells were seen to fill the chamber. Additional NIM was used to top up wells. Cells were
left at 37°C, 5% CO- and media changes were performed every other day. 2 weeks post-plating,
primary rat cortical neurons were plated into the bottom chamber and NIM was replaced with
NMM to allow for neuronal maturation. Cells were co-cultured for an additional 2 weeks with
regular media changes. Prior to patch clamp recordings or immunocytochemistry (ICC), the

Neuro Device was carefully removed with fine forceps.

2.4.2 Primary rat cortical neuron isolation

Primary cortical neurons were obtained from E17-19 rat embryos (Charles River). Following
euthanasia by CO2, pups were removed from the pregnant rat and decapitated under aseptic
conditions. The heads were placed into a 10 cm dish containing cold HBSS (Gibco) for
dissection. Brains were removed from the skull and the meninges were discarded using fine
forceps. The cortices were further dissected from the diencephalon and transferred to a centrifuge
tube for 3 washes with fresh HBSS. TrypLE was used to digest the tissue at 37°C for 10 min.
After the addition of 10% FBS, the cortices were gently triturated and passed through a 40 um
cell strainer with excess 10% FBS. Cells were centrifuged at 1200 rpm for 4 min, the supernatant
was aspirated, and the pellet was resuspended in NMM. Cells were diluted to the desired density

and plated as necessary.

2.5 Animals

All experimental procedures involving the use of animals received approval from the Animal
Care Committee at the University Health Network and under the supervision of clinical
veterinarians. Experiments were performed in accordance with the policies found in the Guide to

the Care and Use of Experimental Animals as per the Canadian Council of Animal Care.

Female Rowett Nude (RNU) rats (Charles River) were received at 6 weeks-old and housed in
pairs with ad libitum and water under 12h light-dark cycles. Rats were allowed to reach 8 to 10
weeks-old prior to experimentation. Animals were closely monitored for weight, hydration, and
bladder function by animal care staff and clinical veterinarians throughout the study. Humane

euthanasia endpoints were determined a priori and were adhered to.
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2.5.1 Clip contusion-compression SCI model

Adult female RNU rats aged 8 to 10 weeks-old were anaesthetized with 5% isoflurane for rapid
induction carried by 1:1 NO>-Oz. Isoflurane was reduced to 2% for maintenance. Animals were
placed on heating pads to maintain constant body temperature. An additional gauze bolster was
placed under the torso to achieve optimal access to the laminae and spinal cord during surgery.
The upper backs of the rats were shaved and cleaned with 2 wipes each of 70% ethanol and
betadine. To ensure post-operative analgesia, animals were administered buprenorphine (0.05
mg/kg) subcutaneously. 10 mL saline was also administered to ensure hydration.

A No.15 blade was used to create a midline dorsal skin incision from the occipital protuberance
to the prominent T2 spinous process. A second incision was made along ligamentum nuchae to
reach the laminae while minimizing bleeding. The muscle layers were retracted to expose the
paraspinal muscles and the attachments of the spinal and deep muscles were laterally removed
from the vertebrae to the medial edge of the articular facets by scraping with a scalpel.
Ligamentum flavum was removed from the rostral end of C6 to the caudal end of C7 using the
tip of the scalpel the tip of the scalpel. The laminae were removed using angled offset bone
nippers. At this point, the procedure is considered a C6/7 laminectomy, and this was performed

on sham animals.

To create space for the extradural passage of the modified aneurysm clip, a blunted dissection
hook was inserted in the space between the C6/7 spinal roots bilaterally. The bottom blade of the
clip was passed along the ventral surface of the spinal cord. To generate the injury, the clip was
applied quickly with a closing force of 23 g and the compression was sustained for 1 min.

Puncture of the dura or spinal cord resulted in euthanasia and exclusion from the study.

Following removal of the clip, the retractors were released. Muscles were closed using 3-0 nylon
sutures along the midline and the skin was closed using Michel suture clips. Animals were
removed from isoflurane and allowed to recover under a heat lamp in a clean cage with softened

food and water on the floor.

2.5.2 Post-operative care

Amoxicillin (Apo-Amoxi) or amoxicillin with clavulanic acid (Clavamox) was supplemented in

the drinking water 3 days prior to injury and maintained until endpoint. Animals were
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administered buprenorphine (0.05 mg/kg) twice daily for 3 days and meloxicam (1 mg/kg) once
daily for 5 days post-injury. Injured rats were also given 10 mL saline twice daily for 7 days.
Additional saline injections and nutritional support were administered as necessary until animals
returned to >80% pre-operative weight. Bladders were expressed manually three times per day

until reflexive control and micturition were restored.

2.5.3 Cell-transplantation

Self-tracing NSCs (pB only) and GFP-NSCs were cultured in SFM as previously described (see
2.1.2. NSC Transfection). Prior to transplantation, cells were collected in SFM at a density of
200 000 cells/uL. Cells were kept on ice until they were ready for use. Each sample could only

be used for up to 2 animals (2 h max).

2 weeks or 8 weeks post-injury, animals underwent similar surgical procedures as described
above (see 2.5.1 Clip contusion-compression SCI model) with slight modifications. The scar
tissue was carefully removed by working from the rostral and caudal ends of the C6/7 region.
Using the tip of a 25G needle and a pair of fine forceps, the dura was opened. Animals were
transplanted at 5 sites: directly in the epicentre cavity (1), 1 mm rostral and 1mm lateral to the
epicentre (bilateral, 2), 1 mm caudal and 1 mm lateral to the epicentre (bilateral, 2). 2 uL of the
cell suspension was infused into the epicentre while 1 uL was used in the penumbra. A 10 pL
Hamilton syringe and microinjector pump was used the regulate the volume and rate of cell
transplantation (1 uL/min). Injection needles were left to dwell for 2 minutes after injection to
prevent backflow. The meniscus was checked before each transplant and the syringe was
thoroughly flushed with saline between each animal to ensure there was no blockage.

2.5.4 HSV tracing

Naive female Wistar rats were used to test viral tracing. HSV-GFP tracing was performed by
anaesthetizing the animal as described in section 2.5.1. The animal’s head was secured to the
stereotaxic frame. A superficial incision was made along midline over the skull of the animal
using a No. 15 blade. Bregma and the sagittal suture were used as landmarks. A small fragment
of the skull on the right side was carefully removed using a dental drill bit (2 mm lateral to
midline by 1.5 mm caudal to bregma). A 10 uL Hamilton syringe was used to withdraw the viral
solution. 6 injections were performed at -0.5 mm, -1.0 mm, and -1.5 mm to Bregma, 1 mm and 2

mm lateral to midline. 1 uL of HSV was injected per solution at a rate of 0.1 uL/min, regulated
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by a microinjector pump. The needle was left in place for 2 min to prevent backflow. Animals

were kept for 5 days prior to sacrifice.

2.5.5 PRV tracing

PRV152 tracing of the flexor digitorum profundus (FDP) muscle was performed as follows. A
small superficial incision of the forearm was made. Scissors were used to blunt-dissect the tissue
to further expose the underlying fascia and muscles and identify the four main muscle groups.
Once the muscle was located, a small drop of saline over the opening to was used to ensure the
tissue was moist. Meanwhile, 10 pL of PRV was pipetted on to a cold glass surface covered in
parafilm. A 10 uL Hamilton syringe and needle were used to withdraw the viral solution. A finer
35G needle was then swapped for injection. 3 to 4 free-hand injections angled parallel to the
muscle fibres were used for a total injection volume of 6 pL. Injections were done slowly while
carefully withdrawing the needle from the muscle to ensure minimal reflux. The fascia was
closed using 10-0 nylon sutures and the skin incision was closed with 5-0 sutures. After
addressing the wound, the rat was placed into a new clean cage where it was housed for 96 h

until perfusion.

2.6 Tissue processing

2.6.1 Spinal cord homogenate

Animals were deeply anesthetized with isoflurane and transcardially perfused with 180 mL ice-
cold 0.1 M PBS at 8 weeks post-SCI. At the time of tissue removal, the injury level was
reconfirmed. The injury epicentre (0.5 mm) was collected into a microcentrifuge tube with 1 mL
ice-cold DMEM/F12. Samples could be processed immediately or at a later date if flash froze in
liquid No.

A blue-tip homogenizer was used to gently extract protein from the spinal cord sample. Samples
were then centrifuged at 1200 g for 4 min to pellet unwanted tissue. The supernatant was
sterilized through a 0.45 um filter and quantified by microBCA. The resultant protein extract was

used at a final concentration of 100 pg/mL
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2.6.2 Immunohistochemistry (IHC)

Animals underwent anesthesia and transcardial perfusion with 180 mL ice-cold 0.1 M PBS and
4% PFA at 2 weeks or 8 weeks post-SCI. The brain and spinal cord were removed from the
animal and post-fixed 10% sucrose in 4% PFA solution overnight. The following day, the tissue
was washed with 0.1 M PBS and cryoprotected in 30% sucrose in PBS for 48 h.

A section of the spinal cord measuring 2.5 cm in length surrounding the lesion epicentre was
embedded in M1 embedding matrix and stored at -80°C. Brains were embedded in Tissue-Tec
Optimal Cutting Temperature and stored at -80°C. Tissues were sectioned using a cryostat in 30

um thick sections in either transverse or longitudinal sections.

For immunohistochemistry, slides were thawed, dried, and rehydrated with 1X PBS. Non-
specific binding was prevented using a 1h incubation with blocking solution (5% milk, 1% BSA,
0.3% Triton) at room temperature. Primary antibodies for WGA and TTC were diluted in
blocking solution and incubated overnight at 4°C. Three 15 min washes with PBS were
performed before applying secondary antibodies Alexa Fluor 488 and 568 with DAPI (1:1000)
for 1h at room temperature. Upon an additional three PBS washes, Mowiol was applied to the
slides to mount coverslip. Slides were allowed to dry at room temperature overnight and
transferred to 4°C for long-term storage.

2.6.3 Statistics

Quantitative data are expressed as mean + SEM. Although sample sizes were relatively small,
repetition of experiments revealed a normal distribution of the data, favouring the use of a
parametric statistical test. Therefore, differences between groups were assessed by one- and two-
way analysis of variance (ANOVA) with Tukey’s post hoc test to correct for multiple
comparisons (p < 0.05). Data were analyzed with GraphPad Prism (GraphPad Software Inc., La

Jolla, CA, US, http://www.graphpad.com).
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Chapter 3
Results

3  Results

3.1 Generation of monoclonal self-tracing NSCs

3.1.1 Subcloning of bicistronic vector

The vector was based on a plasmid obtained from Addgene (#55632), which contained
EFla::mCherry-IRES-Cre in an AAV backbone (Fenno et al., 2014). M.K. and C.S.A. used
various methods to: 1) switch the backbone from an AAV to piggyBac (pB) backbone,
previously obtained from the Nagy Lab; and 2) insert a WGA as a fusion protein upstream to
mCherry and GFP downstream to IRES, replacing Cre recombinase. P.C. then performed Gibson
subcloning to insert TTC as a fusion protein upstream of GFP, following the sequence found in
the original paper published by Kissa et. al (2002). After growing and isolating individual
bacterial colonies transformed with the plasmid, diagnostic RE cuts were performed to verify
successful assembly (Figure 5). Similar procedures were used to assemble a CRISPR-Cas9
variant of the self-tracing plasmid, targeting the human Hipp11 locus (hH11) (Figure 6). Samples
of plasmid DNA were also sent for sequencing to confirm sequence fidelity (see Supplementary

Figures 2,3 for full sequence).

3.1.2 Expression of WGA-mCherry and GFP-TTC in NSCs

Transfected NSCs were screened for mCherry and GFP expression as a proxy for WGA and
TTC expression. Initially, approximately 1% of a 10 cm plate displayed dual-positive expression
of the markers. After FACS, individual cells were expanded over 2 weeks before the second
round of fluorescent screening was performed using an epifluorescent microscope. Only cells
maintaining a ubiquitous expression of both mCherry and TTC were passaged for further growth
(Figure 7). After multiple passages, the pB line of self-tracing NSCs retained strong tracer

expression but the signal weakened in the hH11 line (Supplementary Figure 4).
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3.2 Characterization of self-tracing NSCs

3.2.1 Self-tracing NSCs retain self-renewal and proliferative properties

WGA TTC (pB) and WGA TTC (hH11) self-tracing NSCs were tested for self-renewal and
proliferative potential by neurosphere assay against a control line of GFP-expressing NSCs,
previously generated and tested in our lab (Figure 8). The number of primary neurospheres
greater than 50 um were comparable between all NSC lines (GFP: 36.0 £ 2.8; hH11: 33.6 £ 4.7;
pB: 32.8 = 3.0). Similar numbers of neurospheres were also observed after the first (GFP: 32.0 £
1.8; hH11: 36.0 £ 2.5; pB: 33.6 + 2.0) and second passages (GFP: 37.6 + 3.0; hH11: 36.8 £ 2.3;
pB: 35.2 £ 3.4). Self-tracing NSCs also maintained tracer expression (Figure 8B).

3.2.2 Self-tracing NSCs express typical NSC markers

To validate that NSC phenotypes of self-tracing cells were reflected at the molecular level, RT-
PCR was used to evaluate expression levels of known NSC markers in self-tracing NSCs post-
FACS expansion against GFP NSCs (Figure 9A). Generally, self-tracing (pB) NSCs showed
similar expression levels of all markers to control cells. However, self-tracing (hH11) NSCs
showed a down-regulation of most markers, but they were not statistically (one-way ANOVA,
Tukey’s post hoc, p < 0.05) different, except for MSI1 (GFP: 1.00 + 0.04; hH11: 0.67 £ 0.06).

Moreover, ICC confirmed positive staining of nestin in self-tracing NSCs.

3.3 Differentiation of self-tracing NSCs
3.3.1 Profiling self-tracing NSC differentiation in vitro by RT-PCR

Self-tracing NSCs were treated with either naive or 8 week-injured spinal cord homogenates to
induce differentiation of cells into their neuroglial fate over the course of 7 days. GFP NSCs
were also used as controls, and relative expression changes were compared to SFM-cultured
NSCs. Once mRNA was isolated and converted to cDNA, RT-PCR of NSC, neuron, astrocyte,
and oligodendrocyte markers was performed (Figure 10). Fold changes have been log:

transformed.

Compared to SFM-cultured NSCs, GFP and both lines of self-tracing NSCs demonstrated a
slight increase in NSC markers, namely SOX1 and SOX2 (two-way ANOVA, Tukey’s post hoc,

p < 0.001) when treated with naive homogenate, but a decrease in expression with SCI
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homogenate. This suggests factors within the SCI microenvironment possibly promotes possible

differentiation of NSCs to neuroglial fates.

Upon naive spinal cord homogenate treatment to NSCs, a slight increase in neuron marker
expression was seen, which was most statistically significant for the marker DLG4 (GFP: 1.39 =
0.26; hH11: 0.59 + 0.12; pB: 1.18 + 0.19, p < 0.01), a gene involved in recruiting receptors, ion
channels, and signaling proteins to post-synaptic sites. Similar patterns of upregulation in a naive
spinal cord microenvironment was seen with both astrocyte and oligodendrocyte markers. The
greatest upregulation was seen with AQP4 (GFP: 11.70 £ 0.09; hH11: 11.08 £ 0.06; pB: 11.07 =
0.09, p < 0.0001), a gene encoding water channels, localized to astrocytic endfeet.
Oligodendrocyte marker, such as APC, showed slightly less drastic upregulation (GFP: 2.84 £
0.27; hH11: 1.67 = 0.08; pB: 1.89 £ 0.08, p < 0.0001). These findings hint that NSCs are more
likely to differentiate into astrocytes and oligodendrocytes than neurons.

After NSCs were treated with SCI homogenate for 1 week, a decrease in neuron markers was
detected. Interestingly, GAP43 expression (GFP: -1.32 £ 0.12; hH11: -2.64 £ 0.09; pB: -2.21 +
0.11) was not only lower than in naive conditions (GFP: 0.59 + 0.42; hH11: -0.70 + 0.07; pB: -
0.28 £ 0.08, p < 0.0001), but also in control SFM conditions (GFP: N/A; hH11: -0.87 + 0.04; pB:
-1.64 +0.14, p < 0.01). Astrocyte and oligodendrocyte markers were generally only slightly
elevated compared to control conditions. Only AQP4 expression remained elevated (GFP: 7.65 +
0.10; hH11: 5.44 + 0.15; pB: 6.73 £ 0.11, p < 0.0001). Astrocytes appear to be the predominant
fate of NSCs in an SCI microenvironment.

3.3.2 In vitro induction of NSC differentiation to neurons

Given that the RT-PCR results for neural differentiation of NSCs were not convincing, we
wanted to confirm the neural potential of self-tracing NSCs by inducing differentiation in vitro.
After 1 week in culture with NIM, self-tracing NSCs stained positive for immature neuron
marker, TUBB3. Switching to NMM for an additional week in culture, self-tracing NSCs
expressed MAP2, a cytoskeletal marker found in more mature neurons (Figure 11B). When
plated within Campenot chambers, neurons could be seen growing axons up to 800 um (Figure
11E). Self-tracing NSC differentiation to astrocytes and oligodendrocytes were also studied by in
vitro differentiation. Self-tracing NSCs displayed robust GFAP expression, typical of astrocytes.
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However, due to several incidents of bacterial contamination in shared incubators, long-term

self-tracing NSC differentiation to oligodendrocytes could not be confirmed.

3.3.3 Self-tracing NSC-derived neurons are electrically functional

While ICC hinted as successful neural differentiation, functional neurons are required not only
for integration after transplantation, but also for transmission of trans-synaptic tracers. As such,
whole-cell patch clamp recording was used to evaluate the electrical phenotype of self-tracing
NSC-derived neurons. NSCs were differentiated for a total of 4 weeks prior to recording, in
hopes of studying a more mature neuron. Neurons were identified by dual-positive expression of
mCherry and GFP under epifluorescence. Once a seal was formed, voltage clamp recordings
were used to probe the presence of Na™ and K* currents. As seen in Figure 12C, the sharp
downward peak points to the presence of active Na* channels for fast Na* influx. This was
followed by a slower and more prolonged outward K* current, typical of neurons. In addition to
observing ion conductance, the firing of action potentials by current clamp recording was also
seen. Together, the hallmarks of functional neurons suggested that self-tracing neurons would

have the potential to integrate into host circuitry and trace their synaptic connections.

3.4 Validation of self-tracing NSCs

3.4.1 In vitro proof-of-concept by self-tracing NSC co-culture with primary
rat cortical neurons
Once the functional activity of self-tracing NSC-derived neurons was confirmed, activity-
dependent trans-synaptic tracing could be tested by co-culturing self-tracing neurons with
primary rat neurons. This would serve as a proxy for lengthier transplantation of NSCs into an
animal. Self-tracing NSCs underwent 2 weeks of neural induction prior to the addition of
primary rat cortical neurons isolated from E17-19 pups. Co-culture was performed for an
additional 2 weeks. Longer co-cultures were attempted but increased the risk of bacterial
contamination and primary cell death. To differentiate between human and rat cells, STEM121
staining was used to reveal the distribution of human self-tracing neurons (Figure 13B). MAP2
staining further confirmed the presence of all neurons in culture, including rat primary neurons.
MAP2 was paired with a quantum dot Q565 antibody to prevent emission spectrum overlap with
other markers. However, Q565 excitation overlaps with DAPI and resulting in unusual nuclear

staining. Nevertheless, WGA staining was clearly seen surrounding DAPI in STEM121" rat
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neurons (Figure 13C). Cytosolic TTC signal was also seen in a smaller population of rat neurons.
Co-culture of wild-type NSCs, without any fluorescent tags, with rat primary neurons showed no
WGA or TTC signal (Supplementary Figure 5). Together, these findings demonstrate that
differentiate self-tracing NSCs so indeed integrate with rodent neurons and form synaptic

connections.

3.4.2 Preliminary data from in vivo transplantation of self-tracing NSCs

Moving towards transplantation in a rodent model of SCI, RNU rats were injured with a 23 g
contusion-compression model at the C6/7 level. 8 weeks post-SCI, self-tracing NSCs were
prepared for transplantation at the epicentre and 4 additional sites 1 mm rostral and caudal to the
lesion at a depth of 1 mm. Animals were kept for 12 weeks post-transplantation to allow for
migration, differentiation, and integration of grafted cells into the host tissue. Firstly, long-term
transgene expression of WGA-mCherry and GFP-TTC was examined (Figure 14). IHC
demonstrated sufficient WGA and TTC signal when enhanced with antibody staining. Secondly,
to see whether tracing occurred, we focused on finding cells that were only single-positive
WGA" or TTC" cells. Distinct single-positive cells were identified suggesting that tracing

occurred.

3.4.3 Conventional viral tracing shows limited tracing

As a brief qualitative evaluation of the effectiveness of conventional viral tracing techniques,
naive female Wistar rats were used for HSV-GFP and PRV152 tracing (n=3 per group). HSV
tracing from the sensorimotor cortex was only detectable in the cortex surrounding the injection
site and in very few neurons the ventroposterior nucleus of the thalamus (Figure 15). Screening
of brainstem sections and spinal cord showed no traced cells. Similarly, PRV152 tracing of the
flexor digitorum profundus, performed by M.R. at Drexel University, was only seen in a few
cells in the dorsal and intermediate grey matter of the cervical spinal cord after DAB and cresyl

violet staining.
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Figure 5 Plasmid map of self-tracing NSC (pB). (A) Diagnostic restriction enzyme cuts
were used to determine whether the final plasmid was correctly assembled. (B) Box-line
diagram highlighting key components of DNA sequence, including constitutive promoters
CMV and EF1a, transposase enzyme for genome integration, fusion protein tracers WGA-
mCherry (anterograde), and GFP-TTC (retrograde). Abbreviations: CMV = cytomegalovirus;
EF1la = elongation factor 1 alpha; GFP = green fluorescent protein; IRES = internal ribosomal
entry site; pB = piggyBac; TTC = tetanus toxin fragment C; WGA = wheat germ agglutinin
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Figure 6 Plasmid map of self-tracing NSC (hH11). (A) Diagnostic restriction enzyme cuts
were used to determine whether the final plasmid was correctly assembled. (B) Box-line
diagram highlighting key components of DNA sequence, including constitutive promoter
EF1a, homologous regions of the human H11 locus for sequence alignment and integration,
fusion protein tracers WGA-mCherry (anterograde), and GFP-TTC (retrograde). A separate
plasmid for Cas9 expression was used for host integration (not shown). Abbreviations: EFla =
elongation factor 1 alpha; GFP = green fluorescent protein; hH11 3’ arm = human Hipp11 3’
homologous arm; hH11 5’ arm = human Hippl1 5° homologous arm; IRES = internal
ribosomal entry site; TTC = tetanus toxin fragment C; WGA = wheat germ agglutinin



JiMl NSCs 2d post-transfection

WGA-mCherry
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Figure 7 Monoclonal line of self-tracing NSCs. (A) Approximately 1% of NSCs
demonstrated tracer expression 2 days post-transfection. (B) Ubiquitous expression of both
WGA-mCherry and GFP-TTC were seen in NSCs 2 weeks post-FACS. Representative
images are shown for WGA TTC (pB). Abbreviations: GFP = green fluorescent protein; pB =
piggyBac; TTC = tetanus toxin fragment C; WGA = wheat germ agglutinin
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Figure 8 Self-tracing NSCs demonstrate typical proliferative properties. (A) GFP and
self-tracing NSCs were cultured for 7 days to form primary neurospheres. Neurospheres were
subsequently triturated and plated for an additional 7d days for form secondary and tertiary
neurospheres. Representative brightfield images are shown for all cell lines. (B) Fluorescent
images of both self-tracing lines of NSCs demonstrate ubiquitous expression of WGA and
TTC. (C) After transferring and fixing neurospheres to a Geltrex-coated plate the number of
neurospheres greater than 50 um were quantified. Genetically modified NSCs did not show
any difference in proliferative or self-renewal properties. Error bars display SEM, n=3 per
group. One-way ANOVA corrected for multiple comparisons by Tukey’s post hoc test, n.s. (p
> 0.05). Abbreviations: GFP = green fluorescent protein; hH11 = human Hipp11 locus; pB =
piggyBac; TTC = tetanus toxin fragment C; WGA = wheat germ agglutinin
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Figure 9 Self-tracing NSCs express typical NSC markers. (A) GFP and both lines of
genetically engineered self-tracing NSCs demonstrate no difference in NSC marker
expression by RT-PCR. All groups were compared to wild-type human iPSC-derived NSCs.
Error bars display SEM, n=5 per group. One-way ANOVA corrected for multiple
comparisons by Tukey’s post hoc test, *p < 0.05. (B) Representative confocal image of self-
tracing NSCs (pB) show expression of nestin. Abbreviations: hH11 = human Hipp11 locus;
NES = nestin; TTC = tetanus toxin fragment C; WGA = wheat germ agglutinin
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Figure 11 Self-tracing NSC can differentiate into neurons and astrocytes. (A,B) Self-
tracing NSCs treated with neurobasal media with a cocktail of growth factors can differentiate
into neurons. (A) Immature neurons were detectable within 1 week of induction and (B) more
mature neurons were seen after 2 weeks. (C) Using 1% FBS, self-tracing NSCs became
astrocytes within 1 week of induction. Representative images are shown of self-tracing (pB)
cells. Images taken at 20X. (D) Diagram of Campenot chamber used to see directed axon
growth. (E) NSCs differentiated to neurons over 2 weeks in a Campenot chambers were seen

to grow long axons.
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=m M LY w/ pipette

Figure 12 Self-tracing NSC-derived neurons are electrically functional. (A) Self-tracing
NSCs were differentiated to neurons over 4 weeks. Cell were observed under IR and
epifluorescent microscopy to identify healthy neurons for whole-cell recording. Arrowheads
indicate patched cell. Once successful patching was achieved, neurons were injected with LY.
Representative images of WGA-TTC (pB) NSCs are shown. (B) Composite image of
mCherry and GFP expression confirm patched cells maintained expression of both molecular
tracers, WGA-mCherry and GFP-TTC. Stitched image of LY -injected neuron shows complete
cell morphology. (C) Voltage clamp reveal large inward Na+ current and large outward K+
current typical of neurons. (D) Current clamp demonstrated that differentiated neurons fire
action potentials once membrane potential reached threshold. (E) 2 min recordings of current
changes did not show any spontaneous synaptic activity. Abbreviations: LY = lucifer yellow
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Figure 13 Self-tracing NSCs integrate and trace primary rat neurons in vitro. (A) Design
of in vitro co-culture of self-tracing NSCs with primary rat cortical neurons. Self-tracing
NSCs were plated and differentiated to neurons for 2 weeks prior to adding primary rat
cortical neurons. Cells were left to mature and integrate over an additional 2 weeks. (B)
Representative image of co-culture. STEM121 reveals distribution of human self-tracing
NSC-derived neurons while MAP2 stains all neurons, including rat cells. (C) The same field
of view shows dual positive WGA and TTC expression in human cells, but single WGA™ or
TTC" rat neurons. Abbreviations: MAP2 = microtubule-associated protein 2; TTC = tetanus
toxin fragment C; WGA = wheat germ agglutinin
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Figure 14 Self-tracing NSCs maintain tracer expression 12 weeks post-transplant. (A)
Tract organization in a rodent cervical spinal cord for reference. The box marks the
approximate region shown in the representative image. (B) Strong tracer expression is still
observed 12 weeks post-transplantation. Asterisks mark WGA+/TTC- cells while arrowheads
mark WGA-/TTC+ cells. Representative image of the dorsal funiculus at the epicentre of a 12
week-post self-tracing NSC transplant into an 8 week SCI (23 g, C6/7) RNU rat. Image taken
at 20X.
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Figure 15 HSV injection resulted in sparse tracing of thalamic neurons. (A) Diagram
showing landmarks and injection sites for surgery. (B) -1.0 mm Bregma section is shown.
Highlighted is the corresponding M1/2 cortical region where injections were targeted. (C)
Representative confocal image of traced neuron using maximum projection. Image taken at
63X. (D) Traced cells were observed within the ventroposterior nucleus of the thalamus in the
right hemisphere. Abbreviations: HSV = herpes simplex virus; M1/2 = primary/secondary
motor cortex; VPN = ventroposterior nucleus
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Figure 16 PRV injection resulted in sparse tracing of spinal interneurons. (A) Diagram
depicting the approximate location of rat forearm muscle groups with the flexor digitorum
profundus highlighted. (B) DAB staining shows few cells traced with PRV (brown) in the
dorsal grey matter. Cresyl violet was used as a counterstain. (C) Some interneurons are also
traced in the intermediate grey matter. Central canal marked by dashed line. Images were
courtesy of Margo Randelman & Dr. Michael Lane, Drexel University. Abbreviations: FDP =
flexor digitorum profundus; PRV = pseudorabies virus
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Chapter 4
Discussion

4  Discussion

4.1 Summary of Results

Through our work, we have demonstrated how hiPSC-NSCs can be genetically engineered to
constitutively express WGA-mCherry and TTC-GFP without modifying inherent NSC
characteristics. This was achieved using both a non-viral piggyBac transposon system and
CRISPR-Cas9 system. Both methods produced reliable transgene expression post-FACS and
expansion, with the self-tracing (pB) line demonstrating greater expression. Self-renewal and
proliferative potential were retained as shown by the successful generation of primary,
secondary, and tertiary neurospheres. Self-tracing NSCs did not show abnormal proliferation,
which would indicate greater tumorigenic risk, when neurospheres were quantified. Further
confirmation of normal NSC phenotypes was achieved by RT-PCR and ICC. Self-tracing NSCs
appeared to demonstrate multipotency when treated with spinal cord homogenate, and in vitro
differentiation of NSCs could generate electrically functional neurons. Importantly, these self-
tracing neurons demonstrated successful of tracing of primary rat neurons in vitro, and possible

in vivo as well.

4.2 Discussion

4.2.1 From remyelination to neuronal relay

If SCI results in the loss of neurons, astrocytes, and oligodendrocytes, a logical treatment
approach would be to replace the lost and damaged cells. In this line of thought, NSCs are an
obvious candidate for cell-based therapies in the context of SCI. Developments in stem cell
research have also allowed NSCs to be generated from various sources, both safely and
effectively, making NSCs an even more attractive approach to treating SCI. Specifically, our

lab’s translation-focused mindset led us to use human iPSC-derived NSCs.

To put theory to test, NSC transplantations in multiple preclinical SCI models, rodent and non-
human primates included, have generally conferred some improvements in neurologic recovery
(Bonner and Steward, 2015; Mothe et al., 2008; Tetzlaff et al., 2011). Over the years, researchers

can summarize the main mechanisms by which NSCs promote functional improvements as
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follows: neuroprotection (Hawryluk et al., 2012; Lu et al., 2003), immunomodulation (Cusimano
et al., 2012), angiogenesis (Kobayashi et al., 2012; Li et al., 2014), remyelination (Eftekharpour
et al., 2007; Karimi-Abdolrezaee, 2006; Plemel et al., 2011), and neuroplasticity (Kadoya et al.,
2016; Lu et al., 2012). Previously, our lab placed a greater emphasis on NSC-to-oligodendrocyte
differentiation to promote remyelination, in part, due to the natural tendency of our NSC line to
grow into a neuroglial fate (Eftekharpour et al., 2007; Karimi-Abdolrezaee, 2006). We
capitalized on this finding by generating a line of NSCs which were biased more towards
oligodendrocyte differentiation, while still preserving their multipotency (Nagoshi et al., 2018).
Compared to control NSCs, oligodendrogenic NSCs were associated with greater white matter
sparing, BBB score, stride length, and swing speed. Results of this study, along with literature on

OPC-based therapies, further supported the significance of remyelination in SCI recovery.

However, other researchers have downplayed the importance of oligodendrocytes in locomotor
recovery. A study by Duncan et al. demonstrated that PDGFRa" OPCs with an inducible myelin
regulatory factor-knockout resulted in a reduction of myelination in transgenic mice (2018).
Surprisingly, the decrease in remyelination did not affect spontaneous recovery following SCI.
This prompted us to re-evaluate the differences and potential advantages of NSC over OPC use:

multipotent NSCs can also differentiate into astrocytes and neurons.

NSC-to-astrocyte differentiation is an interesting concept given that most astrocytes in the SCI
microenvironment become reactive and contribute to the formation of the glial scar (Herrmann et
al., 2008). Ironically, preventing scar formation or ablation of astrocytic scars does not lead to
axon regeneration (Anderson et al., 2016). Rather than tackling this complex mechanism, we

sought to better understand NSC-to-neuron differentiation.

Lu et al. have presented remarkable long-distance growth of graft-derived axons ina T3
complete transection SCI model which was associated with significant BBB recovery and
evoked potential latency recovery (2012). Although the authors inferred synaptic integration of
grafted cells by dual-positive GFP and synaptophysin staining, true synaptic connections could
not be verified without tracing. A subsequent study demonstrating similar neural differentiation
and engraftment focused on uncovering the neuroplasticity of endogenous CST regeneration
(Kadoya et al., 2016). While the CST fibres appeared to regenerate caudal to the lesion,

improvements in forelimb function, assessed by the food-pellet reaching task, were not
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significant. Another study from the same group then examined the specific neural subtype fate of
NSC grafts. NSCs were found to organize into dorsal horn-like domains and were innervated
specifically by host sensory, but not CST neurons (Dulin et al., 2018). Unfortunately, no sensory
test data was provided.

Nevertheless, robust neural differentiation and apparent synapse formation support neuronal
relay as a plausible mechanism underlying NSC-mediated recovery. In order to definitively
answer whether synaptic integration occurs between grafted neurons and host cells, trans-
synaptic tracing is necessary.

4.2.2 Development of self-tracing vector

Tract tracing is not a novel concept in stem cell and SCI research. Numerous publications have
made use of viral and non-viral tracers, mainly to study neuroplasticity of host neurons. As
simple as tracing protocols may appear on paper, in practice, they are plagued with challenges.
One of which is the detection of tracers within the spinal cord following injection originating at
meaningful distal sites (i.e. functional cortical regions, muscle groups, etc.) as exemplified in
Figures 15,16. While insufficient optimization may be to blame for our poor results, we believe it
is important to have a robust tracing method that guarantees tracing. This holds true especially
when considering the need to detect trans-synaptic tracers within both grafted cells and their up-

or downstream connections.

Rather than randomly targeting a small population of graft neurons, we conceived having tracing
originate from transplanted NSCs. Doerr et al. proposed a very similar idea, using a transgenic
MRFP-expressing neuroepithelial stem cell which was also transduced with a rabies virus-
inducible GFP tracing vector (2017). Introduction of a modified rabies virus permitted viral
replication and monosynaptic retrograde tracing. These transgenic cells were undoubtedly
successful in mapping transplant innervation after grafting into a mouse brain. Still, for our
purposes, we found several limitations with this study. Firstly, we would like to see both
anterograde and retrograde trans-synaptic tracing. Secondly, no characterization of the
neuroepithelial stem cells post-genetic modification was done. Lastly, while this was an
inducible system, in an SCI and transplantation experiment, additional intrathecal injections may

cause further unintentional injury.
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For these reasons, we aimed to develop our own version of self-tracing NSCs which could

constitutively express both anterograde and retrograde trans-synaptic tracers.

4.2.3 Bioengineering strategies

Avoiding the potential neurotoxic effects of viral tracing methods, we preferred to use WGA and
TTC as trans-synaptic molecular tracers. We designed a fusion WGA-mCherry sequence,
analogous to the approach used to conjugate WGA to other fluorophores (Goshgarian and Buttry,
2014). The GFP-TTC sequence was based on the original paper by Kissa et al. (2002). The
internal ribosomal entry site (IRES) allowed both tracer expressions to be driven by a single
EF1a promoter, which has been shown to maintain high expression of transgenes across multiple
cell types, including ESCs (Norrman et al., 2010; Qin et al., 2010). The woodchuck hepatitis
virus post-transcription regulatory element (WPRE) was added downstream to further enhance
expression (Klein et al., 2006). The first iteration of the self-tracing vector was packaged within
a pB backbone given prior success with stable genetic modification using this system (Woltjen et
al., 2009). An alternative CRISPR-Cas9 dependent self-tracing vector was targeted to hH11

region, which has been reported as a safe-harbour locus (Ruan et al., 2015).

Although AAYV has been repeatedly shown to be a reliable site for CRISPR/Cas9-mediated DNA
editing via homology-directed repair in multiple systems (Chew et al., 2016; Dai et al., 2019; Ge
et al., 2016; Nishiyama et al., 2017; Ohmori et al., 2017; Senis et al., 2014; Swiech et al., 2015),
we made a conscious decision to use the H11 locus. This allows our lab to combine multiple
vectors, each with unique host integration sites, in the future, opening the door to future
combinatorial treatments of trophic factors (Jiao et al., 2017; Liu et al., 2017; Robinson and Lu,
2017; Rosich et al., 2017; Zhang et al., 2018) and scar-degrading enzymes (Alluin et al., 2014;
Karimi-Abdolrezaee et al., 2012; Nori et al., 2018; Suzuki et al., 2017) packaged within a single
NSC line.

Expression of tracer molecules, as interpreted by mCherry and GFP detection, appeared robust,
suggesting the careful selection of DNA elements and sequence design was successful. While
fluorescence should correspond to tracer expression, direct assessment or quantification of WGA
and TTC expression was not quantified. This could have been done by western blot to examine
WGA and TTC bands which should appear at the combined molecular weight of the tracers and

fluorescent proteins. This is unlikely to pose a major concern given that tracing of rat primary
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cortical neurons in co-culture was observed (Figure 13), but not when neurons were plated with

wild-type NSCs (Supplementary Figure 5).

Again, the pB transposon system was used because of its relative ease of use and ubiquitous
transgene expression. However, the high expression may be due to multiple insertion sites given
that the pB transposase recognizes inverted terminal repeats (ITRs) flanking the vector and
inserts the complete sequence into any TTAA chromosomal site (Li et al., 2013; Zhao et al.,
2016). PCR and/or fluorescent in situ hybridization can be used to confirm the number of
insertion sites. Another point is that the transposon system has the potential to cause large
chromosomal translocation. Karyotyping the self-tracing NSCs would provide more assurance
that these NSCs have not been unintentionally mutated. We believe this is unlikely due to our

characterization of various NSC phenotypes.

Supplementary Figure 4 also shows that self-tracing (hH11) NSCs loss GFP intensity over
multiple passages. Ruan et al. previously claimed that the pig H11 locus was an efficient site for
CRISPR/Cas9-mediated knock-in of GFP in fetal porcine fibroblasts, embryos, and eventually
piglets born 114 days after embryo activation (2015). In our study, we did not assess GFP-TTC
expression in cells for nearly as long-term, but we already started with decreased expression of
GFP compared to mCherry, which was detectable by eye. This was expected as previous work
studying the relative expression of transgenes upstream and downstream of IRES concluded that
IRES-depending second gene expression generally ranges from 20 to 50% of the promoter-
driven first gene (Mizuguchi et al., 2000). We chose to place GFP-TTC as the second gene in the
hopes that a cytosolic localization (Coen et al., 1997) would be easier to detect than punctate
WGA signal (Ruda and Coulter, 1982). In our pB line, we also compensated for lower
expression by adding a WPRE sequence. Unfortunately, no single- or dual-cutting RE sites were
available to retain WPRE in the hH11 self-tracing NSCs for Gibson subcloning. Another
explanation is that that silencing of transgene expression by the host genome occurred by either
DNA methylation or post-transcriptional RNA degradation (Matzke et al., 2000). In the future,
this can be addressed by adding a ubiquitous chromatin opening element (UCOE), which has
proven to be effective in primary haematopoietic cells and pluripotent stem cells (Pfaff et al.,
2013).
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4.2.4 Self-tracing NSCs retain normal NSC phenotypes

One of our criticisms of previous rabies virus-depending tracing cells was the lack of cell

characterization. We demonstrated the safety of using pB transposon and CRISPR/Cas9 systems
to genetically modify NSCs while preserving NSC properties. Our self-tracing NSCs maintained
normal self-renewal and proliferative properties and expressed hallmark NSC markers at similar

levels to control NSCs.

NES and NOTCHL1 also slightly downregulated in self-tracing NSC. NES encodes nestin, a
cytoskeletal intermediate filament protein normally expressed in NSCs (Zhang and Jiao, 2015).
Knock-down of NES expression in NSCs was found to decrease cell migration and contractility
(Yanetal., 2016). NES has also been implicated in NSC self-renewal, proliferation, and survival
(Bernal and Arranz, 2018). On the other hand, tight regulation of Notch-1 signalling is important
in maintaining NSC quiescence (Zelentsova et al., 2017). Notch-1 also acts as a switch for NSC
differentiation to either glial cells or neurons, with greater expression promoting more astrocyte
differentiation (Zhou et al., 2010). While neither marker was significantly downregulated, we
should be mindful in assessing migration and astrocyte vs. neuron differentiation when assessing

in vivo transplantation of self-tracing NSCs in the future.

Expression of MSI1, encoding RNA-binding protein musashi 1, was the only marker to be
differentially expressed in control and self-tracing NSCs, with decreased expression in self-
tracing hH11 cells. Musashi plays an essential role in asymmetric cell division of Drosophila
proliferating neuroblasts by regulating the translation of target mMRNA (Okano et al., 2005).
Mammalian homologue MSI1 is functionally conserved, as its high expression in both fetal and
adult NSCs is crucial for NSC self-renewal. Although quantification of the neurosphere assay did
not reveal any difference in the number of neurospheres generated per 5000 cells, it is possible
that the average size of neurospheres may have differed slightly, but image analysis would be
needed to support this claim.

4.2.5 Self-tracing NSCs differentiate to neuroglial lineage

Self-tracing NSCs tended to express greater astrocyte and oligodendrocyte markers following
spinal cord homogenate treatment, in both naive and injured conditions. RT-PCR was used as a

substitute for ICC given our limited quantity of tissue homogenate to treat multiple NSC lines
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and replicates. While not the perfect experiment, this is a useful first step in still probing the

differentiation profile of these NSCs.

Since we did not see convincing increases in neuron markers after inducing differentiation by
homogenate treatment, we confirmed the neural potential of self-tracing NSCs by following a
neural induction protocol. Not only did this result in the expression of cytoskeletal proteins
TUBB3 and MAP2 over the course of 2 weeks, but these cells were also mature enough by 4
weeks post-neural induction to express active Na* and K* channels necessary for action potential
firing. The lack of spontaneous synaptic activity recorded over 2 minutes warrants further
discussion. It is important to note that the initial membrane potentials of our recorded cells
typically ranged from -20 to -30 mV. We artificially held the membrane potential at -70mV, the
typical resting membrane potential of neurons. This suggests that our neurons may not have been
fully differentiated.

Xie et al. compared different iPSC to neuron differentiation protocols and concluded that direct
differentiation of iPSC to neurons, without expanding NSCs, produced neurons that fired action
potentials within 4 to 5 days, and repetitive action potentials within 35 to 38 days (2018). The
protocols also required plating over an astroglial feeder layer to promote synapse formation. We
were unable to follow this protocol given that we began this project using a previously generated
iPSC-derived NSC line that has been stored in liquid N». Difficulties in maintaining an astrocyte

feeder layer beneath a Campenot chamber also prevented us from optimizing neural maturation.

Revisiting previous NSC transplantation experiments published by our lab, our prior findings
support our current results, with most NSCs tending to differentiate towards an astrocyte or
oligodendrocyte phenotype (Eftekharpour et al., 2007; Karimi-Abdolrezaee, 2006; Karimi-
Abdolrezaee et al., 2012; Nagoshi et al., 2018; Nori et al., 2018; Salewski et al., 2015; Suzuki et
al., 2017; Zweckberger et al., 2016). It is important to note, however, that the relative abundance
of neurons, astrocytes, oligodendrocytes, and undifferentiated NSCs varied between different
cell lines. For our purposes, it would have been better to use a different NSC line, on that is more
inclined to differentiate into neurons such as the ones seen in Yan et al.’s study (2007), the
application of tracing neural relays post-transplantation. The beauty of our concept though lies in
our self-tracing vectors themselves, which can be introduced into any NSC cell line of varying

derivations.
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4.2.6 Self-tracing NSCs do trace synaptic connections bidirectionally

To answer our initial hypothesis, we were successful in demonstrating that a genetically
engineered NSC can trace its own synaptic connections. Based on our co-culture experiment
between human self-tracing NSC-derived neurons and primary rat cortical neurons, both single-
positive WGA and TTC neurons were observed without the presence of STEM121. Our negative
control, using wild-type NSCs with no inherent expression of fluorescent proteins, confirmed

that these findings were neither a result of background signal nor non-specific antibody binding.

Our findings reaffirm the use of conjugated WGA and TTC as trans-synaptic molecular tracers.
WGA localized to small vesicles (Levy et al., 2015) within the soma and diffuse GFP-TTC
(Coenetal., 1997; Kissa et al., 2002) were found throughout of traced rodent cells as expected.
Interestingly the morphology of the human neuron in both Figures 12 and 13 resembles that of
pyramidal neurons, with apical and basal dendrites, and a triangular cell body (Bekkers, 2011).
Pyramidal neurons are known for the long axon projections, and these neuron subtypes comprise
the upper motor neurons of major motor pathways, including the CST. It would be interesting to
see whether these neurons derived from self-tracing NSCs indeed migrate and develop

pyramidal-like morphology after transplantation in the spinal cord.

4.2.7 Self-tracing NSCs are found in the dorsal funiculus

12 weeks post-NSC transplant, GFP*™ and mCherry* cells were found in the dorsomedial aspect
of the dorsal funiculus. Arrows and asterisks in Figure 14 indicate some single-positive cells,
which should correspond to traced. However, this is a statement is made with extreme caution
given that no co-labelling of STEM121 or neural markers were used to distinguish between
grafted cells and host, nor neurons and glial cells. Morphology alone is inconclusive as it is very
difficult to distinguish between the projections emanating from cell bodies. A deeper analysis

and commentary of this limitation will be continued below.

From this initial experiment, what we can examine is the distribution of grafted cells within the
spinal cord. Most cells are found within the dorsal white matter, close to the dorsal surface
adjacent to midline. In comparison to the rat atlas, this region is consistent with the location of
the DCML. Further investigation looking at longitudinal sections would help determine whether
DCML neurons participated in neural relay through the graft. WGA and TTC signal did not
appear as strong in the ventral aspect of the dorsal funiculus, where the fibres of the CST run.
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Higher magnification images may be able to detect the presence of weaker tracer signal. Despite
these limitations, the distribution of grafted cells prompts further investigation into the

regeneration and/or relay of DCML and CST fibres.

4.3 Limitations

NSCs that constitutively express GFP and mCherry naturally raise technical considerations. The
main challenge is the restricted use of marker co-labelling during ICC and IHC to define cell
phenotypes and connectivity more precisely. For example, to confirm that self-tracing NSCs
differentiate to neurons and form synaptic connections, three separate markers (i.e. STEM121,
MAP2, synaptophysin) should be used. Normally this would be possible with wild-type NSCs.
Even after expanding the number of stains possible by utilizing quantum dot antibodies, each
with an identical 405 nm excitation peak but distinct emission spectra (Francis et al., 2017), there

is still too much signal crossover for extensive visual characterization of self-tracing NSCs.

Largely an in vitro proof-of-concept study, we remain cautiously optimistic in translating these
results in vivo. Our co-culture experiments used to test tracing involved specific conditions to
promote neuron-only growth. In vivo, it is much more likely to see astrocyte and oligodendrocyte
differentiation, as we expected from prior studies and our RT-PCR profile. It is possible to treat
NSCs with spinal cord homogenate prior to co-culture and tracing, but the time-course of NSC
differentiation has not yet been defined by this method.

The least developed experiment was clearly the in vivo proof-of-concept. Additional MAP2 and
STEM121 staining would greatly benefit the study to affirm whether WGA+ or TTC+ were
indeed neurons and whether the tracers were observed within the grafted human or host rat
neurons. A separate evaluation of tracer uptake into host astrocytes and oligodendrocytes could
also provide some indication as to how specific this tracing technique is. On top of this, while we
did observe HSV and PRV tracing in naive animals, it would be important to perform tracing in
NSC transplanted animals to validate which method is more effective and efficient in tracing

grafted neural relays.

87



Chapter 5
Conclusion

5 Conclusion

5.1 Novelty and impact

NSCs to treat SCI have been brought to clinical trials, but the significant neurological recovery
seen pre-clinically has not been reflected as strongly in patient populations (Sahni and Kessler,
2010). One key gap in the development of stem cell therapies is understanding which motor and
sensory pathways mediate recovery (Dedeepiya et al., 2014). But before this can be done, better
tools are needed to trace trans-synaptic integration of grafts into host circuitry. Our study has
addressed this gap by creating NSCs that can map out its synaptic connections after
transplantation. This self-tracing vector has the potential to be inserted in other NSC lines to map

out neural circuitry of both the brain and spinal cord.

5.2 Future directions

5.2.1 Inducible tracing system

While we purposely designed the self-tracing NSCs to constitutively express both trans-synaptic
tracers we have also considered a variant of the plasmid with a controlled “on” switch. Based on
a Cre-lox paradigm, inverted tracer sequences can be flanked by alternating pairs of inverted lox
sites (Schniitgen et al., 2003). Application of Cre recombinase would cause the tracer sequence
to first flip, and a secondary excision of now parallel lox sites (flip-excision, FLEX). See Figure
17 for the plasmid design. Consequently, a timed introduction of Cre recombinase can turn on
tracer expression when needed. Refining control even more, a tetracycline or doxycycline-
inducible system (tetracycline-On, Tet-ON) may be employed (Gossen et al., 1995; Gossen and
Bujard, 1992; Orth et al., 2000). Transfection of either vector into NSCs can be performed and a

similar experimental design can be followed to characterized stemness of the transgenic cells.
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Figure 17 Inducible self-tracing plasmid using FLEX. (A) Box-line diagram highlighting
key components of DNA sequence, including pairs of inverted lox P and lox N sites flanking
an inverted sequence containing genes encoding trans-synaptic tracers (B) Possible flip-
excision products allowing for induced tracer expression. Abbreviations: EFla = elongation
factor 1 alpha; GFP = green fluorescent protein; IRES = internal ribosomal entry site; TTC =
tetanus toxin fragment C; WGA = wheat germ agglutinin
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5.2.2 Promoting neural differentiation

We have briefly mentioned that our current NSC line may not be ideal to demonstrate in vivo
tracing due to a low proportion of NSCs differentiating into neurons. This can be overcome by
two means: use of a different line of NSCs; or promotion of neural differentiation by growth

factors.

One school of thought among stem cell researchers is the inherent identity of NSCs dictate their
behaviour in terms of proliferation, migration, and differentiation patterns (Nakafuku et al.,
2008). Not only does this apply to differences in the developmental timeline at which NSCs are
obtained (Qian et al., 2000), but some groups also believe that region-specific patterning of cells,
caused by differential morphogen exposure during development (Bixby et al., 2002), can all
contribute to variations in NSC phenotypes. With this in mind, it is likely that NSC lines
generated from ESCs, iPSCs, or directly reprogrammed somatic cells, will all vary in neural
differentiation potential. So far, our lab has tested genetically modified NSCs against our internal
NSC controls. In the future, it is advisable to test our NSCs against other external sources of
NSCs. We would predict that we would see high variability in neural differentiation efficiency,
analogous to the variability seen by researchers examining different ESC lines for NSC
generation (Yin et al., 2012).

Work from the Tuszynski Lab best exemplifies NSC to neuron differentiation by supplementing
NSC transplants with trophic factors (Dulin et al., 2018; Kadoya et al., 2016; Lu et al., 2017,
2012, 2003). They achieve long-axon growth by combining NSCs with a cocktail of growth
factors embedded within a fibrin matrix: BDNF, NT3, GDNF, IGF, bFGF, EGF, PDGF, aFGF,
and HGF (Lu et al., 2014). FGF, EGF, and HGF are growth factors needed to sustain NSC
survival, self-renewal, and proliferation (Arsenijevic et al., 2001), and is regularly added to
culture media, as seen in Supplementary Table 2. IGF plays a similar role in self-renewal, but
also promotes neurogenesis (Ziegler et al., 2015). More commonly associated with axon
regeneration and sprouting, BDNF and GDNF further contribute to cell survival and neural
differentiation (Chen et al., 2012; Rosenblum et al., 2015; Wang et al., 2011). Collectively, these
factors provide a more permissive growth environment for NSCs to sprout axons and extend into

the host tissue.
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5.2.3 Transplantation into multiple SCI models

Another consideration for future experiments includes transplanting self-tracing NSCs into
different SCI models. The Tator Lab along with our lab has been credited with establishing the
bilateral clip-compression injury model (Rivlin and Tator, 1978). In addition to causing
contusion with an adjustable force of clip closure, the model also introduces a 1 min compression
to more accurately replicate the clinical mechanism of SCI. We have gone on to characterize the
injury model at the cervical (Badner et al., 2016; Satkunendrarajah et al., 2016; Suzuki et al.,
2017; Vawda et al., 2019; Wilcox et al., 2014; Zweckberger et al., 2016, 2015), thoracic (Hong
et al., 2018; Salewski et al., 2015; Wilcox et al., 2017), and lumbar levels (Moonen et al., 2016)
in both rats and mice (Badner et al., 2018). Overall, the model produces clinically relevant
functional deficits and reliable pathophysiological mechanisms. Specifically, vascular, immune,
and demyelination mechanisms have been best described. This may be a reason why our lab
typically sees remyelination effects following NSC transplantation.

Other contusion models also exist, such as the impactor, and produce a similar SCI (Cheriyan et
al., 2014). However, complete transection, hemisection or localized transection models are also a
popular choice among SCI researchers (Sharif-Alhoseini et al., 2017). While this injury model
does not mimic what is seen in clinic, they have been used extensively to investigate axonal
regeneration (Dulin et al., 2018; Kadoya et al., 2016; Lu et al., 2017, 2014, 2012, 2003).
Transection models have the advantage of selectively lesioning certain sensory or motor
pathways, based on the organization of ascending and descending white matter tracts. Our lab
may consider transplanting self-tracing NSCs within a dorsal white matter lesion to see the

relative contribution of NSCs in DCML and CST regeneration.

5.2.4 Mapping transplant integration in SCI

The purpose of developing self-tracing NSCs is to trace which sensorimotor tracts grafted
neurons form neural relays. Stemming from our initial in vivo work, using a contusion-
compression and/or a transection SCI model, future work should further define the anterograde
and retrograde trans-synaptic tracing capabilities of self-tracing NSCs. Tissue clearing and light-
sheet microscopy, like what was done by Doerr et al., could be used to view the complete graft in
3D, along with all efferent and afferent connections. Of course, this method would only work
with sufficient preservation of GFP and mCherry signalling following tissue clearing procedures.
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In addition to localizing traced cells to specific sensory or motor pathways, it would also be
interesting to examine the identity of sensory, motor, and interneurons that are forming synaptic
connections with the grafts. Dulin et al. have already shown that sensory axons regenerate and
localize to graft-derived dorsal horn-like domains (2018). Further excitatory or inhibitory
classification of interneurons within these domains can continue to further our understanding of

the rewiring occurring within neural circuits after SCI (Maxwell et al., 2007).

5.2.5 Correlation to neurologic recovery

While the bulk of our discussion has focused on the neuroanatomical aspects of neural relay, we
should not forget that neural relays are only beneficial if they are able to produce functional
recovery. As such, future animal studies should include multiple behavioural assessments to not

only capture differences in motor recovery, but also sensory recovery.

In the clinic, SCI patients undergo sensorimotor assessments according to international
guidelines (Kirshblum et al., 2011). Clinicians can target specific myotomes and dermatomes
corresponding to the patient’s level of SCI. Unfortunately, no such standardized procedure has
been developed for preclinical research. There exist a multitude of objective tests that have been
developed to quantify the progression and recovery of locomotor function in rodent SCI models
(Basso, 2004). In order to obtain a comprehensive picture of motor recovery, several behavioural
tests should be used together to complement the strengths and limitations of each other (Fouad et
al., 2013; Muir and Webb, 2000).

For a cervical C6/7 SCI model, forelimb function is of interest. Forelimb-specific tasks include
grip strength (Onifer et al., 1997) and a staircase reaching task (Montoya et al., 1991). Modified
reaching tasks have also been developed to distinguish between proper recovery of grasping
functions compared to compensatory scooping behaviours (Fenrich et al., 2016). Finer forelimb
recovery can also be assessed by the Irvine, Beattie, and Bresnahan (IBB) scale, which requires
the evaluation of how rodents manipulate of differently shaped cereals (Irvine et al., 2014).

The C6/7 spinal segments innervate the extensor carpi radialis longus and brevis (wrist
extensors), and the triceps (elbow extensors) (Ditunno et al., 1994). Immediately caudal to this,
the C8 segment innervates the flexor digitorum profundus (finger flexors) and may also be
affected by the injury. These forelimb muscles are responsible for paw placement at the end of a
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swing phase and serve to support body weight during stance (Redondo-Castro et al., 2013;
Scholle et al., 2001). Thus, some measure of gait is necessary as well. The ladder test has been
used to determine skilled walking and coordination of fore- and hindlimbs (Metz and Whishaw,
2009). The CatWalk system can also be used to gather multiple measures of gait, including paw
print area, swing speed, swing length, and regularity index (Hamers et al., 2006). However,
animals must have sufficient weight-support, determined using the Basso, Beattie, and

Bresnahan scale, prior to gait analysis (Barros Filho and Molina, 2008; Basso et al., 1995).

In terms of sensory functional tests, animals are unable to express whether they feel the presence
or absence of sensation unless pertaining to pain. In SCI, allodynia can be assessed by
performing tail-flick tests or von Frey anaethesiometry (Detloff et al., 2012; Deuis et al., 2017).
Allodynia, or decreased pain tolerance, would result in shorter latency times and earlier paw

withdrawal.

While sensorimotor recovery is undoubtedly essential in SCI studies, autonomic functions often
not reported. Our lab has previously examined respiratory function following SCI and the local
neural circuitry within the cervical spinal cord (Satkunendrarajah et al., 2016). Lane et al., have
also agreed that respiratory neuroplasticity is also worth considering (Lane et al., 2009).
Similarly, other major clinical concerns such as cardiovascular complication bladder dysfunction

have not been thoroughly addressed.

5.2.6 Transplantation into other neurologic conditions

Stepping away from SCI, NSCs also have therapeutic potential in other central nervous system
conditions, including traumatic brain injury (TBI) and neurodegenerative diseases. TBI
pathophysiology shares many similarities to SCI, including the concept of secondary injury
mechanisms (Frati et al., 2017). Contusions typically do not cause massive cell death
immediately, but widespread neuron and oligodendrocyte loss can be seen over time.
Replacement and regeneration of lost cells can still be achieved by NSCs, but the greater
complexity in cortical circuits becomes much more important. Not only can sensorimotor
function be disturbed, but cognitive deficits may also arise. Thus, self-tracing NSCs may help
slowly elucidate the many neuroplastic tracts that are necessary for the recovery of specific

functional modalities.
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Neuron loss can also be seen in neurodegenerative disorders. Dopaminergic neurons of the
substantia nigra are uniquely lost in Parkinson’s disease. NSCs have the potential to restore the
nigrostriatal pathway and trans-synaptic tracing can be used to confirm appropriate connections
have been made. While patients with Alzheimer’s disease show global decreases in brain
volume, many cases begin with degeneration of the hippocampus. Self-tracing NSCs may be
used to investigate whether well-defined hippocampal pathways have been restored. In both
diseases, the affected neural circuits are localized which would help with easier tracer detection.
However, this may be an overly ambitious proposal given that hypothesized prion mechanisms
have deterred many researchers from using NSCs to treat these disorders (Duyckaerts et al.,
2019).

Rather than viewing NSCs from a solely therapeutic angle, a developmental neuroscience
perspective can be taken to broaden the scope of the use of self-tracing NSCs. Seeding small
populations of self-tracing NSCs in neurodevelopmental models can uncover novel circuits and

pathways.

5.3 Concluding remarks

SCl research has evolved dramatically in its understanding of secondary injury mechanisms. For
a relatively small clinical population, the number of therapies that have reached the level of
clinical trials is impressive. Cell-based treatments, such as NSC transplantation, have dominated
the field and many researchers have continued to take small steps forward in the search for the
best combinatorial treatment to improve functional recovery. However, we believe that in order
to make larger advances, we need a better fundamental understanding of both injury mechanisms
and treatment mechanisms. It is our hope that our self-tracing NSCs contribute towards this goal

in order to evaluate neural relays and relate them to functional outcome measures.
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Appendices

Supplementary Table 1 Hormone Mix

Reagent Company Catalogue No. Final Concentration
Apotransferrin Sigma Aldrich T1147 1 mg/mL
Putrescine Sigma Aldrich P5780 20 mM
Progesterone Sigma Aldrich P8783 4 uM

Sodium selenite Sigma Aldrich S5261 6 uM
Supplementary Table 2 Serum Free Media
Reagent \ Company Catalogue No. Final Concentration
DMGEl'l\J"t;F ,\ii;" ith Gibco 10565018 N/A
Hormone Mix See Above See Above See Above
V?ifgoi’gf’/ﬂ':ﬂiﬁ”}\ Gibco 12587010 100 X
EGF Wisent 511-110-EU 20 ng/mL
FGF2 Wisent 511-126-QU 20 ng/mL
Heparin BioShop HPA333.100 2 ug/mL
Penicillin-Streptomycin Gibco 15140122 100 X
Supplementary Table 3 Neural Induction Media
Reagent Company Catalogue No. Final Concentration
Neurobasal Media Gibco 21103049 N/A
B27 Supplement with Gibco 17504044 100 X
Vitamin A
N2 Supplement Gibco 17502048 100 X
hBDNF PeproTech 450-02-10ug 10 ng/mL
Dibutyryl cAMP Sigma Aldrich A9501-1G 1nM
Penicillin-Streptomycin Gibco 15140122 100 X

Sup

plementary Table 4 Neural Maintenance Media
Company

Reagent

Catalogue No.

Final Concentration

Neurobasal Media Gibco 21103049 N/A
B27 Supplement with Gibco 17504044 100 X
Vitamin A
N2 Supplement Gibco 17502048 100 X
Penicillin-Streptomycin Gibco 15140122 100 X
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Supplementary Table 5 List of Antibodies
Antigen \ Company \ Catalogue No. \ Dilution

TUBB3 Sigma T2200-200UL 1:200
GFAP Biolegend 644701 1:200
MAP2 Millipore AB5622 1:200
NES Biolegend 656801 1:200
STEM121 Takara Y40410 1:200
TTC Antibodies Online ABIN964673 1:100
WGA Abcam ab178444 1:100
DAPI Invitrogen D3571 1:1000 to 1:5000
Alexa Fluor 488 Thermo Fisher A11008 1:1000
Alexa Fluor 568 Thermo Fisher Al11011 1:1000
Alexa Fluor 647 Thermo Fisher A32728 & A32733 1:1000
Q650 Thermo Fisher Q11032MP 1:100
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GGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTACGGGACT
TTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGCTGATGCGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCA
ATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAAC
CGTCAGATCACTAGAAGCTTTATTGCGGTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCCAACATGGGCTCTAGCCTGGACGACGAGCACATCCTGAGCGCCCTGCTGCAGAGCGACGACGAACT
GGTGGGCGAGGACAGCGACAGCGAGGTCAGCGACCACGTGTCCGAGGACGACGTGCAGTCCGACACCGAGGAAGCCTTCATCGACGAGGTGCACGAAGTGCAGCCTACCAGCAGCGGCTCCGAGATC
CTGGACGAGCAGAACGTGATCGAGCAGCCTGGCAGCTCCCTGGCCAGCAACAGAATCCTGACCCTGCCCCAGAGAACCATCAGAGGCAAGAACAAGCACTGCTGGTCCACCTCCAAGAGCACCAGGCG
GAGCAGAGTGTCCGCCCTGAACATCGTGCGGAGCCAGAGGGGCCCCACCAGAATGTGCAGAAACATCTACGACCCCCTGCTGTGCTTCAAGCTGTTCTTCACCGACGAGATCATCAGCGAGATCGTGAA
GTGGACCAACGCCGAGATCAGCCTGAAGAGGCGGGAGAGCATGACCAGCGCCACCTTCAGAGACACCAACGAGGACGAGATCTACGCCTTCTTCGGCATCCTGGTGATGACCGCCGTGAGAAAGGACA
ACCACATGAGCACCGACGACCTGTTCGACAGATCCCTGAGCATGGTGTACGTGTCCGTGATGAGCAGAGACAGATTCGACTTCCTGATCAGATGCCTGAGAATGGACGACAAGAGCATCAGACCCACCCT
GCGGGAGAACGACGTGTTCACCCCCGTGCGGAAGATCTGGGACCTGTTCATCCACCAGTGCATCCAGAACTACACCCCTGGCGCCCACCTGACCATCGATGAGCAGCTGCTGGGCTTCAGAGGCAGATG
CCCCTTCAGAGTGTACATCCCCAACAAGCCCAGCAAGTACGGCATCAAGATCCTGATGATGTGCGACAGCGGCACCAAGTACATGATCAACGGCATGCCCTACCTGGGCAGAGGCACCCAGACAAACGG
CGTGCCCCTGGGCGAGTACTACGTGAAAGAACTGAGCAAGCCTGTGCATGGCAGCTGCAGGAACATCACATGCGACAACTGGTTCACCAGCATCCCCCTGGCCAAGAACCTCCTGCAGGAACCCTACAA
GCTGACCATCGTGGGCACCGTGCGGAGCAACAAGCGGGAGATCCCAGAGGTGCTGAAGAACAGCAGATCCAGACCTGTGGGAACAAGCATGTTCTGCTTCGACGGCCCCCTGACCCTGGTGTCCTACAA
GCCCAAGCCCGCCAAGATGGTGTACCTCCTGTCCAGCTGCGACGAGGACGCCAGCATCAACGAGAGCACCGGCAAGCCCCAGATGGTGATGTACTACAACCAGACCAAGGGCGGCGTGGACACCCTGG
ACCAGATGTGCAGCGTGATGACATGCAGCAGAAAGACCAACAGATGGCCTATGGCCCTGCTGTACGGCATGATCAATATCGCCTGCATCAACAGCTTCATCATCTACAGCCACAACGTGTCCAGCAAGGG
CGAGAAGGTGCAGAGCCGGAAGAAATTCATGCGGAACCTGTACATGAGCCTGACCTCCAGCTTCATGAGAAAGAGACTGGAAGCCCCCACCCTGAAGAGATACCTCCGGGACAACATCAGCAACATCCTG
CCCAAGGAAGTGCCAGGAACAAGCGACGACAGCACCGAGGAACCCGTGATGAAGAAGAGGACCTACTGCACCTACTGTCCCAGCAAGATCAGAAGAAAGGCCAACGCCAGCTGCAAGAAATGCAAAAAA
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GATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGGGAGGTTTTTTAAAGCAAGTAAAACCT CTACAAATG
TGGTAAGCAGGTTTAACCCTAGAAAGATAGTCTGCGTAAAATTGACGCATGCATTCTTGAAATATTGCTCTCTCTTTCTAAATAGCGCGAATCCGTCGCTGTGCATTTAGGACATCTCAGTCGCCGCTTGGAG
CTCCCGTGAGGCGTGCTTGTCAATGCGGTAAGTGTCACTGATTTTGAACTATAACGACCGCGTGAGTCAAAATGACGCATGATTATCTTTTACGTGACTTTTAAGATTTAACTCATACGATAATTATATTGTTA
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GGGCACCCCGGCGCGCTCGGCCGCCTCCACTCCGGGGAGCACGACGGCGCTGCCCAGACCCTTGCCCTGGTGGTCGGGCGACACGCCGACGGTGGCCAGGAACCACGCGGGCTCCTTGGGCCGGTG
CGGCGCCAGGAGGCCTTCCATCTGTTGCTGCGCGGCCAGCCGGGAACCGCTCAACTCGGCCATGCGCGGGCCGATCTCGGCGAACACCGCCCCCGCTTCGACGCTCTCCGGCGTGGTCCAGACCGCC
ACCGCGGCGCCGTCGTCCGCGACCCACACCTTGCCGATGTCGAGCCCGACGCGCGTGAGGAAGAGTTCTTGCAGCTCGGTGACCCGCTCGATGTGGCGGTCCGGATCGACGGTGTGGCGCGTGGCGG
GGTAGTCGGCGAACGCGGCGGCGAGGGTGCGTACGGCCCTGGGGACGTCGTCGCGGGTGGCGAGGCGCACCGTGGGCTTGTACTCGGTCATGGTGGCGGACGAAAGGCCCGGAGATGAGGAAGAGG
AGAACAGCGCGGCAGACGTGCGCTTTTGAAGCGTGCAGAATGCCGGGCCTCCGGAGGACCTTCGGGCGCCCGCCCCGCCCCTGAGCCCGCCCCTGAGCCCGCCCCCGGACCCACCCCTTCCCAGCCT
CTGAGCCCAGAAAGCGAAGGAGCAAAGCTGCTATTGGCCGCTGCCCCAAAGGCCTACCCGCTTCCATTGCTCAGCGGTGCTGTCCATCTGCACGAGACTAGTGAGTCGTGCTACTTCCATTTGTCACGTC
CTGCACGACGCGAGCTGCGGGGCGGGGGGGAACTTCCTGACTAGGGGAGGAGTAGAAGGTGGCGCGAAGGGGCCACCAAAGAACGGAGCCGGTTGGCGCCTACCGGTGGATGTGGAATGTGTGCGA
GGCCAGAGGCCACTTGTGTAGCGCCAAGTGCCCAGCGGGGCTGCTAAAGCGCATGCTCCAGACTGCCTTGGGAAAAGCGCCTCCCCTACCCGGTAGAGAAACTTGATCTGTCGCCGCAATTCAAGCTTC
GTGAGGCTCCGGTGCCCGTCAGTGACCTGCTATACTCTGGAGACGGCACATCGCCCACAGTCCCCGAGAAGTTGGGAGGGGTCGGCAATTGAACCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGG
GAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGT
GTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTCCAGTACGTGATTCTTGATCCCGAGCTGGAGCCAGGGGCGGGCCTTGCGCTTTAGGAGC
CCCTTCGCCTCGTGCTTGAGTTGAGGCCTGGCCTGGGCGCTGGGGCCGCCGCGTGCGAATCTGGTGGCACCTTCGCGCCTGTCTCGCTGCTTTCGATAAGTCTCTAGCCATTTAAAATTTTTGATGACGT
GCTGCGACGCTTTTTTTCTGGCAAGATAGTCTTGTAAATGCGGGCCAGGATCTGCACACTGGTATTTCGGTTTTTGGGCCCGCGGCCGGCGACGGGGCCCGTGCGTCCCAGCGCACATGTTCGGCGAGG
CGGGGCCTGCGAGCGCGGCCACCGAGAATCGGACGGGGGTAGTCTCAAGCTGGCCGGCCTGCTCTGGTGCCTGGCCTCGCGCCGCCGTGTATCGCCCCGCCCTGGGCGGCAAGGCTGGCCCGGTCG
GCACCAGTTGCGTGAGCGGAAAGATGGCCGCTTCCCGGCCCTGCTCCAGGGGGCTCAAAATGGAGGACGCGGCGCTCGGGAGAGCGGGCGGGTGAGTCACCCACACAAAGGAAAAGGGCCTTTCCGT
CCTCAGCCGTCGCTTCATGTGACTCCACGGAGTACCGGGCGCCGTCCAGGCACCTCGATTAGTTCTGGAGCTTTTGGAGTACGTCGTCTTTAGGTTGGGGGGAGGGGTTTTATGCGATGGAGTTTCCCCA
CACTGAGTGGGTGGAGACTGAAGTTAGGCCAGCTTGGCACTTGATGTAATTCTCCTTGGAATTTGGCCTTTTTGAGTTTGGATCTTGGTTCATTCTCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCTTCCA
TTTCAGGTGTCGTGAACACGTCTCGGGGGAGAGACCACACCATGCGGAAGATGATGAGCACCATGGCTCTGACACTGGGAGCCGCCGTGTTTCTGGCTTTTGCCGCTGCTACAGCCCAGGCTCAGAGAT
GTGGCGAGCAGGGCAGCAACATGGAATGCCCCAACAACCTGTGCTGCAGCCAGTACGGCTATTGTGGCATGGGCGGCGATTACTGCGGAAAGGGCTGTCAGAATGGCGCCTGCTGGACCTCTAAGAGAT
GCGGATCTCAAGCCGGCGGAGCCACCTGTCCTAACAATCACTGCTGCTCTCAGTACGGCCACTGCGGCTTTGGCGCCGAATATTGTGGCGCCGGATGTCAAGGCGGACCTTGCAGAGCCGATATTAAGT
GCGGCTCTCAGAGCGGCGGCAAGCTGTGCCCAAACAATCTGTGTTGTTCCCAGTGGGGCTTCTGCGGCCTGGGCTCTGAATTTTGTGGCGGAGGTTGTCAGTCCGGCGCCTGCAGTACAGATAAGCCCT
GTGGAAAAGACGCTGGCGGCAGAGTGTGCACCAACAACTACTGCTGTTCTAAGTGGGGCAGCTGCGGCATCGGCCCTGGATATTGCGGAGCTGGTTGTCAGAGCGGAGGCTGTGATGCTGTGTTTGCCG
GCGCTATCACCGCCAATTCTACCCTGCTGGCTGAAGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCG
AGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAG
GCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCT
GCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCG
CCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAG
TTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAATAGGTCTCTAAAATTCCGCCCCCCCCC
TAACGTTACTGGCCGAAGCCGCTTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCC
TAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGCAGCGGAACCCCCCA
CCTGGCGACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTAT
TCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCGGTACACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAACGTCTAGGCCCCCCGAACCACGGGGAC
GTGGTTTTCCTTTGAAAAACACGATGATAATATGGCCACAACCATGACGGCCCTGACAGAAGGTGCGAAGCTGTTCGAGAAGGAGATTCCCTATATCACAGAATTGGAGGGGGATGTAGAGGGTATGAAGT
TTATCATCAAAGGCGAAGGGACAGGGGATGCAACAACTGGAACAATTAAGGCTAAGTACATTTGCACGACCGGCGACGTCCCGGTGCCCTGGTCCACGCTCGTCACCACGCTCACGTACGGAGCCCAGT
GCTTTGCCAAATATGGCCCTGAACTTAAAGACTTCTACAAGTCGTGTATGCCGGAGGGATACGTGCAAGAGAGGACGATCACCTTTGAAGGTGACGGAGTATTCAAAACAAGAGCGGAGGTGACGTTCGA
GAATGGATCGGTCTATAACCGGGTCAAGCTCAACGGACAGGGCTTTAAGAAAGATGGACACGTCCTTGGGAAGAATTTGGAGTTCAATTTCACCCCGCATTGTCTTTACATCTGGGGTGATCAGGCGAATC
ACGGGTTGAAATCAGCGTTCAAGATCATGCACGAGATTACGGGGAGCAAAGAGGACTTTATCGTGGCAGACCACACTCAGATGAACACTCCAATCGGAGGGGGTCCCGTACACGTACCCGAGTATCATCA
CCTGACCGTCTGGACATCGTTTGGAAAAGACCCTGACGACGATGAAACTGATCATCTCAACATTGTGGAAGTGATCAAGGCGGTGGACTTGGAAACATACCGGTGATGTAGTCACTGGCACAACGCGTTAC
CCGGTAAGCCAATCGGGTATACACGGTCGTCATACTGCAGACAGGGTTCTTCTACTTTGCAAGATAGTCTTGAGTAGTAAAATAAATAGATAGAGAAAAGCGTCTTCCTGTTCTCATCACATCATATCAAGGT
TATATACCATCAATATTGCCACAGATGTTACTTAGCCTTTTAATATTTCTCTAATTTAGTGTATATGCAATGATAGTTCTCTGATTTCTGAGATTGAGTTTCTCATGTGTAATGATTATTTAGAGTTTCTCTTTCAT
CTGTTCAAATTTTTGTCTAGTTTTATTTTTTACTGATTTGTAAGACTTCTTTTTATAATCTGCATATTACAATTCTCTTTACTGGGGTGTTGCAAATATTTTCTGTCATTCTATGGCCTGACTTTTCTTAATGGTTTT
TTAATTTTAAAAATAAGTCTTAATATTCATGCAATCTAATTAACAATCTTTTCTTTGTGGTTAGGACTTTGAGTCATAAGAAATTTTTCTCTACACTGAAGTCATGATGGCATGCTTCTATATTATTTTCTAAAAGA
TTTAAAGTTTTGCCTTCTCCATTTAGACTTATAATTCACTGGAATTTTTTTGTGTGTATGGTATGACATATGGGTTCCCTTTTATTTTTTACATATAAATATATTTCCCTGTTTTTCTAAAAAAGAAAAAGATCATC
ATTTTCCCATTGTAAAATGCCATATTTTTTTCATAGGTCACTTACATATATCAATGGGTCTGTTTCTGAGCTCTACTCTATTTTATCAGCCTCACTGTCTATCCCCACACATCTCATGCTTTGCTCTAAATCTTGA
TATTTAGTGGAACATTCTTTCCCATTTTGTTCTACAAGAATATTTTTGTTATTGTCTTTGGGCTTTCTATATACATTTTGAAATGAGGTTGACAAGTTAATAATCAACCTCTGGATTACAAAATTTGTGAAAGATT
GACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTTTA
TGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCT
ATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAATCATCGTCCTTTCCTTGGCTGCTCGCCTGTGTT
GCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCCTCTTCGCCTTCGCCCTCAGACG
AGTCGGATCTCCCTTTGGGCCGCCTCCCCGCATCGCCTGCTATTGTCTTGCCAATCCTCCCCCTTGCTGTCCTGCCCCACCCCACCCCCCAGAATAGAATGACACCTACTCAGACAATGCGATGCAATTTC
CTCATTTTATTAGGAAAGGACAGTGGGAGTGGCACCTTCCAGGGTCAAGGAAGGCACGGGGGAGGGGCAAACAACAGATGGCTGGCAACTAGAAGGCACATTTGTTACTTTATAGAAGAAATTTTGAGTTT
TTGTTTTTTTTTAATAAATAAATAAACATAAATAAATTGTTTGTTGAATTTATTATTAGTATGTAAGTGTAAATATAATAAAACTTAATATCTATTCAAATTAATAAATAAACCTCGATATACAGACCGATAAAACAC
ATGCGTCAATTTTACGCATGATTATCTTTAACGTACGTCACAATATGATTATCTTTCTAGGGTTAAGAAGACTGTCAGAATTGGTTAATTGGTTGTAACACTGACCCCTATTTGTTTATTTTTCTAAATACATTCA
AATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAATATGAGCCATATTCAACGGGAAACGTCGAGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATG
GGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGCTTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAG
ATGGTCAGACTAAACTGGCTGACGGAATTTATGCCACTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCCCCGGAAAAACAGCGTTCCAGGTATTAGAAGAA
TATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCACTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGCCTCGCTCAGGCGCAATCACGAATG
AATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCA
CTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGA
AACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAACTCATGACCAAAATCCCTTAACGTGAGTTACGCGCGCGTCGTTCCACTGAG
CGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTC
TTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGCCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTAC
CAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACG
ACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCC
AGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGG
TTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCTCAATATTGGCCATTAGCCATATTATTCATT
GGTTATATAGCATAAATCAATATTGGCTATTGGCCATTGCATACGTTGTATCTATATCATAATATGTACATTTATATTGGCTCATGTCCAATATGACCGCCATGTTGGCATTGATTATTGACTAGTTATTAATAGT
AATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCA
TAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGT
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GGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTACGGGACT
TTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGCTGATGCGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCA
ATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAAC
CGTCAGATCACTAGAAGCTTTATTGCGGTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCCAACATGGGCTCTAGCCTGGACGACGAGCACATCCTGAGCGCCCTGCTGCAGAGCGACGACGAACT
GGTGGGCGAGGACAGCGACAGCGAGGTCAGCGACCACGTGTCCGAGGACGACGTGCAGTCCGACACCGAGGAAGCCTTCATCGACGAGGTGCACGAAGTGCAGCCTACCAGCAGCGGCTCCGAGATC
CTGGACGAGCAGAACGTGATCGAGCAGCCTGGCAGCTCCCTGGCCAGCAACAGAATCCTGACCCTGCCCCAGAGAACCATCAGAGGCAAGAACAAGCACTGCTGGTCCACCTCCAAGAGCACCAGGCG
GAGCAGAGTGTCCGCCCTGAACATCGTGCGGAGCCAGAGGGGCCCCACCAGAATGTGCAGAAACATCTACGACCCCCTGCTGTGCTTCAAGCTGTTCTTCACCGACGAGATCATCAGCGAGATCGTGAA
GTGGACCAACGCCGAGATCAGCCTGAAGAGGCGGGAGAGCATGACCAGCGCCACCTTCAGAGACACCAACGAGGACGAGATCTACGCCTTCTTCGGCATCCTGGTGATGACCGCCGTGAGAAAGGACA
ACCACATGAGCACCGACGACCTGTTCGACAGATCCCTGAGCATGGTGTACGTGTCCGTGATGAGCAGAGACAGATTCGACTTCCTGATCAGATGCCTGAGAATGGACGACAAGAGCATCAGACCCACCCT
GCGGGAGAACGACGTGTTCACCCCCGTGCGGAAGATCTGGGACCTGTTCATCCACCAGTGCATCCAGAACTACACCCCTGGCGCCCACCTGACCATCGATGAGCAGCTGCTGGGCTTCAGAGGCAGATG
CCCCTTCAGAGTGTACATCCCCAACAAGCCCAGCAAGTACGGCATCAAGATCCTGATGATGTGCGACAGCGGCACCAAGTACATGATCAACGGCATGCCCTACCTGGGCAGAGGCACCCAGACAAACGG
CGTGCCCCTGGGCGAGTACTACGTGAAAGAACTGAGCAAGCCTGTGCATGGCAGCTGCAGGAACATCACATGCGACAACTGGTTCACCAGCATCCCCCTGGCCAAGAACCTCCTGCAGGAACCCTACAA
GCTGACCATCGTGGGCACCGTGCGGAGCAACAAGCGGGAGATCCCAGAGGTGCTGAAGAACAGCAGATCCAGACCTGTGGGAACAAGCATGTTCTGCTTCGACGGCCCCCTGACCCTGGTGTCCTACAA
GCCCAAGCCCGCCAAGATGGTGTACCTCCTGTCCAGCTGCGACGAGGACGCCAGCATCAACGAGAGCACCGGCAAGCCCCAGATGGTGATGTACTACAACCAGACCAAGGGCGGCGTGGACACCCTGG
ACCAGATGTGCAGCGTGATGACATGCAGCAGAAAGACCAACAGATGGCCTATGGCCCTGCTGTACGGCATGATCAATATCGCCTGCATCAACAGCTTCATCATCTACAGCCACAACGTGTCCAGCAAGGG
CGAGAAGGTGCAGAGCCGGAAGAAATTCATGCGGAACCTGTACATGAGCCTGACCTCCAGCTTCATGAGAAAGAGACTGGAAGCCCCCACCCTGAAGAGATACCTCCGGGACAACATCAGCAACATCCTG
CCCAAGGAAGTGCCAGGAACAAGCGACGACAGCACCGAGGAACCCGTGATGAAGAAGAGGACCTACTGCACCTACTGTCCCAGCAAGATCAGAAGAAAGGCCAACGCCAGCTGCAAGAAATGCAAAAAA
GTGATCTGCCGGGAGCACAACATCGACATGTGCCAGAGCTGTTTCTGATTCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGT
GATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGGGAGGTTTTTTAAAGCAAGTAAAACCT CTACAAATG
TGGTAAGCAGGTTTAACCCTAGAAAGATAGTCTGCGTAAAATTGACGCATGCATTCTTGAAATATTGCTCTCTCTTTCTAAATAGCGCGAATCCGTCGCTGTGCATTTAGGACATCTCAGTCGCCGCTTGGAG
CTCCCGTGAGGCGTGCTTGTCAATGCGGTAAGTGTCACTGATTTTGAACTATAACGACCGCGTGAGTCAAAATGACGCATGATTATCTTTTACGTGACTTTTAAGATTTAACTCATACGATAATTATATTGTTA
TTTCATGTTCTACTTACGTGATAACTTATTATATATATATTTTCTTGTTATAGATATCTTTCTTTATGTTTTAAATGCACTGACCTCCCACATTCCCTTTTTAGTAAAATATTCAGAAATAATTTAAATACATCATTG
CAATGAAAATAAATGTTTTTTATTAGGCAGAATCCAGATGCTCAAGGCCCTTCATAATATCCCCCAGTTTAGTAGTTGGACTTAGGGAACAAAGGAACCTTTAATAGAAATTGGACAGCAAGAAAGCGAGTCA
GGCACCGGGCTTGCGGGTCATGCACCAGGTGCGCGGTCCTTCGGGCACCTCGACGTCGGCGGTGACGGTGAAGCCGAGCCGCTCGTAGAAGGGGAGGTTGCGGGGCGCGGATGTCTCCAGGAAGGC
GGGCACCCCGGCGCGCTCGGCCGCCTCCACTCCGGGGAGCACGACGGCGCTGCCCAGACCCTTGCCCTGGTGGTCGGGCGACACGCCGACGGTGGCCAGGAACCACGCGGGCTCCTTGGGCCGGTG
CGGCGCCAGGAGGCCTTCCATCTGTTGCTGCGCGGCCAGCCGGGAACCGCTCAACTCGGCCATGCGCGGGCCGATCTCGGCGAACACCGCCCCCGCTTCGACGCTCTCCGGCGTGGTCCAGACCGCC
ACCGCGGCGCCGTCGTCCGCGACCCACACCTTGCCGATGTCGAGCCCGACGCGCGTGAGGAAGAGTTCTTGCAGCTCGGTGACCCGCTCGATGTGGCGGTCCGGATCGACGGTGTGGCGCGTGGCGG
GGTAGTCGGCGAACGCGGCGGCGAGGGTGCGTACGGCCCTGGGGACGTCGTCGCGGGTGGCGAGGCGCACCGTGGGCTTGTACTCGGTCATGGTGGCGGACGAAAGGCCCGGAGATGAGGAAGAGG
AGAACAGCGCGGCAGACGTGCGCTTTTGAAGCGTGCAGAATGCCGGGCCTCCGGAGGACCTTCGGGCGCCCGCCCCGCCCCTGAGCCCGCCCCTGAGCCCGCCCCCGGACCCACCCCTTCCCAGCCT
CTGAGCCCAGAAAGCGAAGGAGCAAAGCTGCTATTGGCCGCTGCCCCAAAGGCCTACCCGCTTCCATTGCTCAGCGGTGCTGTCCATCTGCACGAGACTAGTGAGTCGTGCTACTTCCATTTGTCACGTC
CTGCACGACGCGAGCTGCGGGGCGGGGGGGAACTTCCTGACTAGGGGAGGAGTAGAAGGTGGCGCGAAGGGGCCACCAAAGAACGGAGCCGGTTGGCGCCTACCGGTGGATGTGGAATGTGTGCGA
GGCCAGAGGCCACTTGTGTAGCGCCAAGTGCCCAGCGGGGCTGCTAAAGCGCATGCTCCAGACTGCCTTGGGAAAAGCGCCTCCCCTACCCGGTAGAGAAACTTGATCTGTCGCCGCAATTCAAGCTTC
GTGAGGCTCCGGTGCCCGTCAGTGACCTGCTATACTCTGGAGACGGCACATCGCCCACAGTCCCCGAGAAGTTGGGAGGGGTCGGCAATTGAACCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGG
GAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGT
GTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTCCAGTACGTGATTCTTGATCCCGAGCTGGAGCCAGGGGCGGGCCTTGCGCTTTAGGAGC
CCCTTCGCCTCGTGCTTGAGTTGAGGCCTGGCCTGGGCGCTGGGGCCGCCGCGTGCGAATCTGGTGGCACCTTCGCGCCTGTCTCGCTGCTTTCGATAAGTCTCTAGCCATTTAAAATTTTTGATGACGT
GCTGCGACGCTTTTTTTCTGGCAAGATAGTCTTGTAAATGCGGGCCAGGATCTGCACACTGGTATTTCGGTTTTTGGGCCCGCGGCCGGCGACGGGGCCCGTGCGTCCCAGCGCACATGTTCGGCGAGG
CGGGGCCTGCGAGCGCGGCCACCGAGAATCGGACGGGGGTAGTCTCAAGCTGGCCGGCCTGCTCTGGTGCCTGGCCTCGCGCCGCCGTGTATCGCCCCGCCCTGGGCGGCAAGGCTGGCCCGGTCG
GCACCAGTTGCGTGAGCGGAAAGATGGCCGCTTCCCGGCCCTGCTCCAGGGGGCTCAAAATGGAGGACGCGGCGCTCGGGAGAGCGGGCGGGTGAGTCACCCACACAAAGGAAAAGGGCCTTTCCGT
CCTCAGCCGTCGCTTCATGTGACTCCACGGAGTACCGGGCGCCGTCCAGGCACCTCGATTAGTTCTGGAGCTTTTGGAGTACGTCGTCTTTAGGTTGGGGGGAGGGGTTTTATGCGATGGAGTTTCCCCA
CACTGAGTGGGTGGAGACTGAAGTTAGGCCAGCTTGGCACTTGATGTAATTCTCCTTGGAATTTGGCCTTTTTGAGTTTGGATCTTGGTTCATTCTCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCTTCCA
TTTCAGGTGTCGTGAACACGTCTCGGGGGAGAGACCACACCATGCGGAAGATGATGAGCACCATGGCTCTGACACTGGGAGCCGCCGTGTTTCTGGCTTTTGCCGCTGCTACAGCCCAGGCTCAGAGAT
GTGGCGAGCAGGGCAGCAACATGGAATGCCCCAACAACCTGTGCTGCAGCCAGTACGGCTATTGTGGCATGGGCGGCGATTACTGCGGAAAGGGCTGTCAGAATGGCGCCTGCTGGACCTCTAAGAGAT
GCGGATCTCAAGCCGGCGGAGCCACCTGTCCTAACAATCACTGCTGCTCTCAGTACGGCCACTGCGGCTTTGGCGCCGAATATTGTGGCGCCGGATGTCAAGGCGGACCTTGCAGAGCCGATATTAAGT
GCGGCTCTCAGAGCGGCGGCAAGCTGTGCCCAAACAATCTGTGTTGTTCCCAGTGGGGCTTCTGCGGCCTGGGCTCTGAATTTTGTGGCGGAGGTTGTCAGTCCGGCGCCTGCAGTACAGATAAGCCCT
GTGGAAAAGACGCTGGCGGCAGAGTGTGCACCAACAACTACTGCTGTTCTAAGTGGGGCAGCTGCGGCATCGGCCCTGGATATTGCGGAGCTGGTTGTCAGAGCGGAGGCTGTGATGCTGTGTTTGCCG
GCGCTATCACCGCCAATTCTACCCTGCTGGCTGAAGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCG
AGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAG
GCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCT
GCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCG
CCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAG
TTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGtaaTAGGTCTCTAAAATTCCGCCCCCCCCCT
AACGTTACTGGCCGAAGCCGCTTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCCT
AGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGCAGCGGAACCCCCCAC
CTGGCGACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTATT
CAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCGGTACACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAACGTCTAGGCCCCCCGAACCACGGGGACG
TGGTTTTCCTTTGAAAAACACGATGATAATATGGCCACAACCATGACGGCCCTGACAGAAGGTGCGAAGCTGTTCGAGAAGGAGATTCCCTATATCACAGAATTGGAGGGGGATGTAGAGGGTATGAAGTT
TATCATCAAAGGCGAAGGGACAGGGGATGCAACAACTGGAACAATTAAGGCTAAGTACATTTGCACGACCGGCGACGTCCCGGTGCCCTGGTCCACGCTCGTCACCACGCTCACGTACGGAGCCCAGTG
CTTTGCCAAATATGGCCCTGAACTTAAAGACTTCTACAAGTCGTGTATGCCGGAGGGATACGTGCAAGAGAGGACGATCACCTTTGAAGGTGACGGAGTATTCAAAACAAGAGCGGAGGTGACGTTCGAGA
ATGGATCGGTCTATAACCGGGTCAAGCTCAACGGACAGGGCTTTAAGAAAGATGGACACGTCCTTGGGAAGAATTTGGAGTTCAATTTCACCCCGCATTGTCTTTACATCTGGGGTGATCAGGCGAATCAC
GGGTTGAAATCAGCGTTCAAGATCATGCACGAGATTACGGGGAGCAAAGAGGACTTTATCGTGGCAGACCACACTCAGATGAACACTCCAATCGGAGGGGGTCCCGTACACGTACCCGAGTATCATCACC
TGACCGTCTGGACATCGTTTGGAAAAGACCCTGACGACGATGAAACTGATCATCTCAACATTGTGGAAGTGATCAAGGCGGTGGACTTGGAAACATACCGGATGAAGAACCTGGACTGCTGGGTTGACAAC
GAAGAGGACATCGACGTGATCCTGAAGAAGTCCACCATCCTGAATCTGGACATCAACAACGACATTAACATCGACATCAGCGGCTTCAACAGCAGCGTGATCACATACCCCGACGCTCAGCTGGTGCCTG
GCATCAATGGAAAGGCCATCCACCTGGTCAACAATGAGTCCAGCGAAGTGATCGTGCACAAGGCCATGGACATCGAGTACAACGATATGTTCAACAACTTCACCGTGTCCTTTTGGCTGCGGGTGCCCAAA
GTGTCTGCCAGCCACCTGGAACAGTACGGCACCAACGAGTACAGCATCATCTCCAGCATGAAGAAGCACAGCCTGAGCATCGGAAGCGGCTGGAGCGTTAGCCTGAAGGGCAACAATCTGATCTGGACC
CTGAAGGACTCTGCCGGCGAAGTGCGGCAGATCACCTTTAGGGACCTGCCTGACAAGTTCAACGCCTACCTGGCCAACAAATGGGTGTTCATCACCATCACCAACGACCGGCTGAGCAGCGCCAACCTGT
ACATCAATGGGGTGCTGATGGGCAGCGCCGAGATCACAGGACTGGGAGCTATCAGAGAGGACAACAACATCACCCTGAAACTGGACCGGTGCAACAACAACAATCAGTACGTGTCCATCGACAAGTTTCG
GATCTTCTGCAAGGCTCTGAACCCCAAAGAGATCGAGAAGCTGTATACCAGCTACCTGAGCATTACCTTTCTGCGGGACTTCTGGGGCAACCCTCTGAGATACGACACCGAGTACTATCTGATCCCCGTGG
CCTCCAGCAGCAAGGACGTGCAGCTGAAGAACATCACCGACTACATGTACCTGACAAACGCCCCTAGCTACACCAACGGAAAGCTGAACATCTACTACCGGCGGCTGTACAACGGCCTGAAGTTCATCAT
CAAGCGGTACACCCCTAACAACGAGATCGACAGCTTCGTGAAGTCCGGCGACTTTATCAAGCTGTACGTCAGCTATAACAACAACGAGCACATCGTGGGCTACCCCAAGGACGGCAACGCCTTTAACAAC
CTGGACAGAATCCTGAGAGTGGGCTACAACGCCCCTGGCATCCCTCTGTACAAAAAGATGGAAGCCGTGAAGCTGCGGGACCTGAAAACCTACAGCGTCCAGCTGAAACTGTACGACGACAAGAACGCCT
CTCTGGGCCTCGTGGGCACACACAATGGCCAGATCGGCAACGACCCCAACCGGGACATTCTGATCGCCAGCAACTGGTACTTCAACCACCTGAAGGATAAGATCCTGGGCTGCGATTGGTACTTCGTGCC
CACCGATGAAGGCTGGACCAACGATTAATAGTGATTCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTA
TTTGTAACCATTATAAGCTGCAATAAACAAGTTGTCGACCATGGAACGAGGTTAAGGTCTCTAAAGCACAGTACATGGACAGATATCCACGTAGATATTACGAGACGATTGAGACGATAGCCAGTATGACGA
TAGACGATATGGATAGACCATGCTTACCCGGTAAGCCAATCGGGTATACACGGTCGTCATACTGCAGACAGGGTTCTTCTACTTTGCAAGATAGTCTTGAGTAGTAAAATAAATAGATAGAGAAAAGCGTCT
TCCTGTTCTCATCACATCATATCAAGGTTATATACCATCAATATTGCCACAGATGTTACTTAGCCTTTTAATATTTCTCTAATTTAGTGTATATGCAATGATAGTTCTCTGATTTCTGAGATTGAGTTTCTCATGT
GTAATGATTATTTAGAGTTTCTCTTTCATCTGTTCAAATTTTTGTCTAGTTTTATTTTTTACTGATTTGTAAGACTTCTTTTTATAATCTGCATATTACAATTCTCTTTACTGGGGTGTTGCAAATATTTTCTGTCAT
TCTATGGCCTGACTTTTCTTAATGGTTTTTTAATTTTAAAAATAAGTCTTAATATTCATGCAATCTAATTAACAATCTTTTCTTTGTGGTTAGGACTTTGAGTCATAAGAAATTTTTCTCTACACTGAAGTCATGAT
GGCATGCTTCTATATTATTTTCTAAAAGATTTAAAGTTTTGCCTTCTCCATTTAGACTTATAATTCACTGGAATTTTTTTGTGTGTATGGTATGACATATGGGTTCCCTTTTATTTTTTACATATAAATATATTTCC
CTGTTTTTCTAAAAAAGAAAAAGATCATCATTTTCCCATTGTAAAATGCCATATTTTTTTCATAGGTCACTTACATATATCAATGGGTCTGTTTCTGAGCTCTACTCTATTTTATCAGCCTCACTGTCTATCCCCA
CACATCTCATGCTTTGCTCTAAATCTTGATATTTAGTGGAACATTCTTTCCCATTTTGTTCTACAAGAATATTTTTGTTATTGTCTTTGGGCTTTCTATATACATTTTGAAATGAGGTTGACAAGTTAATAATCAAC
CTCTGGATTACAAAATTTGTGAAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCT
TGTATAAATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTT
TCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAATCATCG
TCCTTTCCTTGGCTGCTCGCCTGTGTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTC
CGCCTCTTCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCATCGCCTGCTATTGTCTTGCCAATCCTCCCCCTTGCTGTCCTGCCCCACCCCACCCCCCAGAATAGAATGACA
CCTACTCAGACAATGCGATGCAATTTCCTCATTTTATTAGGAAAGGACAGTGGGAGTGGCACCTTCCAGGGTCAAGGAAGGCACGGGGGAGGGGCAAACAACAGATGGCTGGCAACTAGAAGGCACATTT
GTTACTTTATAGAAGAAATTTTGAGTTTTTGTTTTTTTTTAATAAATAAATAAACATAAATAAATTGTTTGTTGAATTTATTATTAGTATGTAAGTGTAAATATAATAAAACTTAATATCTATTCAAATTAATAAATAA
ACCTCGATATACAGACCGATAAAACACATGCGTCAATTTTACGCATGATTATCTTTAACGTACGTCACAATATGATTATCTTTCTAGGGTTAAGAAGACTGTCAGAATTGGTTAATTGGTTGTAACACTGACCC
CTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAATATGAGCCATATTCAACGGGAAACGTCGAGGCCGCGATTA
AATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGCTTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGG
TAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCACTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCCCCGG
AAAAACAGCGTTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCACTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTT
CGCCTCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATTCTCACCGGA
TTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGC
CTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAACTCATGACCAAAATCCCTTAACGT
GAGTTACGCGCGCGTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTT
GTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGCCCACCACTTCAAGAACTCTGTAGCACCGCCTA
CATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGT
GCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGA
ACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAA
AACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCTC
AATATTGGCCATTAGCCATATTATTCATTGGTTATATAGCATAAATCAATATTGGCTATTGGCCATTGCATACGTTGTATCTATATCATAATATGTACATTTATATTGGCTCATGTCCAATATGACCGCCATGTTG
GCATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCC
ATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGT
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CCAGGCCTCATATGATCGATTAATTAACCGGTCCTAGGAAGGIAAGGGCGAATTCTGCAGATATCCATCACACTGGCGGCCGCTTGGGGTCTTTAAAGCTCAAGGAAAAAGGCCATAGTTGATTTCTCCTAAATCAAGA
TAGAGTCCAATTAACTTTTTTTTTTTTTTAAGATGGAGTCTCACTCTGTCGCCAGGCTGGACTGCAGTGGCGTGATCTCAGCTCACTGCAACCTCTGCCTCCCAGGTTCAGGCGATTCTTCTGTCTCAGCCTCCCGAGT
AGCTGGGACTACAAGTGTGGGCCACCATGCCCAGCTAGTTTTGTATTTTTAGTAGAGATGGGATTTCACCATCTTGGCTAGGATGGTCTTGATCTCTTGACCTTGTGATTCGCCTGCCTCTGCCTCCCAGAGTGCTGA
GATTACAGGCGTGAGCCACAGTGCCCAATTTCCATGGGTTTTCAAGAAAAACTTAACTTACTTAAACTTCAGATCACTTCCTTAAAGGAACATACT GAGCATAGCTTGGCTGGTTAGAAATTAGGAAGACTAGCTTGGG
CTACATGGTAAGACCCTGCCTCTACAAAAAATAAGAAAAAAGTTAGTGGCATGTGCCTGTAGTTCCATCTACTTGGGAGGCTGAGGTGAGAGGATCGCTTGAGCCCAGGAGGTTGAAGCTGCAGTGAGCCACGATTG
CACCACTGTACTCCAGCCTGGGTGACACAGAGTGAGACCCTGTCTCCAAACAAAATTAGGAAGGGTTTCAGAGAGGAAATAAACACAACAATGTCAGTTACTTCATTCACACACTTAGCATATGCAATTTTAATCAACC
AAAAGAAAATCCCAAATGTACAAGTGAAAAAAATCCAAACTGTTGACACAGGCCTAACTAATATCAGCTACTTTTATGTACAGCTGTATAGTTCAAAAAAGCTATCCTATATGTATATACAAAAGTTGTTTATACACAGGT
CTGTACATAAGGGTCTATACATTTATTTCCTCAGAACCCTTAGGTGCCACCTCTTGGTGAGGACACCAACACTTCATTCACATATCTTACAAAAAAGAAAGACCATTTCCAGGATTGACAACATTGTGCATCCTGTATTC
AGACAATGTACACTCCACTCGACTGGTTAAGATCCTTCCATCATAATGCGGACCACACCAGATGCATGGGTTCCACCAAACAGCTTCACACAGAGTGCTCCAAAGTAAAAGCCCATAAACCAACCCGAGATGAAGCAG
GGTCCTGCCCAGTGTGCCACCACAGGTCCGGGCTTAGTTGAGTCTGCCTGCCCTGCTCACTGTCGGTATTCCAATTCATCTACACTGATAACTTTGGCGGGCATGGAGGGCAGGGGTTGCTGTAGCACATCTGAGC
CAAACCATTTGGCAAGGCCCACAGGGGAGCTGCTCCTCTGGCTGGGGCGATGCTCCAGCTGGGAGTGCATGTGGGGCAGGCCTGACCGGCTGGGCACGTTCTGAGGGGTTGTCTGAACGCTGACAGCTGCTGCA
TGGGAACCAGAGCCTGGAGGATGCAGAACTGTGGAGATAAGAAGGGTTATCATTCACAGCATGAGAAGGAAAGTTTATTAGACCCTGCTTCATTCAAACCCTATCCAAAGAAAAGTCTTTACTAGAGGATTTTTTCTAG
GGCTTCTTTAGAAACTCCTTTGCAAAATACCAACAATGCCAGAAAACAGTACCATGGAAAGCTGAGCTATTCAGAAGCTACCAGTATTGAAAACCCACCCTGGATGACATGACCGCTACTTCTCATGGCTAAGTAACCA
CATCACAGAAGCAGCAACATTAACTGGTGAGGGGGTATATACCCTGGGCAGGCCGGATGCTGAACCTCTGTTGGATTCTCAGCCCTCTCTCCTAACAGGCAAAGGAAAAAGCCAGAAAACACTTGGCTTTTCCCACT
GACTTTGCAGGAACAGTAATCCCAAATTGCATAGAGGTCAATTTACTTCATCTTATTATCTGGTTACACTTTGTCCCAAACTTAGAACAAGTTAAAGAATGAAAGTGTTAATT CATCTCCACTGGAAACTAGTCCTCAAAG
CTTCAAGGGCCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGT
AATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCC
AGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCT CGACCCCAAAAAA
CTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATT
CTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATTCAGGGCGCAAGGGCTGCTAAAGGAAGCGGAACACGTAGAAAGCCAGT
CCGCAGAAACGGTGCTGACCCCGGATGAATGTCAGCTACTGGGCTATCTGGACAAGGGAAAACGCAAGCGCAAAGAGAAAGCAGGTAGCTTGCAGTGGGCTTACATGGCGATAGCTAGACTGGGCGGTTTTATGGA
CAGCAAGCGAACCGGAATTGCCAGCTGGGGCGCCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGGCTTTCTTGCCGCCAAGGATCTGATGGCGCAGGGGATCAAGATCTGATCAAGAGACAGGAT
GAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGC
GCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGA
AGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCCCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTG
CCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGC
GCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACAT
AGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAATTG
AAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTG
GGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAA
CTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAAC
TTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGAT
GCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTG
GCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACG
AAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAAT
CTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAG
CGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGC
CTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCAC
ACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGC
GCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGC
CTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAG
CGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAA
TGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTTGGTACCGA
GCTCGGATCCACTAGTAACGGCCGCCAGTGTGCTGGAATTCGCCCTTATGCAGCTAAAGGCTTTCTCCTCATTAACTCTAAGACTTTACTGGTTTGGCTGTCATAGCATGATTTGAATTTCCTGTGCTTTTACATATTCC
ATGTTTCTTTCCTGACTTTATTACAAGTAAACAGATCCATTGTTCTGTGCCATTTAACTAGTTAGAACACGTTTAGCTGCATTTAGCAGAAAGTGCTAACTTAAGCGGCTGAAATGGAAGGGAACTTGGTCTTACCTTTTT
GGGAAGCTGTTTTCCAGAAGCCACCCAGTTTGTTGTCTCGTGGCCTAAAATTGGGTCACATGTCTATTTTTGAATCAATTGTTGGTAAAGGGAATAGAATTATTGAAGAACCAGAATTTAACCCTGTAAGTTATCGTCAT
TCTTGGTTTGTGTTTATGCTCATAGTTCACAAAGGCCAATGGACCTCCCACTTCCCTTCCCTGTTAATAGAGTCTGGCTTAAAAGACACTCAGTAGCTATCTCCTAGGGGAAGGCCTAGCTGCACTCTCTGTTCACTTC
ATTCCCACTTCCTTTTACCACTGACCTCCCACAGACTTATTTAACTGCTTCCTTTGGGAGGGACTATTCTTTCCTCTCCTACCTGACCTCCCCTGCTTAACAGATTTTCCATGATATGCTTTGTGGTCCTCAGCTGTTTTA
CTTTCAGGATGCCTTCTATATCCTCAGCTTCTCTTAACTTTTATTTTGCACATCCTTCCAGCACTGATTGCTTGTGAACTCATCTCGTGCCTGCAAGACATCAAAAGTTTCTCCAAAGACATCCCTTCCTCTCTGCCCTCA
TCCTATATCAAGGTCTTAGCTCCTTGAAGACTGCATTAATGTGTCTTTTGCCTTCATCCCCCCCCCACCCTCCCGCTTCCTCTAGTCCTTGTGTTTACCAAAATACTTTTGCTAAAACCTGTATGTCTAGCTTCTGCTGAT
ACTCTTAGCAATACTCCCTTATTTCCTTCTGGCGCCATTTGCCAATCACCAGCTAATGGCTTTGCTCTTTGCATGGTACCTGTTTCTGTCCTACTAGCTTCTAGTCTGAAAAGGAAGCCTTTACTAGCAGCTTCAACCCA
GTCCTCCTTACCTTGCACCTATTAACGTTGGTTCAACATGAAGGGGAAGTAAGATAAGTGGAAGAGGATACACAGGAAAGGTGGAACTGGATTCAGGTATCTGTGTTCTGCCATTGACACTTGGGACTGCGTTCCAGC
TTCCACCTGTGGAAACCAGAAAGCATTTGCCAAAAATTCTAAACAGAGGGTCTATTTCTGAAGCTGAGGAATCACATGGAGTGAATAGCATGGGGGAAGGGGATTACTAATGAGGCTGAAAGAAAAGTACCAGGAAGA
GACTGACTTCATGCATAATCCATAAAGCCAGGTTTTCTTGAAAGGTGACCTGCTTTCTTGTATTCCTGCAAGTACACGGCAGGGTGGGCAGTTCCAGGCTTATAGTCATTATTCCCTAACAAACGGTCAAGACTTAGGC
TGCCCAAGACTCTACTACCCTTGTAGTCAAAAATCCAACCACCTTGACCTTTACCTCATTATCTGACCCTTTAGCATGGAGTCCTAAAATGGTCCTGAATGGACAAATATCTAGAACTCTGGTAAATTAACTTGAGTAGC
ATGGGAAATAAGTATCACCTCATAGCAGGACTGAAAAACCTCCAGTTAGGAAAGGGGACTCAGAACTGTACTGTATTCTGTAGAATCTTTATCCGTAAGTGCTATGTATATACTAATAGTTAAGGTGAATAATAAAACAA
TTGTGAGCTAAGGAATGTGATACAGAACACAAGGAGTCAATTAATGCATGAGTCTTAAGGGAAATTCTTAGACTTCAGTGGGTCTAAGCTCAGAACTCTGAGCTTAGAGAAACAGGATGCCCCAGTAAACATGATTTGT
TTGAGAGAAACTACCATATGTAATAGATGATTCCTCAATAAACTGTTTTCACTAGGTCAGTTTAATCTTGGAAATTACACTATAGATATCCTGGTCCGCGGTCGACGGATCGATCGCGGCATATCATGCGACTGATCGAT
CGCAATTATATCAGACCCGCGATCGCGACGTCGATCGATGCATGCAAATGTAGCTAACTATCATCGCACGGGCAGTGTGCATGCATCAACATGATCATATCGCGGTAGCTACGATGCTCGATCGATGCTAGCAGCTC
CCGTGAGGCGTGCTTGTCAATGCGGTAAGTGTCACTGATTTTGAACTATAACGACCGCGTGAGTCAAAATGACGCATGATTATCTTTTACGTGACTTTTAAGATTTAACTCATACGATAATTATATTGTTATTTCATGTTC
TACTTACGTGATAACTTATTATATATATATTTTCTTGTTATAGATATCTTTCTTTATGTTTTAAATGCACTGACCTCCCACATTCCCTTTTTAGTAAAATATTCAGAAATAATTTAAATACATCATTGCAATGAAAATAAATGTT
TTTTATTAGGCAGAATCCAGATGCTCAAGGCCCTTCATAATATCCCCCAGTTTAGTAGTTGGACTTAGGGAACAAAGGAACCTTTAATAGAAATTGGACAGCAAGAAAGCGAGTCAGGCACCGGGCTTGCGGGTCATG
CACCAGGTGCGCGGTCCTTCGGGCACCTCGACGTCGGCGGTGACGGTGAAGCCGAGCCGCTCGTAGAAGGGGAGGTTGCGGGGCGCGGATGTCTCCAGGAAGGCGGGCACCCCGGCGCGCTCGGCCGCCTCC
ACTCCGGGGAGCACGACGGCGCTGCCCAGACCCTTGCCCTGGTGGTCGGGCGACACGCCGACGGTGGCCAGGAACCACGCGGGCTCCTTGGGCCGGTGCGGCGCCAGGAGGCCTTCCATCTGTTGCTGCGCGG
CCAGCCGGGAACCGCTCAACTCGGCCATGCGCGGGCCGATCTCGGCGAACACCGCCCCCGCTTCGACGCTCTCCGGCGTGGTCCAGACCGCCACCGCGGCGCCGTCGTCCGCGACCCACACCTTGCCGATGTC
GAGCCCGACGCGCGTGAGGAAGAGTTCTTGCAGCTCGGTGACCCGCTCGATGTGGCGGTCCGGATCGACGGTGTGGCGCGTGGCGGGGTAGTCGGCGAACGCGGCGGCGAGGGTGCGTACGGCCCTGGGGAC
GTCGTCGCGGGTGGCGAGGCGCACCGTGGGCTTGTACTCGGTCATGGTGGCGGACGAAAGGCCCGGAGATGAGGAAGAGGAGAACAGCGCGGCAGACGTGCGCTTTTGAAGCGTGCAGAATGCCGGGCCTCCG
GAGGACCTTCGGGCGCCCGCCCCGCCCCTGAGCCCGCCCCTGAGCCCGCCCCCGGACCCACCCCTTCCCAGCCTCTGAGCCCAGAAAGCGAAGGAGCAAAGCTGCTATTGGCCGCTGCCCCAAAGGCCTACCCG
CTTCCATTGCTCAGCGGTGCTGTCCATCTGCACGAGACTAGTGAGTCGTGCTACTTCCATTTGTCACGTCCTGCACGACGCGAGCTGCGGGGCGGGGGGGAACTTCCTGACTAGGGGAGGAGTAGAAGGTGGCGC
GAAGGGGCCACCAAAGAACGGAGCCGGTTGGCGCCTACCGGTGGATGTGGAATGTGTGCGAGGCCAGAGGCCACTTGTGTAGCGCCAAGTGCCCAGCGGGGCTGCTAAAGCGCATGCTCCAGACTGCCTTGGGA
AAAGCGCCTCCCCTACCCGGTAGAGAAACTTGATCTGTCGCCGCAATTCAAGCTTCGTGAGGCTCCGGTGCCCGTCAGTGACCTGCTATACTCTGGAGACGGCACATCGCCCACAGTCCCCGAGAAGTTGGGAGGG
GTCGGCAATTGAACCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTT
TTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTCCAGTACGTGATTCTTGATCCCGAG
CTGGAGCCAGGGGCGGGCCTTGCGCTTTAGGAGCCCCTTCGCCTCGTGCTTGAGTTGAGGCCTGGCCTGGGCGCTGGGGCCGCCGCGTGCGAATCTGGTGGCACCTTCGCGCCTGTCTCGCTGCTTTCGATAAG
TCTCTAGCCATTTAAAATTTTTGATGACGTGCTGCGACGCTTTTTTTCTGGCAAGATAGTCTTGTAAATGCGGGCCAGGATCTGCACACTGGTATTTCGGTTTTTGGGCCCGCGGCCGGCGACGGGGCCCGTGCGTC
CCAGCGCACATGTTCGGCGAGGCGGGGCCTGCGAGCGCGGCCACCGAGAATCGGACGGGGGTAGTCTCAAGCTGGCCGGCCTGCTCTGGTGCCTGGCCTCGCGCCGCCGTGTATCGCCCCGCCCTGGGCGGC
AAGGCTGGCCCGGTCGGCACCAGTTGCGTGAGCGGAAAGATGGCCGCTTCCCGGCCCTGCTCCAGGGGGCTCAAAATGGAGGACGCGGCGCTCGGGAGAGCGGGCGGGTGAGTCACCCACACAAAGGAAAAGG
GCCTTTCCGTCCTCAGCCGTCGCTTCATGTGACTCCACGGAGTACCGGGCGCCGTCCAGGCACCTCGATTAGTTCTGGAGCTTTTGGAGTACGTCGTCTTTAGGTTGGGGGGAGGGGTTTTATGCGATGGAGTTTC
CCCACACTGAGTGGGTGGAGACTGAAGTTAGGCCAGCTTGGCACTTGATGTAATTCTCCTTGGAATTTGGCCTTTTTGAGTTTGGATCTTGGTTCATTCTCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCTTCCATTT
CAGGTGTCGTGAACACGTCTCGGGGGAGAGACCACACCATGCGGAAGATGATGAGCACCATGGCTCTGACACTGGGAGCCGCCGTGTTTCTGGCTTTTGCCGCTGCTACAGCCCAGGCTCAGAGATGTGGCGAGC
AGGGCAGCAACATGGAATGCCCCAACAACCTGTGCTGCAGCCAGTACGGCTATTGTGGCATGGGCGGCGATTACTGCGGAAAGGGCTGTCAGAATGGCGCCTGCTGGACCTCTAAGAGATGCGGATCTCAAGCCG
GCGGAGCCACCTGTCCTAACAATCACTGCTGCTCTCAGTACGGCCACTGCGGCTTTGGCGCCGAATATTGTGGCGCCGGATGTCAAGGCGGACCTTGCAGAGCCGATATTAAGTGCGGCTCTCAGAGCGGCGGCA
AGCTGTGCCCAAACAATCTGTGTTGTTCCCAGTGGGGCTTCTGCGGCCTGGGCTCTGAATTTTGTGGCGGAGGTTGTCAGTCCGGCGCCTGCAGTACAGATAAGCCCTGTGGAAAAGACGCTGGCGGCAGAGTGTG
CACCAACAACTACTGCTGTTCTAAGTGGGGCAGCTGCGGCATCGGCCCTGGATATTGCGGAGCTGGTTGTCAGAGCGGAGGCTGTGATGCTGTGTTTGCCGGCGCTATCACCGCCAATTCTACCCTGCTGGCTGAA
GTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCAC
CCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTC
CTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTC
CGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCT
GAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGC
CACTCCACCGGCGGCATGGACGAGCTGTACAAGtaaTAGGTCTCTAAAATTCCGCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCC
GTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTT
GAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGA
GTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCGGTACACATGCTTTACATGTGTTTAGTCGA
GGTTAAAAAACGTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATAATATGGCCACAACCATGACGGCCCTGACAGAAGGTGCGAAGCTGTTCGAGAAGGAGATTCCCTATATCACA
GAATTGGAGGGGGATGTAGAGGGTATGAAGTTTATCATCAAAGGCGAAGGGACAGGGGATGCAACAACTGGAACAATTAAGGCTAAGTACATTTGCACGACCGGCGACGTCCCGGTGCCCTGGTCCACGCTCGTCA
CCACGCTCACGTACGGAGCCCAGTGCTTTGCCAAATATGGCCCTGAACTTAAAGACTTCTACAAGTCGTGTATGCCGGAGGGATACGTGCAAGAGAGGACGATCACCTTTGAAGGTGACGGAGTATTCAAAACAAGA
GCGGAGGTGACGTTCGAGAATGGATCGGTCTATAACCGGGTCAAGCTCAACGGACAGGGCTTTAAGAAAGATGGACACGTCCTTGGGAAGAATTTGGAGTTCAATTTCACCCCGCATTGTCTTTACATCTGGGGTGA
TCAGGCGAATCACGGGTTGAAATCAGCGTTCAAGATCATGCACGAGATTACGGGGAGCAAAGAGGACTTTATCGTGGCAGACCACACTCAGATGAACACTCCAATCGGAGGGGGTCCCGTACACGTACCCGAGTAT
CATCACCTGACCGTCTGGACATCGTTTGGAAAAGACCCTGACGACGATGAAACTGATCATCTCAACATTGTGGAAGTGATCAAGGCGGTGGACTTGGAAACATACCGGATGAAGAACCTGGACTGCTGGGTTGACAA
CGAAGAGGACATCGACGTGATCCTGAAGAAGTCCACCATCCTGAATCTGGACATCAACAACGACATTAACATCGACATCAGCGGCTTCAACAGCAGCGTGATCACATACCCCGACGCTCAGCTGGTGCCTGGCATCA
ATGGAAAGGCCATCCACCTGGTCAACAATGAGTCCAGCGAAGTGATCGTGCACAAGGCCATGGACATCGAGTACAACGATATGTTCAACAACTTCACCGTGTCCTTTTGGCTGCGGGTGCCCAAAGTGTCTGCCAGC
CACCTGGAACAGTACGGCACCAACGAGTACAGCATCATCTCCAGCATGAAGAAGCACAGCCTGAGCATCGGAAGCGGCTGGAGCGTTAGCCTGAAGGGCAACAATCTGATCTGGACCCTGAAGGACTCTGCCGGC
GAAGTGCGGCAGATCACCTTTAGGGACCTGCCTGACAAGTTCAACGCCTACCTGGCCAACAAATGGGTGTTCATCACCATCACCAACGACCGGCTGAGCAGCGCCAACCTGTACATCAATGGGGTGCTGATGGGCA
GCGCCGAGATCACAGGACTGGGAGCTATCAGAGAGGACAACAACATCACCCTGAAACTGGACCGGTGCAACAACAACAATCAGTACGTGTCCATCGACAAGTTTCGGATCTTCTGCAAGGCTCTGAACCCCAAAGAG
ATCGAGAAGCTGTATACCAGCTACCTGAGCATTACCTTTCTGCGGGACTTCTGGGGCAACCCTCTGAGATACGACACCGAGTACTATCTGATCCCCGTGGCCTCCAGCAGCAAGGACGTGCAGCTGAAGAACATCAC
CGACTACATGTACCTGACAAACGCCCCTAGCTACACCAACGGAAAGCTGAACATCTACTACCGGCGGCTGTACAACGGCCTGAAGTTCATCATCAAGCGGTACACCCCTAACAACGAGATCGACAGCTTCGTGAAGT
CCGGCGACTTTATCAAGCTGTACGTCAGCTATAACAACAACGAGCACATCGTGGGCTACCCCAAGGACGGCAACGCCTTTAACAACCTGGACAGAATCCTGAGAGTGGGCTACAACGCCCCTGGCATCCCTCTGTAC
AAAAAGATGGAAGCCGTGAAGCTGCGGGACCTGAAAACCTACAGCGTCCAGCTGAAACTGTACGACGACAAGAACGCCTCTCTGGGCCTCGTGGGCACACACAATGGCCAGATCGGCAACGACCCCAACCGGGAC
ATTCTGATCGCCAGCAACTGGTACTTCAACCACCTGAAGGATAAGATCCTGGGCTGCGATTGGTACTTCGTGCCCACCGATGAAGGCTGGACCAACGATTAATAGTGATTCAGACATGATAAGATACATTGATGAGTT
TGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTGTCGACCATGGAACGAGGTTAAGGTCTCTAAAGCACA
GTACATGGACAGATATCCACGTAGATATTACGAGACGATTGAGACGATAGCCAGTATGACGATAGACGATATGGATAGACCATGCTTACCCGGTAAGCCAATCGGGTATACACGGTCGTCATACTGCAGACAGGGTT
CTTCTACTTTGCAAGATAGTCTTGAGTAGTAAAATAAATAGATAGAGAAAAGCGTCTTCCTGTTCTCATCACATCATATCAAGGTTATATACCATCAATATTGCCACAGATGTTACTTAGCCTTTTAATATTTCTCTAATTTA
GTGTATATGCAATGATAGTTCTCTGATTTCTGAGATTGAGTTTCTCATGTGTAATGATTATTTAGAGTTTCTCTTTCATCTGTTCAAATTTTTGTCTAGTTTTATTTTTTACTGATTTGTAAGACTTCTTTTTATAATCTGCAT
ATTACAATTCTCTTTACTGGGGTGTTGCAAATATTTTCTGTCATTCTATGGCCTGACTTTTCTTAATGGTTTTTTAATTTTAAAAATAAGTCTTAATATTCATGCAATCTAATTAACAATCTTTTCTTTGTGGTTAGGACTTTG
AGTCATAAGAAATTTTTCTCTACACTGAAGTCATGATGGCATGCTTCTATATTATTTTCTAAAAGATTTAAAGTTTTGCCTTCTCCATTTAGACTTATAATTCACTGGAATTTTTTTGTGTGTATGGTATGACATATGGGTTC
CCTTTTATTTTTTACATATAAATATATTTCCCTGTTTTTCTAAAAAAGAAAAAGATCATCATTTTCCCATTGTAAAATGCCATATTTTTTTCATAGGTCACTTACATATATCAATGGGTCTGTTTCTGGTACACATTCGGCATC
GACGATGTAATCGATCGATCGATGCTGGCTATCTATAGCACAGACAGACAATATGGGCGCTTACGCGATATATGCGGATTCGACGACTTCGATCGACGCATATGTATCACATACATGCGCGCATCGACTCTGATGCAT
CGTCGCCAACTCGTACACGCG

Supplementary Figure 3 WGA TTC (hH11) Sequence Complete DNA sequence of self-
tracing plasmid with tracers between homologous H11 regions.



WGA TTC (hH11) WGA TTC (pB)

Brightfield

Supplementary Figure 4 GFP and mCherry expression in control and self-tracing NSCs
Fluorescent protein expression in self-tracing NSCs was examined over multiple passaged and
briefly compared to control GFP NSCs. Self-tracing NSCs show clear WGA-mCherry
expression in a punctate patter. GFP-TTC is also seen distributed throughout the cytosol. Self-
tracing (pB) cells show greater GFP expression.
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Supplementary Figure 5 Wild-type NSCs serve as negative control for GFP and
mCherry signal seen in co-culture Wild-type NSCs do not display any GFP or mCherry

signal, even when stained with WGA and TTC and appropriate secondary antibodies. Primary
rat neurons do not show any tracer uptake either.
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