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Abstract

Mesenchymal progenitor cells (MPCs) are adult cells capable of self-renewal and differentiation
into cells that make up mesodermal tissues such as bone, cartilage, and fat. MPCs are believed to
play a significant role in tissue maintenance and repair. MPCs are present in many adult connective
tissues but are typically found in higher quantities in adipose tissues for yet unknown reasons.
Recently, our research group identified MPC populations within epidural fat and the adjacent dura
mater. Clinically, epidural fat is frequently considered a space-filling, biologically inert tissue;
therefore, it is common practice for spine surgeons to discard it during surgical procedures. As the
development and cellular origins of both epidural fat and the dura mater remain unclear, I
hypothesized that epidural fat MPCs contribute to the maintenance of dural integrity throughout
growth and post-injury.

Using Paired related homeobox 1 (Prx/) and Hypermethylated in cancer 1 (Hicl) transgenic
lineage tracing mice, the localization of epidural fat MPCs were identified during normal
maturation and at skeletal maturity. This lineage tracing revealed an overlap between Prx/* and
HicI" populations, indicating a potential hierarchical relationship between the two MPC
populations. When Prx1*/ Hicl* MPCs were ablated, the expression of the dural marker a-SMA
was lost in adjacent dura mater suggesting these cells are required for tissue homeostasis. Both
MPC populations were observed to respond to dural injuries by homing to the lesion site. The
process by which epidural fat MPCs maintain the dura mater through growth and after injury was
accelerated in p27-~ mice (known for increased tissue regeneration/ cell proliferation).

While MPCs have been identified and characterized in other adipose tissues, the role in epidural
fat remained elusive. This study contributed to our knowledge of the role of epidural fat MPCs in
vivo in aspects of growth, homeostasis, and repair of dural tissue. This thesis emphasizes the
importance of revisiting the prevalent notion of epidural fat as biologically insignificant and the

process of discarding it during surgery.

il



Acknowledgements
This thesis was made possible with the help and support of many incredible individuals who are

deserving of my utmost appreciation.

Dr. Paul Salo, thank you for the countless hours you spent training me in mouse surgery. My
experiments would not have been accomplished without your help. I appreciate your patience with
me and will always remember the words of wisdom you shared with me in this time. Moreover,
thank you for your support through my various application processes, and thank you for reading
and reviewing every one of my reports, posters, and manuscripts over the past five years, and now

this thesis.

Thank you to my supervisory committee Dr. Alim Mitha and Dr. Paul Salo for your kind feedback
throughout this project. I appreciate the time you took from your busy schedules to attend our

committee meetings and review my work.

Thank you to my examining committee Dr. Derrick Rancourt and Dr. Deborah Kurrasch for

reading and evaluating my thesis. I am grateful to present my work to you.

To all the individuals (past and present) in the Krawetz Lab who contributed to my work in any
shape or form, I thank you. In particular, thank you Sathvika Mudigonda for your assistance in
this project over two summers. Your contributions are appreciated, and I cherish the time I spent

working alongside you and learning from you.

To my kind-hearted, supportive, bubble-tea-loving, and funny lab mates, thank you for making my
graduate degree memorable and worthwhile. This experience would be incomplete without you
all. Alex, Anand, Nabangshu, Leila, Priya, Jessica, Nicoletta, Leah, Nedaa and Catherine: you

are all incredible and I thank you for putting up with me.

I thank my family with every fiber of my being for believing in me. Thank you for teaching me to

value my education and for encouraging me to pursue knowledge.

il



Finally, thank you Dr. Roman Krawetz. There has not been a day where I am not grateful for
your kindness, your guidance, and your support. It has been an absolute privilege to grow in my
academic career with you as a mentor. The list of reasons why I would like to thank you is endless,
but maybe it suffices to simply say you are the reason I found a love for scientific research, and

that will stay with me forever.

This project was supported by an NSERC CGSM Studentship and grants from the Alberta Spine
Foundation, Section of Orthopedics and McCaig Institute.

v



Thesis Organization

This thesis is presented in the paper chapter format and consists of five chapters.

Chapter 1 is a manuscript that was published in Bioessays; 43(2). DOI: 10.1002/bies.202000215
under their Hypothesis section. In this chapter, the hypothesis that epidural fat mesenchymal
stem/progenitor cells act as regulators of dural homeostasis and regeneration was discussed. This
chapter serves as an overarching introduction, providing some background for the thesis project.
Roman Krawetz and I conceptualized the hypothesis and aims within the manuscript. Sathvika
Mudigonda aided in drafting the manuscript. Alim Mitha, Paul Salo and Roman Krawetz provided

critical review, commentary and revisions to the manuscript.

Chapter 2 is a comprehensive literature review of topics related to the thesis that were not discussed
in sufficient detail in Chapter 1. This includes adipose biology, stem cells, mouse models, and the
dura mater. At the end of this chapter, the rationale, hypotheses and study aims are specifically

outlined.

Chapter 3 is a manuscript entitled “Prx!and Hicl* mesenchymal progenitors are present within
the epidural fat and dura and participate in dural injury repair”. This chapter outlines the methods
and results of the study and addresses aims 1-5. This chapter has been submitted for publication.
I contributed to the conceptualization of the hypothesis and aims, undertook the experiments,

collected and analyzed the data, and drafted the manuscript.

Chapter 4 is a manuscript entitled “PrxI™ mesenchymal progenitor cells display increased
proliferation in vivo within the dura mater of p217- mice”. This chapter examined the role of MPCs
in p21”- mice regarding the repair and/or regeneration of the dura mater during growth and in
response to injury. This study also addresses aims 1 and 5 of the thesis. This chapter will be
submitted for publication. I contributed to the conceptualization of the hypothesis and aims,

undertook the experiments, collected and analyzed the data, and drafted the manuscript.

Chapter 5 consists of the discussion and conclusions of this thesis. An overview of the study, along

with significance, future directions, and the limitations encountered are presented.



Appendix A presents data from the pilot project wherein xeno-transplantation of human epidural

fat MPCs was undertaken to determine if human MPCs can also respond to dural injury.

Appendix B consists of detailed protocols used in this study.

Appendix C contains the permission form from all co-authors of the published manuscript in this

thesis, as well as the license granted from Bioessays to use the published manuscript.
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ABSTRACT

Mesenchymal stem cells (MSCs) are present in fat tissues throughout the body, yet little is known
regarding their biological role within epidural fat. We hypothesize that debridement of epidural fat
and/or subsequent loss of MSCs within this tissue, disrupts homeostasis in the vertebral
environment resulting in increased inflammation, fibrosis and decreased neovascularization
leading to poorer functional outcomes post-injury/operatively. Clinically, epidural fat is commonly
considered a space-filling tissue with limited functionality and therefore typically discarded during
surgery. However, the presence of MSCs within epidural fat suggests that it is more biologically
active than historically believed and may contribute to the regulation of homeostasis and
regeneration in the dural environment. While the current literature supports our hypothesis, it will
require additional experimentation to determine if epidural fat is an endogenous driver of repair
and regeneration and if so, this tissue should be minimally perturbed from its original location in

the spinal canal.
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1.) INTRODUCTION

Mesenchymal stem cells: identity, location and function

Mesenchymal stem cells (MSCs) were first discovered by Friedenstein et al. who observed
spindle-shaped, plastic-adherent, non-hematopoietic cells in bone marrow (1,2). Along with the
ability to undergo self-renewal, MSCs exhibit multipotent differentiation ability (3—5). MSCs are
heterogeneous in nature (6), and display distinct morphologies, self-renewal and differentiation
potentials based on numerous factors (e.g., donor age, tissue source) (7-9). It has been
hypothesized that MSCs follow a hierarchy in which a heterogeneous group of mesenchymal
progenitors are derived from a common ‘apex’ stem cell (6). However, this hypothesis and the
existence of an apex adult stem cell population is controversial (5,10), as our understanding of the
biological functions and properties of MSC populations in vivo remains incomplete (6).

MSCs are believed to play several physiological roles in vivo, including the maintenance of the
haematopoietic stem cell (HSC) niche, essential for sustaining haematopoiesis throughout
adulthood (1,11). In this niche, stromal cells protect HSCs from pro-apoptotic stimuli and regulate
their proliferation and differentiation (1,12). MSCs also play a regulatory role in the innate and
adaptive immune response (1,6). MSCs inhibit the maturation of monocytes and HSCs into
dendritic cells (DCs) in vitro (13—15) and decrease DC production of tumor-necrosis factors,
reducing their ability to generate a pro-inflammatory response (16). MSCs can also inhibit the
cytotoxicity of natural killer cells, as well as decrease the activity of neutrophils and macrophages
in response to infection (17). MSCs exert suppressive effects on adaptive immune cells, by
inhibiting antigen-specific T-cell proliferation and cytotoxicity (16,18,19), yet can also promote
CD4" and CD8" memory T cell activity, as well as the production of alloantibodies (17). As such,
MSCs regulate a bimodal immunomodulatory response (anti-inflammatory and immuno-
stimulatory) through modulation of the cellular immune response (20,21).

MSCs have been identified in most mesodermally derived tissues in the body (3,22,23), with
phenotypic differences dependent on their tissue of origin (24). Bone marrow is frequently used
as a source for MSC isolation (25,26), however, harvesting marrow is invasive, accompanied by
pain and the risk of infection (26). Therefore, alternative sources have been investigated and
adipose tissue has been found to contain a greater number of MSCs (26) and it is relatively non-

invasive to obtain in comparison to bone marrow (27).



Adipose/fat is present throughout the body at varying quantities (28), including within synovial
joints (e.g., infrapatellar fat pad (29-31) and is typically harvested/discarded during cosmetic
procedures and/or surgical interventions (liposuction, resection) (26). As fat is one of the largest
organ systems in the body, more MSCs (in total) can be obtained from fat vs. other tissues on a
per patient basis, keeping in mind the number in bone marrow declines with age (32), while fat
deposition typically increases (33). Furthermore, in vivo lineage tracing studies in mice have
demonstrated that MSCs are present within white (34) and brown fat throughout the body (35).
Due to these reasons, adipose tissue is regularly used as a viable source of MSCs (25,28).

Are adipose-derived MSCs a better option for regenerative medicine applications?

Adipose tissue contains a heterogenous population of stromal cells (including MSCs) referred to
as the stromal vascular fraction (SVF) (36). Adipose-derived MSCs (ADSCs) were first described
by Zuk et al. in 2001 (37) and demonstrate equal or greater proliferative capacity and multipotency
in vitro compared to their bone marrow cousins (22,37). Cultured ADSCs retain the ability to
differentiate into adipose (38), bone (39—41) and cartilage (42—44) in vivo. ADSCs have also been
employed in peripheral nerve repair strategies, with some studies suggesting that ADSCs can
respond to injury within neighbouring tissues in vivo via neuronal differentiation (45), or enhance
endogenous nerve repair (46) through the release of trophic factors (47,48). The interest in
developing ADSCs for regenerative medicine applications has led to ADSCs being identified in
most sites of fat in the adult, however, little is known about the ADSC/MSC populations in epidural
fat.

Epidural fat is commonly considered as a biologically inert tissue

Epidural fat is found within the spinal canal (49), between the dura mater and bony confines of the
spinal canal (Fig. 1). It is unevenly distributed along the spinal canal, increasing craniocaudally
and posteriorly (vs. anteriorly) (50). During development, epidural fat is more abundant adjacent
to the dural sac, whereas in adulthood, its localization becomes discontinuous (51). Epidural fat is
held together by vascularized pedicles, and displays a lower density vs. subcutaneous fat, which is
believed to allow it to conform better to the epidural space (49). The amount of epidural fat varies
in proportion with body size, yet its volume is not related to sex (52—55). The commonly accepted
paradigm is that epidural fat functions as a shock absorber for contents of the canal and dural sac
(55), yet, little direct evidence supports this belief. It is also thought to protect the spinal

cord/nerves by cushioning and buffering the pulsatile movements of the dural sac along with



facilitating sliding of the dural sac over periosteum in flexion and extension (55). Clinically,
however, it is commonly considered a space-filling tissue and is typically discarded during surgery

to increase the operational field of view.

spinal cord

pia mater

arachnoid mater

dura mater

\/V_\' epidural fat

vertebra

intervertebral disc

Figure 1. Three protective membranes- pia, arachnoid, and dura mater- surround the spinal
cord. Epidural fat is found discontinuously within the spina canal, between the dura mater and
vertebral wall.

Epidural fat: more than a space-filling tissue

Only recently have human epidural fat MSCs (EF-MSCs) been isolated and found to retain self-
renewal and trilineage differentiation capacity in vitro (56,57). Through the use of lineage-tracing
mouse models, EF-MSCs were identified in vivo, with their progeny appearing to contribute to the
dura mater (57). The existence of EF-MSCs suggests that epidural fat is not solely a space filling
tissue and therefore we hypothesize that: the loss of epidural fat and/or EF-MSCs will result in

increased inflammation, fibrosis, and degeneration of adjacent tissues (such as dura) within the



vertebral environment. Furthermore, these outcomes could be rescued with the delivery of epidural
fat, EF-MSCs or epidural fat engineered from EF-MSCs. If this was demonstrated, epidural fat
and by extension EF-MSCs, would be endogenous drivers of repair/regeneration that should be

minimally perturbed from their location in the spinal canal.

2.) IS EPIDURAL FAT IMPORTANT?

If epidural fat and/or EF-MSCs are required to maintain the dural micro-environment, then
epidural fat should be negatively impacted post-injury and with the onset of disease. Moreover,
removal or damage to the epidural fat should have a negative impact on the local micro-
environment (Fig. 2). We present evidence here that support both sub-hypotheses.

Under certain pathological conditions, the distribution of epidural fat within the spinal column is
altered; for example: Spinal epidural lipomatosis presents with an accumulation of epidural fat
and can occur idiopathically, or due to prolonged exogenous steroid use (49,52,58). Spinal stenosis
is narrowing of the spinal canal, wherein pressure can be placed on the spinal cord and/or nerve
roots (59). Although epidural fat is often decreased in the stenotic area (49), posterior
decompression for treatment of lumbar spinal stenosis includes further removal of posterior
epidural fat (60). Kyphoscoliosis is a combination of both kyphosis and scoliosis (abnormal
outward and lateral curvature of the spine, respectively). This condition leads to asymmetrical
distribution of epidural fat within the concave portion of the spinal curvature, ultimately displacing
the spinal canal and its contents in the opposite direction (49).

In the treatment of these diseases as well as other spine conditions that are treated surgically, the
removal of epidural fat is commonplace to increase the operational field of view and is not looked
upon negatively since epidural fat is typically viewed as inert or as having limited biological
activity. Recently, this process has been questioned as the removal of epidural fat has been shown
to alter post-operative results, such as pain and function post-surgery (61). Among older adults
with chronic axial low-back pain, better performance-based and self-reported physical function
were positively correlated to increased epidural fat (61). In another study, following lumbar
decompression surgery for lumbar spinal stenosis, postoperative outcomes worsened (pain
intensity and a deteriorated score on the Oswestry (low back) Disability Index) amongst the group

whose posterior epidural fat was removed (60).



While these studies suggest that epidural fat plays some role in the normal function of the epidural
micro-environment, many of the studies are clinical in nature and therefore direct mechanisms
cannot be ascertained. Hence, to demonstrate if epidural fat is important for the homoeostasis of
this micro-environment, animal models in where epidural fat is removed/debrided (in the absence
of any other type of insult) followed by outcome measures focused on pain and function should be
employed. In these models, it would also be of interest to determine if the level of inflammation
and/or fibrosis increased after epidural fat removal since previous studies have suggested a link
between these events. Moreover, after injury, neovascularization of damaged tissue plays a critical
part in repair and regeneration. It has therefore been postulated that MSCs not only need to promote
tissue repair, but also aid (or at least not inhibit) vascularization (62). A number of requirements
have been developed to define the role of MSCs in regenerative medicine strategies: 1) post-
transplantation, MSCs should support regeneration of the damaged tissue and its vasculature
(62,63), 2) MSCs are expandable in vitro and their differentiation should be reproducible (62), and
3) MSCs should be obtainable without donor site morbidity (62,64). Keeping such conditions in
mind, transplantation studies employing EF-MSCs would be needed to determine their response
to injury and if their isolation from epidural fat results in donor site morbidity. Specifically, murine
epidural fat and/or EF-MSCs could be transplanted in a dura injury mouse model, and if
regeneration of the damaged tissue and its vasculature was observed, this would suggest a potential
reparative/regenerative role of EF-MSCs. To determine if human EF-MSCs retain this ability,
xeno-transplantation of epidural fat/EF-MSCs into mouse dural injury model could be employed.
These experiments would help identify the role of these EF-MSCs in vivo and if mouse vs. human
EF-MSCs share a similar functional phenotype. If human EF-MSCs were found to contribute to
the restoration of epidural fat and/or dural tissue in mice, this would refute the common paradigm

of epidural fat being a biologically irrelevant tissue.
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Figure 2. Potential outcomes of epidural fat loss/damage include fibrosis, inflammation, and
neighbouring tissue degeneration.

3.) DOES EPIDURAL FAT REGULATE FIBROSIS?

Epidural fibrosis may be one of the main variables related to failed back surgery syndrome - a
common complication in spine surgery. It is believed that this occurs due to epidural fat destruction
and subsequent invasion of fibroblasts originating from disrupted paravertebral muscles in the
surgical wound (65). This fibrotic tissue then adheres to the dura, compressing nerve roots (65).
Since this complication is believed to be a direct consequence of the loss of epidural fat leading to
increased fibrosis and inflammation, biomaterial (66) and anti-inflammatory (67) therapeutics
have been explored, but have yet to be proven effective. Free-fat grafting is the most common
approach to prevent fibrosis; however, the efficacy and safety of this technique is still questioned.
Free-fat grafts can decrease in size over time (68), migrate (69) or herniate into the spinal column
resulting in symptomatic space-occupying lesions (70), or dural compression causing cauda equina

syndrome (71,72). These studies among others demonstrate that epidural fat appears to negatively



regulate fibrotic processes (Fig. 2) in the micro-environment and that simply ‘filling’ the empty
cavity made by the loss of epidural fat is not an effective means of replacing the tissue.
Furthermore, it also suggests that the epidural fat is biologically active and that a heterotopic tissue
transplant cannot replicate these lost functions. Pursuing this line of questioning to further
determine exactly what cell(s) types and/or secreted factors within the epidural fat allow it to
mitigate fibrotic and inflammatory responses would not only go a long way in understanding how
epidural fat works at a mechanistic level, but this knowledge could also be exploited to control
fibrosis and inflammation in other organ/tissue systems. To address this, single cell sequencing
approaches could be undertaken on normal vs. diseased/injured epidural fat to determine what cell
types are present and what gene products are being differentially regulated in homeostatic vs. non-
homeostatic conditions. An investigation of secreted factors would likely be a good starting point,
as recombinant protein(s) could be transplanted post-epidural fat debridement (in sponges or other
biomaterials) and the levels of fibrosis and/or inflammation could be determined. Furthermore, as
fibroblasts/myo-fibroblasts are implicated in the fibrotic response in many tissues, this cell
population and its interaction with epidural fat could be studied specifically using in vitro (co-
culture, scratch assay) and in vivo (targeted ablation of fibroblast populations with/without addition
of epidural fat specific growth factors) to elucidate if epidural fat and/or it constituents have the
ability to inhibit myo-fibroblast differentiation and these cells’ ability to induce a pro-fibrotic

response.

4.) CAN THE EPIDURAL FAT BE RE-ENGINEERED?

Since epidural fat appears to be an important component of the micro-environment and its absence
may promote inflammation and fibrosis, the reconstruction of epidural fat in animal models has
been attempted through transplantation of engineered adipose tissue (65), or injectable
extracellular matrices (73). When ADSCs were seeded on to a poly(lactic-co-glycolic acid)
scaffold, exposed to adipogenic agents and implanted in a dorsal laminectomy rabbit model
between the dura and paraspinal muscles, epidural fat like-tissue was regenerated. The fat tissue
overlying the dura mater displayed similar cell morphology and arrangement as native epidural fat
(65). In a separate study, decellularized adipose matrix supplemented with hyaluronic acid
hydrogel was loaded with ADSCs and injected in a laminectomized rat model (73). This approach

inhibited scar tissue invasion of the wound site and reduced adhesion to the dura post-surgery.



While these results seem to imply that ADSCs can compensate for the loss of epidural fat and/or
EF-MSCs in terms of regulating the fibrotic response post-injury, it remains unknown if EF-MSCs
have any additional properties that are required in the epidural environment. As a specific example,
in our teams’ previous study on EF-MSCs, we were able to demonstrate that the EF-MSCs also
contribute to the dura mater (57). Based on this result, it would be important to determine if ADSCs
derived from non-epidural fat sources can also migrate and populate the dura mater. While we
demonstrated EF-MSCs are present in the dura mater (57), the role of these cells in the dura remain
unknown. It will be essential to determine if EF-MSCs contribute to the maintenance and/or repair
of the dura mater and if other ADSCs populations (from other fat sources) could also replicate this
EF-MSC function. At the level of tissue functionality, since epidural-like fat can be derived from
non-epidural fat ADSCs, it would be interesting to undertake a more detailed molecular study of
native epidural fat vs. epidural-like fat regenerated from ADSCs. This could be accomplished
through various OMICS techniques and would give a clearer picture of the tissues within the
microenvironment. In regard to the accumulation of EF-MSCs in the dura, if these cells from
epidural-like fat (and/or other ADSCs?) are incapable of contributing to the dura and/or responding
to injury, this would call attention to the existence of additional properties specific to native
epidural fat. Additionally, this novel property of EF-MSCs may suggest that trilineage
differentiation potential may not be the outcome measure and characteristic required of fat within
the epidural space. If there is a functional difference in EF-MSCs vs. ADSCs in terms of dural
maintenance/repair, it would then be interesting to compare the transcriptomic and proteomic
signature of these stem cell populations to determine what similarities and differences exist
between these cell types based on the type of fat the stem cells were derived from and how these

distinctions might regulate and explain phenotypic and functional differences.

5.) WHY IS IT IMPORTANT TO MAINTAIN THE INTEGRITY OF THE DURA
MATER?

Both the brain and spinal cord are covered in the same three membranes, known as the meninges.
The meninges (pia, arachnoid and dura mater from inner to outermost layers) appear during the
early embryonic stages of cortical development (74), and lie adjacent to epidural fat within the
spinal canal (Fig. 1). These layers along with the cerebrospinal fluid, protect the central nervous

system (CNS). Meninges anchor the CNS to surrounding bones, such that the dura mater is
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attached to the skull and spine (74). In early embryogenesis, mesenchymal and neural crest-derived
cells give rise to the primary meninx, the latter of which forms the dura mater (74). Along with
mechanical protection (anchoring spinal cord within the spinal canal and casing fluid), the dura
mater plays a vital role in providing immunological protection against infections, such that,
together with the other two meninges, the dura mater forms a uniform organ of its own (75).
Defects in the dura can be the result of congenital abnormalities, inflammation, surgical procedures
or trauma and are of concern as the dura mater is essential for cerebrospinal fluid turnover and
maintaining intracranial pressure (76). Dural ruptures are commonly detected intraoperatively and
consequently repaired, however if gone unnoticed, they can cause severe complications.
Cerebrospinal fluid leakage can lead to fistula, with a risk of subsequent meningitis and epidural
abscess that can be fatal if left untreated (77).

While we currently know that EF-MSCs are found within the dura mater from lineage tracing
experiments, it remains unknown if these EF-MSCs play a functional role in this tissue or act as a
reservoir of cells for repair and/or regeneration in this microenvironment. By identifying dura
markers, an in vitro dural differentiation protocol could be developed. To a great extent, meninges
are composed of meningeal fibroblasts, which were recently characterized at the molecular level
(78). Transcriptional signatures of embryonic dural fibroblasts defined via single-cell RNA
sequencing revealed that Sic5a6, Slc16a9 and Slc38a2 (all transporters) were uniquely enriched in
the dural cluster. Other genes included Rp/ & Rps (constituents of large and small ribosomal
subunits) and Foxpl & SixI (transcription factors). Finally, genes such as Fxyd5 (ion transport
regulator) and Nov & Smoc2 (encode matricellular proteins) were also selectively expressed in
dural fibroblasts. In-situ hybridization labeling of these genes confirmed expression within the
dura only (78). In another study, a transgenic mouse with an alpha-smooth muscle actin (a-SMA)
promoter driving a GFP transgene was used to test a-SMA as a marker of skeletal precursor cells.
Along with periosteum and capillary-associated cells, a-SMASF was also detected in the dura
(79). Furthermore, neural precursor markers, such as Nestin, Vimentin and Sox2 have been
identified in rat meninges both during development and in adulthood (80). Using such markers as
evidence, MSCs from various sources (adipose vs. bone-marrow vs. epidural fat) could be
subjected to a dural differentiation protocol. If only EF-MSCs were capable of giving rise to dura,
this would further elucidate the importance of epidural fat in maintaining the dura. This type of

experimental design could also be used in vivo wherein undifferentiated vs. dural differentiated
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MSC:s could be transplanted into normal vs. dural injury mouse models. Moreover, expression of
surrogate markers in the dura, such as a-SMA, could allow for in vivo analysis of growth and aging

patterns in homeostasis and post-injury.

6.) EF-MSCs AS AN ENDOGENOUS DRIVER OF REPAIR/REGENERATION

Similar to how dural fibrosis caused by epidural fat destruction led to the study of novel therapeutic
approaches to reconstitute it as previously discussed; the clinical requirement to repair dural
defects has led to numerous biological (pericardium, fascia, decellularized matrices) and synthetic
(polymers, gels) graft materials (76). As grafts are exogenously delivered, measures need to be
taken to avoid neurotoxic or inflammatory responses (76). Given that EF-MSCs were only recently
discovered, and their role in vivo remains elusive, it is not surprising that little investigation has
been undertaken on endogenous dural repair mechanisms. To our knowledge, there are currently
no methods to induce endogenous dural repair, and therefore, if EF-MSCs play a role in dural
maintenance (57), then it is possible that cells within the epidural fat could be mobilized in dural
repair strategies. While no direct evidence exists to support this hypothesis, given that the
debridement/destruction of epidural fat results in a pro-inflammatory and pro-fibrotic response,
EF-MSCs can be tracked to the dura mater in vivo, and damage to the dura mater can result in a
myriad of complications including death; we believe that some type of endogenous repair
mechanism exists in regard to the dura otherwise clinical interventions required for dural repair
would be much more common.

To begin addressing these questions, it is essential to have a more complete understanding of EF-
MSCs and how they function in the epidural/dural environment. One such inquiry could make use
of transgenic reporter mice in which a dural injury is induced and the reparative response of EF-
MSCs observed. If the dura was directly repaired by EF-MSCs, labelled cells would be found
filing the site of injury. If the injury was repaired but only non-labelled cells filled the defect, then
it might be possible that EF-MSCs are not essential for dural repair or that EF-MSCs are playing

an immunomodulatory role by recruiting other cells to complete the repair.

7.) EXPERIMENTAL APPROACHES TO HELP UNDERSTAND EF-MSC BIOLOGY
AND FUNCTION
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Although epidural fat has not been rigorously studied, and its significance at a tissue level has yet
to be fully elucidated, it does share phenotypic characteristics with white fat: cells are unilocular
with a large lipid vacuole, appear white/yellow and can be marked by Prx/ expression in mouse
(49,81). Epidural fat specific properties, such as its semifluid nature, rarefaction, scarcity of
connective tissue, and slits/sliding spaces suggest that this tissue is not a standard white fat deposit
(51). These findings may support the previously mentioned mechanical role of epidural fat,
however, the distinct localization of epidural fat in the spinal cavity suggests a functional and
metabolic role, rather than being an incidental tissue solely responsible for shock absorption.
Studies of stem cell populations have revealed anatomic site-specific differences in functional
properties (24). These molecular and functional differences specific to EF-MSCs (vs.
ADSCs/MSCs) require further investigation. The contribution of EF-MSCs throughout growth of
the spinal cavity can be investigated using animal models. Using the Prx]CreERT2-GFPR 2 R TdTomato
mouse, where employing a common MSC lineage marker gene- Paired related homeobox-1
(Prx1/Prrx1)- EF-MSCs could be labelled and their localization, migration and fate tracked over
time. Prx/ has been previously shown as a robust adipose MSCs marker in white adipose tissue
(82), and Prx1 positive cells have been identified in mouse epidural fat (57). Whereas EF-MSCs
have been seen contributing to the dura mater (57), this study would be conducted over the course
of normal skeletal and sexual maturation, therefore bringing to light the possibilities of EF-MSCs
actually modulating neighbouring tissue growth over normal aging. Further building on this, EF-
MSC specific ablation could be attempted and the subsequent effects on the epidural fat, the dura
mater, and paraspinal muscles observed. For example, by crossing the Prx ] CreERT2-GFPR 2 6R TdTomato
mouse with a R26RP™ mouse (DTA: diphtheria toxin subunit A; inhibits protein synthesis),
highly- specific ablation would be achieved in the Prx/ positive cells synthesizing DTA. If
surrounding tissues disintegrated and/or responded with a pro-inflammatory, fibrotic response, this
would demonstrate the role of EF-MSCs in tissue maintenance. Additionally, this ablation concept
could be extended to dural injuries to determine if EF-MSCs are required for the repair of this
tissue. These types of experimental approaches would shed light on the role of epidural fat and the

putative MSC population within this tissue.
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Figure 3. Dysregulation or removal of epidural fat causes increased fibrosis, inflammation,
and degeneration of neighboring tissues. These processes might be partially rescued through the
introduction of engineered epidural fat and EF MSCs.

8.) CONCLUSIONS AND OUTLOOK

Investigation of the in vivo role of MSCs derived from epidural fat will provide new insights
regarding the development, growth and maintenance of the dura mater. This line of research into
a recently discovered MSC population within the spinal microenvironment will further develop
new avenues of research in how to overcome dural (and maybe even spinal) injuries including
post-operative complications such as dural fibrosis and ruptures. Additionally, a shift in focus from

exogenous repair mechanisms to one that is endogenous in nature may directly impact clinical
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care. Our hypothesis that epidural fat and EF-MSCs play a role in the regulation of health, disease
and regeneration in the dural microenvironment will need to be tested using both in vitro and in
vivo methodologies to gain a more complete understanding of the importance of this tissue.
However, we suggest prioritizing experiments that focus on the ablation of epidural fat/EF-MSCs
and experiments that attempt to restore tissue function once the epidural fat has been lost/damaged
(Fig 3). These types of experiments will explain the necessity (or lack thereof) of epidural fat in
the homeostatic regulation of the dural microenvironment as well as elucidate if exogenously
delivered and/or engineering replacements have promise as a therapeutic for injuries and/or
diseases that impact this microenvironment. In the meantime, while this research in underway, we
propose that epidural fat not be (or at least minimally) disturbed from its original location when
undertaking spine surgery as its loss may negatively impact endogenous repair post-surgery. While
epidural fat has been long ignored, research into this novel source of MSCs will facilitate our
knowledge of this unique adipose tissue with the real potential to generate clinically impactful

outcomes.
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CHAPER 2: Literature Review

This literature review will explore in greater detail concepts that were not already discussed in
Chapter 1. A general overview of adipose biology, focusing on white and brown adipose tissue is
presented. This is followed by an overview of stem cell biology, omitting specific details on
adipose derived stem cells (which can be found in Chapter 1). This is followed by background on
the animal models used in this thesis, highlighting the use of transgenics, finishing with a rationale

for our dural injury model.

Adipose Biology

Adipose tissue (better known as fat) arises from the mesoderm (83) and consists of lipid-rich cells
called adipocytes. It is found at various sites in the mammalian body, specifically in areas of loose
connective tissue. The primary function of fat is surplus energy storage in the form of lipids,
however, it also plays a role in body insulation and mechanical support (84). Moreover, fat is the
body’s largest endocrine organ (85) due to its ability to secrete a vast array of adipokines, from
hormones like leptin (86) and adiponectin to inflammatory cytokines like tumor necrosis factor-
alpha (TNFa) (87). Although depot-specific differences exist in fat (88,89), its main classification
is by colour: white adipose tissue (WAT) and brown adipose tissue (BAT). A general overview of

the development and characteristics of brown and white adipose can be seen in Figure 1.

WAT is the predominant form of fat in the body (subcutaneous to visceral) and contains a
multitude of cells known as the stromal vascular fraction. This fraction contains pre-adipocytes
(which give rise to adipocytes), fibroblasts, and immune cells like macrophages and leukocytes
(90). Due in part to this heterogenous pool of cells, WAT plays a significant role in mediating
metabolism and inflammation (87); the former including functions like cell differentiation and
energy homeostasis and the latter including inflammatory control and neo-angiogenesis (90).
White adipocytes are variably sized spheres containing a unilocular lipid droplet (91,92), which
store and release energy as triglycerides and free fatty acids, respectively (84,91).

BAT emerges earlier than WAT during development (85), is abundant in neonates, and is found
mainly around the neck and larger blood vessels of the thorax (84,91). BAT is specialized to

quickly use its triglyceride storage to generate heat in a process known as adaptive thermogenesis
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(93) or “nonshivering” thermogenesis (94). This specialization helps neonates avoid temperature
loss. Although BAT is still present in adults (to a lesser degree) (95), this specialization appears to
be lost as additional strategies to keep warm are established during maturation (84,91). Moreover,
the distribution of BAT seen in adults (cervical, paravertebral, supraclavicular, axillary, upper
abdomen) indicates a potential role in warming blood supply to vital organs (96). BAT has a
greater oxygen demand (91), therefore it is found to be highly vascularized and innervated (97).
In contrast to white adipocytes, brown adipocytes have multilocular lipid droplets and a
significantly greater number of large mitochondria, allowing for an increased oxidation rate (97).
The high vascularization and mitochondria count taken together can be attributed for the brown

colour of this tissue (98).

In the inner mitochondrial membrane, a proton gradient exists wherein a flow of these protons
generates adenosine triphosphate (ATP). The dissipation of heat seen in brown adipocytes is due
to uncoupling protein 1 (UCP1) in the inner membrane of the mitochondria providing protons in
these cells with a “short-circuit” route where the proton flow does not synthesise ATP (94). UCP1

is a defining brown adipocyte marker.

Studies looking at the possibility of WAT gaining BAT features have been conducted (99,100),
terming this process as browning. Brown adipocytes found in WAT are called beige or brite.
Subcutaneous WAT is the most prone to adopting a beige phenotype (92). Beige adipocytes are
distinct from both white and brown adipocytes (101) and have the ability to strongly upregulate
UCP1 expression and increase oxygen consumption upon adrenergic innervation or cold (102).
Interestingly, brown and beige adipocytes do not share a common precursor; brown adipocytes are
derived from Myf5 expressing precursor cells (shared with muscle) (103) whereas progenitor cells
in WAT give rise to beige adipocytes (104). This idea implies that these cells may behave

differently in response to normal physiological cues, or insult.
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Figure 1. The development of white and brown/beige adipocytes and their characteristics.
Although beige adipocytes have been seen to arise from adipocyte progenitors in the perivascular
region of WAT, it remains unknown if white adipocytes can also transdifferentiate in to beige
adipocytes (83,91,92,94,98).
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Stem Cells

There are two defining properties of a stem cell: (1) it must replicate in order to replenish its pool
(self-renewal), and (2) it must commit and give rise to other cell types/lineages (differentiation).
Although self-renewal is not distinct from the regular process of cellular division in which a
parental cell becomes two daughter cells, stem cells can give rise to cells that are not always
identical. Symmetrical division of a stem cell gives rise to two more stem cells (stem cell
expansion), or to two progenitor cells (stem cell depletion). Asymmetrical division will give rise
to one of each. Generally, stem cells during early development will display symmetrical self-

renewal whereas adult tissue stem cells will divide asymmetrically (105).

A stem cell’s differentiation potential is known as its potency. The different types of potency from
highest to lowest are
- Totipotent: can differentiate into any cell type of the embryo or adult, as well as
extraembryonic tissue
- Pluripotent: can differentiate into cell types of all three germ layers
- Multipotent: differentiation becomes limited to a single germ layer or distinct tissue

- Mono- or uni-potent: can give rise to a single cell type

The zygote and the cells produced from cell division immediately after fertilization are the only
true totipotent cells that occur naturally in mammals. However, because these cells do not self-
renew, they are not stem cells by definition (106). By the time the cells reach the blastocyst stage,
they are pluripotent. As cells continue to divide and specialize, they further lose their potency and
become multipotent. By this stage, cells are limited in both self-renewal and differentiation (in
comparison to the stem cells with higher potency) (105,107). Stem cells are typically split in two

broad classes: embryonic and adult (or somatic) (106).

When stem cells commit to differentiation, they give rise to progenitors. Some in the field use the
term progenitor interchangeably with stem cells; however, this is technically incorrect. Progenitors
are an important link between a stem cell and its fully differentiated fate. As stem cells represent
a negligible population of cells in adult tissues and it is extremely difficult to identify cells that

meet the formal definition of stem cells in vivo, the term progenitor is likely to be correct when
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examining a group of stem/progenitor cells in vivo. Progenitors retain similarities with the parental
stem cell, however, are more specified (or fate determined) and thus typically demonstrate a
reduced differentiation capacity. They are early derivatives of stem cells, predestined for
differentiation, and essentially expand cell number (108). Hence, progenitors have come to be
known as transit amplifying cells (TACs). As TACs differentiate, they also progressively lose
proliferative ability (105). A general overview of stem cell characteristics and potency can be seen

in Figure 2.

Embryonic Stem Cells (ESCs)

ESCs are pluripotent and isolated from the inner cell mass of the blastocyst (pre-implantation
embryos). They can perpetually divide symmetrically (proliferation) even though the cells from
which they originate are transient. It is important to note that no totipotent or pluripotent cells exist
within the adult body under normal circumstances (105-107). While differentiation is often
considered a unidirectional process in vitro and in vivo where differentiated cells cannot convert
back to their stem cell origin, somatic cells can be converted back to a pluripotent state in vitro
under artificial conditions in a process known as reprogramming. This process was discovered in
mice in 2006 by researchers Takahashi and Yamanaka (109,110). Principally, gene expression in
adult cells is altered as to recapitulate an early developmental state (111), however this process is
slow and not as efficient (109). There are two main approaches to reprogramming:

1. Therapeutic cloning: an adult cell nucleus is injected into an enucleated fertilized egg.
Proteins and other soluble factors in the cytoplasm of the oocyte are believed to affect the
gene expression profile of the injected nucleus thus reprogramming/reverting it back to that
of an embryonic stem cell. These cells are called somatic cell nuclear transfer embryonic
stem cells (105).

2. Introduction of Yamanaka factors: Three (Oct3/4, Sox2, Klf4c) (112) or four transcription
factors (above three and also c-Myc) known to maintain pluripotency in embryonic stem
cells are introduced in an adult cell to alter gene expression/regulate transcription. These

cells are called induced pluripotent stem cells.

Because of their ability to differentiate in to any cell type of the adult body, embryonic stem cells

have great therapeutic potential for disease modeling and drug development (113), as well as
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regenerative medicine applications such as restoration of damaged tissue and cells (114). However,
there is a stigma associated with the derivation of embryonic stem cells (110), particularly
revolving around the “destruction” of human embryos (115). This concern has largely been
overcome with the discovery/use of induced pluripotent stem cells which have now been generated
from mice, humans, cows, cats and birds to name a few (110). Regardless, tumorigenicity, immune
response and undesired differentiation remain safety concerns in the clinical translation of these

cells (107,115).

Adult Stem Cells

Adult stem cells are multipotent (or unipotent) and found in specific postnatal tissues, and are
believed to retain some level of ‘epigenetic memory’ of their tissue or origin (116). This can be
observed in what is known as differentiation bias, an example being that stem cells derived from
fat tissues show a greater propensity to differentiate into adipocytes (117,118). Adult stem cells
typically divide asymmetrically and infrequently (105). The two main types of adult stem cells in
the mesodermal lineage are hematopoietic and mesenchymal (107). Previously, it was believed
that adult stem cells serve as a replenishment pool only for the specific cells of the tissue wherein
they reside, however greater plasticity in these cells has been observed, such that tissue-specific
adult stem cells can give rise to cells from other lineages; for example, bone marrow or
hematopoietic stem cells can give rise to cells of muscle, endothelium, liver, and brain (119-125)
in vitro. Moreover, a “pluripotent” stem cell was isolated from rat bone marrow which was capable
of differentiating into cells of the three germ layers (5). While numerous studies have witnessed
trans-differentiation across germ layers in vitro, little corroborating in vivo evidence exists,
potentially suggesting that some of these observations may result from signal transduction

aberrations due to non-physiological culture environments.

Mesenchymal Stem Cells (MSCs)/ Mesenchymal Progenitor Cells (MPCs)

MPCs have been isolated from various tissues including bone marrow stroma, blood, bone, adipose
tissue, synovium, muscle, and placenta (126). The International Society for Cellular Therapy
proposes a minimal criteria to define human MPCs: plastic-adherent, capable of trilineage
differentiation (in to bone, cartilage and fat), express surface markers CD105, CD73, CD90, and
lack the expression of CD45, CD34 and CD14/19 (127) (CD44, CD29, CD105, Sca-1, and CD34,
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TER-119, CD45, CD11b respectively in mice) (128). Because MPC isolation is not accompanied
by the same ethical and moral concerns associated with embryonic stem cells, and because MPCs
are present in many tissues throughout the body, expand in vitro, have a negligible risk of teratoma
formation in vivo (129), and can differentiate in to multiple mesodermal lineages, they are seen as
a powerful tool in regenerative medicine approaches for the treatment of numerous chronic and

acute disorders, particularly skeletal tissue damage and inflammatory diseases (130).

Research investigating the microanatomical location of MPCs in vivo has shown that these cells
are commonly found adjacent to blood vessels in various tissues and organs of the body (131), a
trait that is not unique to MPCs but applicable to other multipotent progenitors as well (132). This
association was due to the fact that many pericytes (or mural cells; cells around capillaries) display
MPC features. Pericytes and MPCs are not interchangeable however, as pericyte is a vague term
referring to heterogenous cells adjacent to capillaries alone, whereas MPCs are also found near

other blood vessels, such as arteries and veins (132).
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Figure 2. General overview of defining stem cell characteristics and potency. As a progenitor
cell moves towards its differentiated fate via transit amplifying cell intermediates, proliferative
capacity declines at every step whereas state of terminal differentiation increases.
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Mouse Models

Genetic modifications in mice allow for the study of both development and disease and are
generated through the deletion and/or insertion of genes in specified regions of the genome. The
resultant animal of these types of genetic modifications are collectively referred to as transgenic
mice (133). One method to identify and track MPC lineages in vivo is to employ genetically
modified reporter mice. These animals carry a reporter gene inserted into their genome under the
control of an endogenous gene promoter known to be specific/enriched in MPCs. Therefore, the
reporter’s expression also becomes regulated by these MPC specific factor(s). A commonly used
class of reporters are fluorescent proteins such as the well-known green fluorescent protein (GFP),
which was identified in jellyfish that encodes for a protein which emits green fluorescent light
when examined via fluorescent microscopy. Therefore, one can identify MPCs in vivo using these
types of lineage markers in mice that have been genetically modified with the insertion of reporter

genes.

While there are many different MPC marker genes, controversy remains over which genes mark
which types (or all) MPCs. One commonly used MPC lineage marker gene is Paired related
homeobox gene-1 (PrxI/Prrxl). Prxl is a paired-type homeobox transcription factor, a class of
transcription factors that control development and differentiation (134) and are essentially master
regulators of morphogenetic processes across species (135). Prx/ is a transcription co-activator
highly enriched in developing mesodermal tissues (e.g., limb buds) (136), is found in the
ectomesenchyme of the face (137), and is also expressed in adult tissues like the heart (138), and
regulates neural progenitors stemness(139). Targeted mutation of Prx/ has shown the essential
role this gene plays in regulating limb skeletal development such that disruption led to perinatal
death with limb/craniofacial deformations (140). PrxI expression has also been identified in MPCs
capable of differentiating into bone (141), cartilage (142) and fat in vivo (82). In relation to this
thesis, Prx/ has been previously shown as a robust adipose MPCs marker in white adipose tissue
(82). Moreover, along with (Prx/") presumptive MPC expression in the dura mater, PrxI™ cells
have been identified in mouse epidural fat (143). Therefore, in this project, a Prx/ reporter lineage
tracing mouse that has GFP expression under the control of the Prx/ reporter was employed to

visualize PrxI* cell expression in epidural fat and in the dura mater.
p p
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Another lineage marker, hypermethylated in cancer 1 (Hicl), is a transcription factor gene
ubiquitously expressed in normal tissues, however in cancer cells, it is hypermethylated and under
expressed (144). Hicl is a tumour suppressor which has been found to suppress growth and
viability in tumour cells (144). Upon deletion of the entire Hicl coding region, the involvement of
Hicl in developing structures was defined; Several developmental defects (craniofacial/limb
defects, underdeveloped ear) were found in these Hicl”- mice (145). Moreover, Hicl is
transcriptionally regulated by many cell cycle genes such as p53 (146), p21 (147) and E2F1 (148),
highlighting its role in cell cycle regulation. Recently, Hic/ was identified in MPCs presented
within skeletal muscle, yet was found to only be expressed in quiescent MPCs (149). Hicl* MPCs
give rise to transit-amplifying cells that support regeneration post-injury (149). Moreover, it has
been found that Hicl deletion in mice affects skeletal muscle regeneration. As MPCs prove to be
vital in tissue homeostasis and regeneration (149), a Hicl reporter lineage tracing mouse that has
tdTomato (red fluorescent protein) under the expression of Hic/ will be used in this study, as their
contribution to mature mesenchymal lineages (149,150) in the vertebral environment can be

investigated in vivo.

Prxl CreERTZ-GFP+/+R2 6 thT01nato+/+

Prox [CTeERT2-GFP+/ in these mice, a transgene was inserted which contains 2.4 kb of the mouse Prx1

gene promoter. Under control of the Prx/ promoter is an IRES-GFP cassette and a CreERT2 fusion
gene, which encodes Cre recombinase (Cre) fused to a mutant estrogen ligand-binding domain
(ERT2). When Cre is fused to ERT2, the Cre is inactive and only in the presence of the estrogen
agonist tamoxifen (and not endogenous estrogen), is the Cre released to become active and enter
the nucleus (151). Mice expressing Cre can mediate Cre-loxP recombination, where genetic
sequences between two loxP (DNA recognition) sites will be excised. These mice are bred to the
following mouse to generate the Pyx ] CreERT2-GFPHAR D gRIdTomatot/ girqin

R26RWTomato/*: thege mice contain the tdTomato reporter gene under the control of the strong,
synthetic CAG promoter used to drive increased gene expression. This transgene is present in the
Rosa26 locus of the mouse which is thought to be resistant to gene silencing (e.g., always active;
constitutive). Between the CAG promoter and the tdTomato reporter gene is a STOP cassette
flanked by two /oxP sites. The STOP cassette blocks the activity of the CAG promoter so that

tdTomato is not expressed. After Cre mediated recombination, the STOP cassette is excised,
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allowing for the permanent expression of tdTomato. Post-tamoxifen induction, if the cells continue
to express PrxI, GFP and tdTomato expression will be co-localized to give the impression of a
yellow cell. Once the PrxI" cell has committed to a specific lineage, it will lose PrxI expression
(GFP) and therefore these now Prx/™ cells will still be permanently marked with tdTomato. See
Supplementary Figure 1 in Chapter 3.

Hic ]CreERT2+/4+R 2 R tdTomato+/+
The Hicl“ERT2"* mice were generated by introducing an CreERT?2 in to the 3” untranslated region
of the Hicl gene. For lineage tracing purposes, these mice were bred to the R26R!Tomatot’* g
generate the HiclCERTZ/R26RWToma0 " moyse  strain  (149). Like the Prx]CreERT2-
GFPHFR26RMTomatlot moyse, a STOP cassette flanked by two loxP sites restricts the expression of
the tdTomato reporter gene until tamoxifen is administered. After Cre mediated recombination,
the STOP cassette is excised, allowing for the permanent expression of tdTomato. In this mouse
however, Hicl expressing cells and their differentiated progeny will both express tdTomato. See

Supplementary Figure 2 in Chapter 3.

Py ] CeERT2-GFP+/- R 9 R dTomatot/-R 9 GRPTA- and Hic JCeERT2+- R 2GR dTomatot/-R ) GRDTA/-

Py ] CeERT2-GFP+/4R 9 gR tdTomato/+ ap q e JCreERT2H/+R D gRTomatoH/+ i wware bred to R26RPTA to
generate these strains. The R26RP™A** mouse contains a loxP- flanked STOP cassette linked to an
attenuated DTA (diphtheria toxin subunit A), all under the control of a CAG promoter at the Rosa
26 locus. Diphtheria toxin is a cytotoxic protein which binds a particular cell-surface receptor and
is subsequently endocytosed via receptor-mediated endocytosis. The enzymatically active A
subunit of the protein is then translocated to the cytosol of the cell (152), where it efficiently ablates
cell lineages by inactivating eukaryotic elongation factor 2 (an essential factor for protein
synthesis) and therefore inhibiting protein synthesis in the cells where it is expressed. This is
followed by restriction on DNA and RNA synthesis and energy metabolism, rapidly causing cell
death (153). When this mouse is crossed to the Prx]CreERTZ-GFPR)GRWTomato  apg
Hic I ERT2ZR26RTomat0 mijce (Cre recombinase expressing strains), highly specific cell ablation
can be achieved (154). Because mice (and not humans) lack the functional receptor for diphtheria
toxin (152), diphtheria toxin cannot be administered to the mice unless the diphtheria toxin

receptor is first genetically engineered into the genome. Therefore, the approach in this model is
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to genetically encode DTA, which lacks the B subunit which is essential for cell membrane
penetration (155). As such, ablation becomes restricted to cells that synthesize the protein only,

and neighboring cells remain unaffected by the toxins created/released by the dying cells (156).

Prx [CIERT2-GEP 4R ) GRATomato+, 3 /-

Prx [CreERT2-GFP+/+ mijce were crossed with p217- mice (Cdknla™!™7/J; stock no. 003263 from The
Jackson Laboratory, backcrossed with C57BL/6 mice for 10 generations prior to the start of the
study) and genotyped to select Prx]CERTZGFPY+ 121 mice. R26RTdTomaor* mice were crossed
with p21”- mice and genotyped to select R26RTdTomato** 21~ mice. The two lines were then bred
and genotyped to generate Prx]CreERTZ-GFPHAR) gRdTomatot/+, 4, 2 17 mice. DNA damage within the
cell typically induces the expression of p53, also known as the guardian of the genome due to its
function as a tumor suppressor. p353 activates a number of pathways to repair the genetic damage
and/or trigger apoptosis if the cell is beyond saving. The first step in repairing the genetic damage
is to inhibit cell proliferation/DNA replication and p53 accomplishes this through activation of
p21. p53 is a transcription factor with high affinity to binding sites upstream of the p2/ promoter,
and this interaction leads to the increased transcription of p21 mRNA (157). p21 (p21VAF!/Cip!;
cdkn) is a 165 amino acid protein which binds to and inhibits the activity of cyclin- cyclin
dependent kinase (1/2) complexes (Cdks). Cdks are cell cycle regulators which bind to cyclin,
resulting in the phosphorylation of multiple substrates essential for cell cycle progression (158).
By regulating Cdks, p21 acts as a p53-dependent cell cycle inhibitor at the G cell cycle checkpoint
(159). Under normal conditions, checkpoints regulate cell cycle progression such that disruption
to these mechanisms can lead to cell transformation and tumorigenesis. As p21 promotes cell cycle
arrest in response to DNA damage, it is also commonly labeled as a tumor suppressor. Although
the canonical function of p2/ is within the p53/p21 axis, p21 is involved in many cellular
processes, and can also promote anti-proliferative activities via pj3-independent pathways (159).
The non-canonical (i.e., independent of its interaction with Cdks) roles of p2/ include regulation
of gene transcription, apoptosis, and DNA repair. p2/ can also maintain stem cell potential (160).
A unique functional role of p21 was recently identified when a p2/ knockout () mouse model
displayed increased regeneration capacity (161). Mammals tend to heal wounds through
contraction and scar formation. This is contrary to amphibians like the axolotl, which can

regenerate entire limbs with the formation of a blastema and inhibition of the fibrotic response
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(162). The phenotype seen in the p21”- mouse matched a previous wound healing ability observed
in the Murphy Roths Large (MRL) strain which demonstrated increased tissue regeneration in the
absence of fibrotic scarring (163). The MRL strain regenerative ability was first observed in 1988,
when the MRL mouse was found capable of hair follicle, auricular and articular cartilage
regeneration (161). Interestingly, it appeared that MRL mice regenerated tissue through blastema
formation at wound sites, suggesting that this mouse may be an exception to the rule that mammals
cannot regenerate appendage tissue (162). The MRL phenotype has been attributed to 20 loci on
numerous chromosomes, however, it was noted that MRL fibroblasts demonstrated increased cell
proliferation, an accumulation of DNA damage and an accumulation of cells at the G2/M
checkpoint. All these observations are consistent with the loss of p21 expression. Therefore, it was
decided to examine if the deletion of p2/ could convert a non-regenerating mouse to one that
undergoes epimorphic regeneration (formation of blastema). The Heber-Katz group performed this
experiment and found that mice lacking p27 expression developed a regeneration ability similar to

MRL mice and possessed the same cellular phenotypes.
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Dura Mater

As mentioned before, the dura mater (or pachymeninx) is the tough and fibrous outermost layer of
the meninges. Mammalian dura mater is derived from neural crest cells, with infiltration and
predomination of paraxial mesoderm cells in the tissue postnatally (164,165). The dura mater is
composed of fibroblasts, mesothelial cell-basement lining, and an abundance of collage fibrils
(166). It is both vascular and innervated, and although it has two layers (periosteal and meningeal)
around the skull, only the meningeal layer extends past the foramen magnum to surround the spine
(167), becoming the dural/thecal sac. The meninges appear to be vital for normal brain structure
formation, such that deep penetration of meninges can be seen within the brain at every level of

organization: from in-between major brain structures to sheaths of blood vessels (74).

Dural Injuries

The dural injury model used in this project was developed in collaboration with Dr. Paul Salo. The
mouse vertebral column has 7 cervical (C), 13 thoracic (T), and 6 lumbar (L) vertebrae (168). The
iliac crest is commonly seen to cross the midline at the L4-L5 vertebral level (169); using this as
an identifier, our dural injuries were performed between L3-L4. An L3 laminectomy (removal of
the posterior part of a vertebra) was undertaken to create space by enlarging the spinal canal and
relieving pressure (170) prior to focally puncturing the dura mater, allowing easier access in to the
canal. Dural injuries were performed in the lumbar region of the spinal canal, and specifically
between L3-L4 to minimize any possibility of spinal cord damage and paralysis. The spinal cord
does not in fact extend the entire length of the canal. At birth, the spinal cord ends at the L3 level
however as bones in the canal continue to grow, the end of the spinal cord reaches L1-L2 by 12
months (171), forming a cone-shaped structure known as the conus medullaris. At this point, nerve
rootlets extend out the spinal column (from L2 to the coccyx) creating a bundle of nerves known
as the cauda equina (172). These nerves innervate pelvic organs such as the bladder and the lower
limbs. The meninges are still present around the conus medullaris however the pia mater tapers off
and forms a fibrous strand of tissue- filum terminale- that connects the conus medullaris with the
coccyx (172). The thecal sac however surrounds the conus medullaris, the filum terminale and the
cauda equina. Thus, an L3 laminectomy creates space for needle insertion between L3-L4, where
risk of injury to the spinal cord is minimized, and care is taken to avoid injuring the rootlets of the

cauda equina.
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Granulation Tissue
Dural injury sites were identified histologically by the presence of granulation tissue in adjacent
muscle.
In adult wound healing, there are typically four stages of tissue repair (173):

1. Hemostasis (formation of scab)

2. Inflammation
3. Proliferation
4

Remodelling (formation of scar)

In the proliferative stage, granulation tissue is formed. This is the initial scaffold of tissue that
appears after injury and can fill wounds of any size. It is a contractile, connective tissue that is
highly cellular and made of extracellular matrix, collagen/elastin and proteoglycans. The main cell
types found in granulation tissue are:

- fibroblasts: synthesize and modify copious amounts of extracellular matrix and collagen.

- immune cells: primarily macrophages, neutrophils and leukocytes; these cells phagocytose
debris and old tissue meanwhile protect from infections (173).

- endothelial cells: these grow into the site of injury and form anastomoses with other
vessels. Angiogenesis is necessary to provide the new tissue with nutrients and remove any
waste. Moreover, these cells also assist the fibroblasts by providing them with the oxygen
they need to continue proliferating and synthesizing matrix (173).

In all, the three main functions of granulation tissue are immune protection, filling the wound with

new tissue/vasculature, and serving as a temporary patch until fibrotic/scar tissue forms (173).

This project was based off the primary literature discussed in Chapter 1 and 2. Below is a summary

of the thesis rationale as well as the hypothesis and aims of the project.
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Thesis Rationale

In a previous study by Krawetz and Lyons (57), an adult mesenchymal progenitor cell (MPC)
population was isolated from human epidural fat, and Prx/* cells were found within mouse
epidural fat and adjacent dura. Yet, the role of these cells (if any) remained elusive. In this thesis,
I explored the possibility that cells originating from the epidural fat are responsible for tissue
homeostasis (during growth and post-injury) in the dura mater. The previous literature on adipose
derived MPCs from other anatomical sources of fat would suggest MPCs within the epidural fat
are a likely candidate to play a pivotal role in the health of the dura mater. Moreover, if these
epidural fat MPCs are involved in the growth and/or maintenance of the dura, then these MPCs
may also have the potential to respond to injury signals within the vertebral environment.
Therefore, the purpose of this thesis project was to study the roles of epidural fat MPCs in regard
to the maintenance of the dura mater both under homeostasis and after injury/insult, and to observe

what effect the depletion of epidural fat MPCs have on the homeostasis of the dura mater in vivo.

Hypotheses
The hypotheses for this project are:
I.  PrxI and/or Hicl expression in the epidural fat marks a population of MPCs in vivo which
maintain and/or contribute to the growth of the dura mater in mice.
II.  PrxI* and/or Hicl* MPCs (and/or their differentiated progeny) respond to dural injury.

III.  PrxI* MPCs in a p21”- mouse model display increased cell proliferation in vivo.

Project Aims
To test these hypotheses, this thesis is organized in to six main aims. An overview of the techniques

used can be seen in Figure 3.

1. Characterize epidural fat MPC localization in vivo over time during normal
growth/maturation (8-34 weeks of age) in both C57BL/6 and p21~ mice.

2. Characterize epidural fat MPC localization in vivo in a skeletally mature mouse model (6
months of age).

3. Determine the relationship between cell populations expressing MPC lineage markers-

Prx1 and Hicl, and their respective contribution(s) to the dura mater.
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. Genetically ablate epidural fat MPCs and observe consequences on the dura mater.

. Perform a focal dural injury (puncture) and investigate if epidural fat MPCs (endogenous
and exogenous) respond to the injury in both C57BL/6 and p21-~ backgrounds.

. Pilot Project: Deliver human epidural fat MPCs to an immune compromised dural injury
mouse model to corroborate the role of epidural fat MPCs post-injury and also determine

if MPC function is conserved between mice and human.
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Research Background:

dgg;(rlgé?il if;?t‘[r;gn;ﬁ?irl‘}gl MSCs isolated and Presumptive MPCs labelled
P Y characterized in human in mouse epidural fat and

due ;(; gf&%gfgﬁ;i%‘éﬁﬁon epidural fat (56,57) the adjacent dura mater (57)

Conclusions:

The existence of MPCs in the epidural fat suggests it is not solely a space filling tissue. As we currently have no
information on endogenous repair mechanisms within the dura, and if MPCs are observed within the dura mater (57);
then it is possible that MPCs within the epidural fat help maintain homeostasis in the dura mater during normal growth
and post-injury.

Aims 1&2: Characterize epidural fat MPC localization in vivo over time during normal growth/maturation (8-34 weeks
of age) and in a skeletally mature mouse model (6 months of age).

Aim 3: Determine the relationship between cell populations expressing MPC lineage markers- Prx/ and Hicl, and their

respective contribution(s) to the dura mater.

Induce transgenic reporter Perform histological and

mice to permanently label Harvest spines, paraftin immunohistochemical

mesenchymal progenitor embed, and section analysis via fluorescence
lineages in vivo imaging

Aim 4: Genetically ablate epidural fat MPCs and observe consequences on the dura mater.

Induce transgenic reporter Perform histological and
mice to release diphtheria Harvest spines, paraftin immunohistochemical
toxin A intracellularly for embed, and section analysis via fluorescence
highly specific cell ablation imaging

Aim 5: Perform a focal dural injury (puncture) and investigate if epidural fat MPCs (endogenous and
exogenous) respond to the injury in both C57BL/6 and p21” backgrounds

Perform dural injury Perform histological and

sureery and exogenousl Harvest spines, paraffin immunohistochemical
sety ar g Y embed, and section analysis via fluorescence
deliver epidural fat MPCs imaging

Aim 6: Pilot Project: Deliver human epidural fat MPCs to an immune compromised dural injury mouse model to
corroborate the role of epidural fat MPCs post-injury and also determine if MPC function is conserved between mice

and human.
Perform dural injury q ) Perform histological
surgery and arvest spines, and
Célltu{efhtuﬁlg%s exogenously deliver paraffin embed, and immunohistochemical
cpidural 1a human epidural fat section analysis via
MPCs fluorescence imaging

Figure 3. An overview of the techniques used in this thesis.




CHAPTER 3: PrxI+ and Hicl+ mesenchymal progenitors are present within the epidural fat and
dura and participate in dural injury repair
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Abstract

Epidural fat is commonly discarded during spine surgery to increase the operational field.
However, mesenchymal progenitor cells (MPCs) have now been identified in human epidural fat
and within murine dura mater. This led us to believe epidural fat may regulate homeostasis and
regeneration in the vertebral micro-environment. Using two MPC lineage tracing reporter mice
(Prx1 and Hicl), not only have we found that epidural fat MPCs become incorporated in the dura
mater over the course of normal skeletal maturation but have also identified these cells as an
endogenous source of repair and regeneration post-dural injury. Moreover, our results reveal a
partial overlap between PrxI™ and Hicl™ populations, indicating a potential hierarchical
relationship between the two MPC populations. This study effectively challenges the notion of
epidural fat as an expendable tissue and mandates further research into its biological function and

relevance.

Graphical abstract
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1. Introduction

Since their discovery in bone marrow by A.J. Friedenstein in 1976 (174), mesenchymal progenitor
cells (MPCs) have been identified in almost all human tissues (175). Although tissue of origin
confers site specific differences in MPC characteristics - such as morphology, fate commitment
biases and immune-phenotype (24), overall, MPCs from all sources retain the ability to self-renew
and differentiate into multiple cell types of mesodermal lineage. MPCs also possess bimodal
immunomodulatory properties wherein they can enhance cells from both the innate and adaptive
immune systems and inhibit the release of pro-inflammatory cytokines in damaged tissue (1,176)
Using these properties and likely other mechanisms, MPCs home to, and proliferate in
injured/inflamed environments where they promote repair/regeneration, angiogenesis, and cellular
recruitment (20). Adipose tissue is an abundant source of MPCs, with less-invasive isolation
methods and a higher MPC yield compared to bone marrow (177). As such, MPCs derived from
adipose tissue have become a promising tool in regenerative medicine approaches for the treatment

of numerous chronic and acute disorders (130).

Recently, a progenitor population—expressing MPC surface markers and capable of trilineage
differentiation—was found in human epidural fat (56,57). Using a Prx/ lineage tracing mouse, it
was also found that these epidural fat MPCs populated the dura mater (57). The biological function
for epidural fat is still debated and therefore it is commonplace for epidural fat to be discarded
during surgical procedures to increase the operational field of view. We have previously
questioned this practice and suggested that epidural fat may regulate homeostasis and regeneration
in this environment such that perturbation from its original location could lead to degeneration or
fibrosis of neighbouring tissues, such as the dura mater (178). Therefore, we undertook the current
study using two MPC lineage tracing reporter mice to determine if epidural fat MPCs are an
endogenous source of repair and regeneration in the spinal canal and maintain the integrity of the

dura mater throughout growth and post-injury.
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2. Materials and Methods
2.1 Experimental Outcome: The experimental outline of the study is presented in Figure 1.

2.1 Ethics Statement: Animal studies were carried out in accordance with the recommendations in
the Canadian Council on Animal Care Guidelines and approved by the University of Calgary
Health Sciences Animal Care Committee (AC20-0042).

2.2 Lineage tracing: Prx[CrERT2-GFPHAR ) gRUdTomatot+ (derived from stock no. 029211 and 007914
from The Jackson Laboratory; Supplementary Figure 1) and HiclCeERT2/R)GR WTomatot/+
(courtesy of Dr. T. Michael Underhill, University of British Columbia; Supplementary Figure 2)
reporter mice were employed in this study. The active Z isomer of Tamoxifen ((Z)-4-OHT, Sigma
Aldrich) was administered to both mice strains intraperitoneally (1mg/injection) for four
consecutive days to drive Cre mediated recombination and permanently label the cells with
tdTomato. Prx/ and Hicl MPC lineage tracing was performed (mice aged 2 months) at 1, 2, 4
weeks and at 4 months post-tamoxifen induction. Additionally, Prx/* MPC lineage tracing was
performed on aged mice (6 months) at 1-, 2-, and 4-weeks post-tamoxifen induction. Mice were
sacrificed via COz asphyxiation and intact spines removed and fixed for seven days in 10% neutral
buffered formalin (NBF; Fisherbrand), then decalcified in 10% EDTA (pH=7) for 14 days. After
decalcification, samples underwent tissue processing and paraffin embedding. EverBrite™
Hardset Mounting Medium with DAPI (emission wavelength 420-470nm, Biotium) was applied
to slides and endogenous GFP and tdTomato florescence was assayed using an Axio Scan.Z1 Slide
Scanner microscope (Carl Zeiss) outfitted with a Plan-Apochromat objective (10x/0.8 M27). The
following filters were applied: DAPI (353 nm/465 nm), EGFP (493 nm/517 nm), DsRed (563
nm/58 Inm).

2.3 Immunohistochemistry: To prepare samples for immunostaining, serial sagittal paraffin
sections (10 um) were deparaffinized in CitriSolv (Fisher Scientific) and rehydrated through a
series of graded ethanols to distilled water. Next, samples were subjected to antigen retrieval (10
mM sodium citrate, pH 6.0) and blocking (1:500 dilution; 100 pL goat serum:50 mL TRIS-
buffered saline, 0.1% Tween 20 (TBST) for 1 hour). steps were performed prior to going through
TBST wash and antibody application steps. Antibodies conjugated to fluorophores for cell
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proliferation (Ki67 — AF647, Clone # SolA15, eBioscience), a dural marker (a-SMA — AF647,
Clone # 1A4, Biolegend), Hicl (Clone # H6, Santa Cruz), Prx1 (Novus Biologicals) were applied
at 4°C overnight. Sections were then washed 3 times at 10 minutes/wash in TBST and mounted
using EverBrite™ Mounting Medium with DAPI (Biotium) for nuclear counterstaining and cover

slipped.

2.4 MSC ablation: Prx]C<ERTZCFPHIR)ERUTomator and Hijc ]CreERT2ZHTRY pRTomatlor* mjce were
crossed with R26RPT™A** mice (DTA: diphtheria toxin subunit A; stock no. 010527 from The
Jackson Laboratory) mice to generate the Pyx]CeERT2ZGFPH-R)ERWTomatot-R)EROTAY-  and
Hic]CER?-RQpRTomatot-RDGRPTAY-  gtrains. (Z)-4-hydroxytamoxifen (Img/injection) was
administered to mice (aged 2 months) intraperitoneally for ten days consecutively to drive Cre
recombination, and subsequent release of DTA, to ablate the Prx/ and Hicl expressing MPCs.

Spines were harvested 1 day after the last injection of tamoxifen.

2.5 Dural injuries: The injury model was performed on both induced Prx/ and Hicl reporter mice.
Mice were anesthetized (isoflurane 3.0vol/vol% with 1L/min O2), the skin of their back shaved
and disinfected, and the dorsal aspect of the spinal column exposed at the L3 vertebrae. Paraspinal
muscles were mobilized and retracted, with hemostasis secured by bipolar cautery. An L3
laminectomy was performed, and the dura mater focally punctured with a 30-gauge needle.
Evident leakage of cerebrospinal fluid was used as indication of a successful puncture. The muscle
was repaired with 6-0 vicryl and the skin closed with stainless clips. Mice were sacrificed two

weeks post-injury for histology (Safranin-O and Fast Green) and immunohistochemistry.

2.6 Cell enumeration and statistical analysis: Cell counting was performed using a methodology
previously described (179,180). Briefly, cells positive for the reporter and/or antibodies of
interest were enumerated within two regions of interest (Area = ~1.12 x 10° sq. um): epidural fat
and dura mater from n=3 animals at each data point. For each region of interest (per animal), a
total of n=3 tissue sections were counted for each fluorescent filter (e.g., EGFP, R-PE, DsRed,
APC) or in combination when applicable. GraphPad Prism software (Version 7.0) was used to

summarize the variables (mean + SD) and perform standard descriptive statistics. Significance
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was reported at the level of p<0.05. Statistical analysis was by one-way or two-way ANOVA (as

appropriate) followed by Tukey’s post hoc testing.
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Figure 1. Schematic overview of the experimental design employed in the current study.
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3. Results

3.1 Prxl* cells enrich the dura mater over time: Post-tamoxifen induction in the Pyx]CreERT2-
GFPHAR26RWTomato+ model, if the cells continue to express Prx, GFP and tdTomato expression is
co-localized (yellow cell). Once PrxI* cells commit to a fate decision, these cells lose Prx/ (and
GFP) expression, yet retain tdTomato expression. At one- and two-weeks post-tamoxifen
induction, few PrxI" cells were present within the dura mater (Figure 2 A,B), however, by four-
weeks post-induction, the dura mater appeared to be primarily comprised of Prx/™" cells (Figure
2 C). While the abundance of Prx/" cells was altered in the dura mater over time, the presence of
PrxI* cells in the epidural fat remained unchanged over the same time period (Figure 2 A-C). It
is also important to note that the Prx/™ MPCs within the dura mater remained undifferentiated as
they retained expression of GFP (Supplementary Figure 3). These Prx/™ MPCs were non-
proliferative within the dural tissue as Ki67 staining (blue) was absent over the time points
examined (Figure 2 A-C). Interestingly, in the skeletally mature mouse (6 months old; 4 months
post-tamoxifen induction), single PrxI™" cells were observed interspaced every ~100um within the
dura mater (Figure 3). Similar to lineage traced PrxI™ cells in the younger mice, these cells also
retained GFP expression suggesting they remained in an undifferentiated fate (Figure 3). Yet, in
contrast to the earlier timepoints, these cells expressed Ki67, suggesting they were proliferative
within the dural tissue (Figure 3). To determine if the expansion of Prx/* MPCs in the dura mater
over time was an effect of growth/maturation or a normal cyclic phenomenon, 6-month-old mice
were induced with tamoxifen (Supplementary Figure 4). No expansion of Prx/* MPCs was
observed within the dura mater over time in the aged mouse, instead lineage tracing revealed that
the sparse pattern of undifferentiated (GFP") MPCs remained in the dura mater (Supplementary
Figure 4).

3.2 Hicl+ MPCs cycle between the dura mater and epidural fat over time: In the
HiclCreERT2HAR) R WTomatot madel, Hicl expressing MPCs, and their differentiated progeny were
permanently marked by tdTomato expression post-tamoxifen injection. Unlike Prx/™ MPCs, Hicl*
MPCs were present within the dura mater, with little to no tdTomato expression observed in the
adjacent epidural fat at one- and two-weeks post-tamoxifen induction (Figure 2 D,E). However,
by four-weeks post-tamoxifen induction, the adjacent epidural fat was enriched with Hic/* MPCs

(Figure 2 F). Ki67 staining revealed that nearly all the Hic/® MPCs within the dura mater were
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proliferative (Figure 2 D) with the exception of 4 weeks, where no Ki67 staining was present
within HicI™ MPCs (Figure 2 F). At four-months post-tamoxifen induction, HicI* MPCs were
once again observed within the dura mater, with minimal tdTomato expression observed within
the epidural fat (Figure 3 C). Furthermore, these Hic/+ MPCs within the dura mater were

proliferative as evidenced by Ki67 expression (Figure 3 C).
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Figure 2. PrxI* (A-C) and Hicl* (D-F) MPC lineage tracing 1,2 and 4-weeks post-tamoxifen
induction. Sections were also stained with Ki67 to identify proliferative cells (A-F). The dura
mater is highlighted by the dashed line while the epidural fat is encircled by the solid line. Arrows
indicate examples of PrxI" and Hicl" cells within the dura mater. Quantification of Prx/* and
Hicl" MPCs within the dura mater and epidural fat (G). * p<0.05. Scale bars = 100um; SC= spinal
cord.
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Figure 3. PrxI" (A-B’’) and Hicl* (C) MPC lineage tracking (LT) in skeletally mature mice
(four months post-tamoxifen induction). Individual GFP (Prx/) and tdTomato (PrxILT)
channel images (B’,B’’) are presented to demonstrate that the PrxI™ LT cells remain
undifferentiated. The dura mater is outlined by the dashed line while the epidural fat is encircled
by the solid line. Arrows indicate examples of PrxI* and Hicl® cells in the dura mater.
Quantification of Prx/* and Hicl™ MPCs within the dura mater and epidural fat (D). * p<0.05.
Scale bars = 100um (A,C) and 50 um (B-B’”); SC= spinal cord.
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3.3 Prxl* and Hicl® MPC populations overlap: Prx]CeERT2-GFPHiR)gRIdTomatot gnines were
stained for Hicl (Figure 4 A-C, Supplementary Figure 5) and HiclCeERT2*/FR26R dTomatot/+
spines with for Prx/ (Figure 4 D-F, Supplementary Figure 5). This was undertaken to determine
if there was any overlap between the Prx/ and Hicl MPC lineages during the timepoints examined
(1-, 2- and 4-weeks post-tamoxifen induction). In Prx/ lineage traced mice, only minimal overlap
with Hicl immunostaining was observed regardless of the timepoint (Figure 4 A-C). This same
pattern was observed in Hicl lineage traced mice with Prx/ immunostaining (Figure 4 D-F).
Furthermore, it did not appear that there was difference in co-localization of (Prx/ with Hicl or
vice versa) within the dura mater vs. epidural fat. Interestingly, we were able to identify instances
of asymmetric cell division in which a lineage traced cell (in this case Hicl) gave rise to one cell
expressing Prx1 (or possibly the mother cell was Prx/™) while the other did not (Supplementary
Figure 6).
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Figure 4. Hicl protein expression in Prx]CreERTZ-GFPHAR) gRtdTomatot/* ijjce (A-C) and PrxI
protein expression in HicCreERT2ZHFR2oRMTomato* mmjce (D-F) 1,2- and 4-weeks post-
tamoxifen induction. The dura mater is outlined by the dashed line while the epidural fat is
encircled by the solid line. Arrows indicate examples of colocalization between Prx1 and Hicl.
Quantification of percentage of co-localized staining between Prx/* with anti-Hicl staining and
HicI" with anti-Prx1 staining within the dura mater and epidural fat (G). * p<0.05. Scale bars =
100pm; SC= spinal cord.
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3.4 Ablation of Prx1* or Hicl™ MPCs results in a loss of a-SMA staining in the dura: While PrxI*
and HicI* MPCs were observed in the epidural fat and adjacent dural tissue, it remained unknown
if these cell populations play a functional role in this micro-environment. Therefore,
Py JCreERT2GFP+-R 9 g ptdTomatot-R 2 6RPTAY-and  Hic ]CreER2H-R 2GR dTomato+-R2GROTAY- mice were
employed to ablate these populations and a-SMA immunostaining was undertaken to determine if
the loss of these populations has a negative effect on the dura mater and/or epidural fat (Figure 5).
In the normal dura mater, a-SMA staining is fairly ubiquitous throughout (Figure 5 A,D),
however, when PrxI" or HicI" MPCs were ablated, nearly all a-SMA staining was lost in the dura
mater (Figure 5 B,E,G). However, since genetic ablation is not 100% efficient, there were areas
within the epidural fat and/or dura mater which retained Prx1" or Hicl™ MPCs (Figure 5 C,F,G).
In these cases, a-SMA expression was observed in the dura mater, however the staining pattern
was punctate and discontinuous (Figure 5 C,F). Furthermore, the moderate amount of a-SMA in
the dura mater of these animals was only observed in close proximity to remaining Prx/" or Hicl*

MPC:s (Figure 5 C,F).
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After 10 days of 4-OHT treatement to induce MPC ablation
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Figure 5. a-SMA expression in the dura mater of wild-type controls (A,D) and after PrxI
(B,C) or Hicl (E,F) MPCs are ablated following 10 days of tamoxifen induction. The dura
mater is outlined by the dashed line while the epidural fat is encircled by the solid line. Arrows
indicate examples of PrxI* and Hicl* MPCs in the epidural fat. Quantification of mean fluorescent
intensity (MFI) of a-SMA expression in Prx/" and Hicl* mice within the dura mater (G). * p<0.05.
Scale bars = 100um; SC= spinal cord.
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3.5 Prx1" and HiclI™ MPCs are found at the site of dural injury: The area of injury was determined
by examining Safranin-O-stained slides to identify granulation tissue that resulted due to the
surgery (Figure 6 A,D). Two weeks post-injury, Prx/™ MPCs were found within the dural lesion.
These MPCs remained in an undifferentiated state since they retained expression of Prx/ (GFP™)
(Figure 6 B,C). These PrxI" MPCs were non-proliferative as they expressed Ki67 (Figure 6 B).
However, while a-SMA staining was observed within the area of dural injury, it was not produced
by these MPCs as a-SMA staining did not co-localize with GFP expression (PrxI” MPCs) (Figure
6 C). Similarly, proliferating (Ki67") HicI™ MPCs were also found at the site of injury (Figure 6
E), yet these cells also did not express a-SMA staining as no co-localization was observed with
tdTomato expression (Hicl® MPCs) (Figure 6 F). There were no differences in the number of

Prx1*vs. HicI™ MPC within the injury site (Figure 6 G).
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2 weeks post-dural injury
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Figure 6. Endogenous repair of injured dura mater in the Prx]CreERTZ-GFP+R) R dTomato+/+
(A-C) and HicICTeERTHR2 R Tomatot* mjce (D-F). Histological (A,D) and corresponding Ki67
(B,E) and a-SMA (C,F) images are presented. The dura mater is outlined by the dashed line while
the epidural fat is encircled by the solid line. Asterisks indicate granulation tissue adjacent to the
dural injury (A,D). Arrows indicate examples of PrxI* and Hicl® MPCs within the dural injury
site. Quantification of Prx/" and Hicl™ MPCs within the dural injury site (G). * p<0.05. Scale bars
= 100pm; SC= spinal cord, SP= spinous process.
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4. Discussion

Epidural fat is a low-density white adipose tissue found within the spinal canal (49). Previously
hypothesized functions of epidural fat centre around its mechanical properties (such as shock
absorption) (55), however these paradigms are not widely accepted by clinicians. Therefore,
epidural fat is commonly discarded during surgical procedures. Adjacent to epidural fat is the dura
mater, the outermost protective membrane surrounding the spinal cord, which contains the
cerebrospinal fluid and plays a crucial role in anchoring and protecting the central nervous system
(75). Although we know that PrxI™ cells are present within epidural fat from lineage tracing
experiments (57), the biological relevance of these cells in vivo has not been explored. In this
study, we have expanded upon the contributions of two MPC populations within the epidural fat /

dural micro-environment.

Prx1 (Paired related homeobox-1) is a robust adipose MPC marker (82) and it has previously been
demonstrated that it marks presumptive MPCs within murine epidural fat (57). Recently, a novel
potent MPC lineage marker, Hicl (Hypermethylated in cancer-1) was identified in skeletal/cardiac
muscle- (149,150) and skin-derived cells (181). Interestingly, while Prx/ is a transcription factor
involved in early mesodermal fate commitment (136), Hicl is a transcriptional repressor (182,183)
found to be expressed only in quiescent MPCs (149,184). These Hicl+ MPCs give rise to transit-
amplifying cells (TACs) that support regeneration post-injury in the tissues examined to date
(149,150,181). Since MPCs continue to demonstrate their vital importance in tissue homeostasis
and regeneration, Prx/ and Hicl reporter lineage tracing mice were employed in this study, and
their contribution to the dural environment investigated. The current study has demonstrated
epidural fat and/or dural MPCs contribute to the homeostasis of dural tissue over the course of
normal growth and maturation, and that these MPCs are involved in tissue repair post-injury. We
have demonstrated that there is an expansion of MPC populations during the growth/maturation
period and when these animals reach skeletal maturity, there is a reduction of Prx/™ MPCs, while
HicI" MPCs are maintained within the dura mater. When Prx/* and Hicl™ MPCs are genetically
ablated, there is a loss of dural tissue integrity (suggested by the loss of a-SMA expression).
Moreover, when there is an injury in the dura mater, these MPCs are found within the injury site.

These results strongly suggest that these cells are responsive to cues in the micro-environment and

50



participate in growth, repair and homeostasis. This behaviour fits with previous studies of MPCs
in other tissues and demonstrates that the epidural fat and dura mater have reservoirs of MPCs.
We hypothesize that the Prx/™ MPCs are native to epidural fat (and not the dura) as PrxI
expression remained consistent in the epidural fat over the time points examined, whereas there
was an expansion followed by reduction of this population over time in the dura mater.
Furthermore, our data suggests that these Prx/™ MPCs are likely migrating from the epidural fat
to the dura mater instead of proliferating within the dura. This is evidenced by the lack of Ki67
staining in the Prx/"™ MPCs within the dura mater, with the exception of the late timepoint (4
months) in which we believe these cells are slow cycling, which is consistent with MPC in other
adult tissues, such as synovium (185). However, to be sure, BrdU/EdU labeling could be employed
in future studies. This hypothesis is further supported by the appearance of the sparsely interspaced
PrxI™ MPCs in the dura mater at skeletal maturity; which mimics MPC patterns in other adult
tissues wherein the percentage of MPCs is negligible in comparison to the mature, differentiated
cells of the tissue (186). For example, long bone growth occurs at the growth plate located between
the epiphyseal and metaphyseal bones. Progenitor populations divide in the growth plate and
differentiate into chondrocytes that synthesize large amounts of extracellular matrix proteins. Most
of these cells eventually undergo apoptosis (187), which is also a possible outcome that explains
the loss of PrxI* MPCs in the dura by six months of age. Similarly, Prx/* MPCs in the epidural
fat could be maintaining the dura mater throughout growth and acting as a reservoir in the adult
mouse similar to MPCs within other tissues such as periosteum (188). Additional studies will be
required to investigate whether Prx/* MPCs undergo apoptosis, terminally differentiate, and/or

migrate away once the dural membrane reaches maturity.

Interestingly, the localization pattern of Hicl® MPCs was nearly inverse to that of PrxI™ MPCs
such that increased Hicl expression in the epidural fat was complemented by a decrease in
expression in the dura mater over the 1-4-week post-Tamoxifen timepoints examined. Based on
these results, it is plausible that these two populations of MPCs are spatially distinct in the spinal
canal and possess different fate trajectories. However, at skeletal maturity, and distinct from what
was observed in Prx/ lineage traced animals, the dura mater was once again enriched with Hicl*
MPC:s. This led us to hypothesize that Prx/ and Hicl do not mark distinct progenitor populations

in the dural environment, and this was then supported by our finding of colocalization between
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Prx1/Hicl lineage traced cells and PrxI/Hicl protein expression. Our results clearly demonstrate
that some (but not all) Prx1*/HicI™ MPCs also express the other marker, and we have also seen
evidence of asymmetrical cell division in these populations with mother/daughter cells expressing
different combinations of PrxI/Hicl. However, this poses the question: is there a hierarchy
between cells that express one of the two MPC markers and if so, which is the apex MPC marker
in this case? Previous studies have shown that MPCs differentiate according to a discrete
hierarchical model (6,189,190). In this case, does asymmetrical division in Hicl* cells result in the
loss or gain of Prx/ expression (and vice versa), and what significance does this hierarchical
relationship hold to the anatomical region under study? Based on the pattern of Prx/ and Hicl
expression in the epidural fat and dura mater over time and that Hic/ marks only quiescent MPCs,
while Prx/ marks committed progenitor populations, we propose a hypothetical model in which
Hicl identifies MPC with greater potency than Prx/ (Figure 7). In this model, quiescent Hicl*
MPCs in the dura mater are activated in response to some biological cue (such as growth, injury,
maintenance) and begin to proliferate. Once a sufficient TAC pool is obtained, these MPCs exit
the cell cycle (Figure 2F) after which these TACs migrate to the epidural fat where they commit
to a mesodermal fate and gain Prx/ expression. With normal growth/maturation, these non-
proliferative Prx1™ MPCs migrate back to the dura mater where they remain non-proliferative until
the mice reach skeletal maturity at which point, they take an apparent slow cycling phenotype,
most likely to maintain this population within the dura mater. While our current data suggests
migration, it does not prove that it occurs, therefore, it is also possible that these MPCs enter and
leave quiescence in each respective tissue (dura vs. epidural fat) which would result in the
absence/presence of Hicl expression while most retain Prx/ expression due to their mesodermal
fate commitment. With our current transgenic models, this hypothesis cannot be confirmed as the
migration of PrxI" and Hicl cells between tissues remains an assumption. However, tracing of
transplanted Prx!*/Hicl®™ MPCs into the epidural fat of a wild-type mouse could provide insight
into this assumption.

The similar phenotype observed in the dura mater (loss of a-SMA staining) when both Prx/" and
Hicl® MPCs were ablated also supports the ideas that Prx/* and Hicl* MPCs are not entirely
unique populations and are at the least somewhat functionally similar as they contribute to
maintaining the dura mater. Similarly, Prx/* and Hicl™ MPCs both responded to the dural injury.
However, the lack of a-SMA staining at the injury site suggests that these cells do not directly
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reconstitute the dural tissue (as neither population gives rise to a-SMA™ cells), but instead likely
play an immunomodulatory and cell-signaling role to promote repair and regeneration, as is widely
accepted to be a role of MPCs in vivo (1,6,149,191-193). Moreover, Hicl+ cells in the wound
were proliferative, which is supported by previous research demonstrating that these cells give rise

to transit amplifying cells that support wound healing (149).

MSCs/MPCs delivered exogenously in preclinical trials of wound healing have been found to
home to sites of injury as a chemotactic response to local influences such as inflammation and
hypoxia (194-197). However, systemically delivered MPCs face mechanical barriers in small
diameter vessels where they can passively arrest (198), and even when cleared from the blood,
MPCs are commonly found entrapped in the lung (196). Specific to our study, the need to repair
dural defects has led to the search for a functional substitute which possesses the same
physiological characteristics, such as biomechanical properties and fiber architecture, as the dura
mater, whilst ensuring biocompatibility and functional integration (76). Our study demonstrates
that an endogenous cell source exists that participates in dural maintenance and repair; and that if
this cell population could be mobilized, it may have the ability to stimulate repair in patients

suffering from dural injuries/pathologies.
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Figure 7. Hypothetical model proposed for the Hicl and Prx1 hierarchy. Hic/™ MPCs native
to the dura mater proliferate in response to biological cues (Figure 2 D,E). These MPCs exit from
the cell cycle while in dura mater (Figure 2 F) and then these Hicl" lineage traced TACs migrate
to the adjacent epidural fat (Figure 2 F). In the epidural fat, these MPCs/TACs acquire a Prx/*
mesodermal fate, as seen by the colocalization of Hicl and Prx] expression in cells (Figure 4,
Supplementary Figure 5). These Prx/* MPCs migrate back to the dura mater, and do not re-enter
the cell cycle. The expansion of PrxI™ MPCs in the dura mater over-time (Figure 2 A-C) is a
product of the migration of these cells from the epidural fat and not due to cell proliferation. At
skeletal maturity, PrxI* MPCs in the dura mater are lost aside from a few interspaced MPCs, which
are now proliferative (Figure 3) and most likely undergo slow cycling in this tissue to maintain
homeostasis and respond to future activation cues/insults (Figure 6).
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5. Conclusion

Only recently was a progenitor population in epidural fat identified (56,57), yet the role of these
MPCs remained unknown. In the current study, we have demonstrated that MPCs within the dura
mater and adjacent epidural fat are essential for the maintenance of the dura mater throughout
growth and post-injury. Moreover, we have demonstrated partial overlap (marker expression and
function) between Prx /™ and Hicl* MPC populations. This finding opens new avenues of research
into the hierarchical relationship between these two progenitor populations in the spinal micro-
environment in addition to other tissues (such as bone, periosteum). This study further challenges
the notion of epidural fat as an incidental/biologically inert tissue (51,57) and suggests additional
research should be directed towards unveiling the molecular and functional differences between
epidural fat and other types of white adipose tissue in specific regards to homeostasis and in disease

states.

55



6. Supplementary figures
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Supplementary Figure. 1. PrxI MPC lineage tracing overview within Prx]CreERT2-
GFP++R26R!Tomato++ mice employed in the current study.
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Supplementary Figure. 2. Hicl MPC lineage tracing overview within
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Supplementary Figure 3. PrxI* (A-C) MPC lineage tracing 1,2- and 4-weeks post-tamoxifen
induction. Prx/*™ MPCs within the dura mater remained undifferentiated at the time points
examined as they expressed both GFP (Prx/) and tdTomato (Prx/LT). The dura mater is outlined
by the dashed line while the epidural fat is encircled by the solid line. Arrows indicate examples
of PrxI* MPCs in the dura mater. Scale bars = 100um; SC= spinal cord.
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Supplementary Figure 4. PrxI* (A-C) MPC lineage tracing 1,2 and 4-weeks post-tamoxifen
induction in an aged mouse (at 6 months). Individual GFP (Prx/ - A’,B’,C’) and tdTomato
(PrxILT - A”’,B”°,C”’) channel images are presented to demonstrate that the Prx/* lineage traced
cells remain undifferentiated. The dura mater is highlighted by the dashed line. Arrows indicate
examples of PrxI™ MPCs within the dura mater. Quantification of Prx/* MPCs within the dura
mater (D). * p<0.05. Scale bars = 50um; SC= spinal cord.
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Supplementary Figure 5. Examples of PrxI and Hicl colocalization with anti-Hicl and anti-
Prx1  respectively in  the  Prx/CERTZGFPHAR)ERWTomator ™ mouse  (A,C,E)  or
Hic ] CeERT2H R 2 6RTomatot moyse (B,D,F) 1,2- and 4-weeks post-tamoxifen induction. Arrows
indicate examples of colocalization between Prx/* and Hicl® MPCs (see Fig. 6). Scale bars =
20um; SC= spinal cord.
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Supplementary Figure 6. Asymmetrical cellular division in the dura mater (A) observed in
a HicI" lineage traced MPC (cells number 1 and 2; B,C) 1-week post-tamoxifen induction. Prx/
antibody staining (D) reveals colocalization with Hicl" expression in one of the two dividing cells
(cell number 1; C,D). Scale bars = 20um.
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Abstract

The removal of epidural fat intraoperatively can lead to epidural fibrosis. The reconstruction of
epidural fat using adipose-derived mesenchymal progenitor cells has shown promise in pre-clinical
studies, however, such grafts do not take into account site-specific properties of mesenchymal
progenitor cells. Epidural fat has been identified to possess a population of progenitors that
integrate into the dura mater and are responsive to injury. This study used a p2/ knockout (")
mouse model to determine if the contribution of these cells to the dura mater could be enhanced.
The p217- mouse can regenerate certain tissues, with the repair characterized by increased cell
proliferation. Therefore, it was hypothesized that the process by which epidural fat mesenchymal
progenitors maintain the dura mater would be accelerated in p2/-- mice. Using transgenic mice
designed to allow lineage tracing of mesenchymal progenitors that expressed Prx/, epidural fat
progenitors were found to increase in the dura mater over time. However, by 3-weeks post
tamoxifen induction, only a few progenitors remained in p2/”- mice, unlike the C57BL/6 mice
where numbers continued to increase. These endogenous cells also localized to the dural injury
lesion in both mouse strains, however, only p2/”- mice demonstrated increased proliferation.
When epidural fat mesenchymal progenitors derived from p21”-mice were transplanted into dural
injuries in C57BL/6 mice, these cells homed to the injury site and proliferated in vivo. We have
demonstrated epidural fat mesenchymal progenitors play a role in dural tissue maintenance. Our
results suggest that these cells have potential to treat injuries and/or pathologies in tissues
surrounding the spinal cord.

Keywords: mesenchymal progenitor cells, epidural fat, transgenic reporter mice, regeneration,

p217"-
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Introduction

The removal of epidural fat during spinal procedures, such as a laminectomy, has been identified
as a contributing risk factor to epidural fibrosis such that a buildup of fibrotic tissue can adhere to
the dura mater causing further complications (65). Although laminectomies are performed to
alleviate spinal cord compression, epidural fibrosis can recompress the spinal cord and/or cauda
equina. Moreover, the risk of durotomy increases during revision surgeries for patients with
epidural fibrosis (77). Incidental durotomies are associated with poorer post-operative outcomes,
longer lengths of stay in hospital, and increased re-operation rates(199). However, appropriate
treatment can diminish long-term sequelae post-dural injury. The use of synthetic and biological
grafts to treat insults to the dura mater began in the 20" century, including polymer sheets, glues,
autografts, allografts, and even xenografts (76). To date however, a successful graft which mimics
perfectly the collagen fiber arrangement and accordingly the biomechanical properties of the dura
mater remain elusive.

Given that the loss of epidural fat can result in fibrosis in the epidural space, efforts to re-introduce
epidural fat to its native place have been made including engineered fat from adipose derived
mesenchymal progenitor cells (MPCs) (65), injectable extracellular matrices (73,200,201), and fat
grafting (200,202-204). Attempts at preventing epidural fibrosis thus protecting the dura mater
have also been made using biomaterials like DuraGen (66), and injection of nonsteroidal anti-
inflammatory drugs to re-balance the micro-environment to take on a phenotype that promotes
healing (205). Regardless of the multiple different techniques being explored, no treatment has
gained wide clinical acceptance to prevent epidural fibrosis.

It has been established that epidural fat is home to a biologically active population of MPCs
(Chapter 3)(56,57), and previously, we demonstrated that epidural fat MPCs contribute to dural
maintenance and repair (Chapter 3). Therefore, in this study, we wanted to employ an animal
model of enhanced tissue regeneration to see if epidural fat MPCs would demonstrate a differential
wound healing response. We selected the p2/ knockout mouse as it is known to demonstrate
increased cell proliferation and regeneration in a number of musculoskeletal tissues (161,206
210).

p21 is a cell cycle inhibitor that primarily regulates the Gi checkpoint (159). p21 is involved in
many cellular processes including regulation of gene transcription, modulation of apoptosis, and

DNA repair (159). Recently, it has also been suggested that p21 is critical in maintaining stem cell
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potential in numerous tissues (160,210-213), with the knockdown of p21 expression in MPCs
resulting in increased cell proliferation and expression of stemness markers Nanog and Oct4 (214).
The Heber-Katz group found that mice lacking p21 expression developed a regeneration ability
similar to MRL mice and also possessed the same cellular phenotypes (DNA damage, G2/M
checkpoint bias) (209). In the years since this study, many groups have been investigating the
mechanisms by which p21 loss induces regeneration: modifying DNA damage checkpoints,
reducing fibrotic stimulatory factors like TGF-B1, and supporting progenitor cell stability
(161,215). With the deletion of a single gene, these mice have become a powerful model for the
study of mammalian tissue regeneration.

As p21”- mice demonstrate increased regeneration capacity (161,206-210,216,217), we wanted to
further test the regenerative and/or reparative ability of epidural fat MPCs within this mouse model
in response to normal growth cues and dural injury. Using lineage tracing reporter mice, we
compared dural homeostasis in C57BL/6 vs. p21”-mice and hypothesized that epidural fat MPCs
in p217-mice would display increased cell proliferation thereby accelerating the process by which

dural homeostasis is maintained.
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Methods

Animal strains and sample size

All mice were handled in accordance with the Canadian Council on Animal Care Guidelines and
the animal care protocol was approved by the University of Calgary Animal Care Committee
(AC16-0043, AC20-0042). The Prx1CeERTZ-GFP moyse line used in this study was kindly provided
by Dr. Shunichi Murakami (Case Western Reserve, Cleveland, OH) (218). C57BL/6 and p21--
(B6;129S2-Cdknla™! ™) were purchased from The Jackson Laboratory (Bar Harbor, ME). At least
an n=3 was used per strain, per timepoint.

Prx [CreERT2-GFPHAR) gRUdTomatot/+.  C5TBL/6: generated by crossing Prx]CeERTZGEPH* mice
(C57BL/6 background) with R26RTdTematot/* mice (C57BL/6 background; derived from stock no.
007914 from The Jackson Laboratory) and genotyped to generate Prx]CreERT2-GFP+/H
R2GRTdTomato s/ Py JCreERT2-GFPH+R ) GRUATomatow+ 12 [-1-y ) Pry JCeERT2GFP/+ ice were crossed
with p217-mice (Cdknla™ /], stock no. 003263 from The Jackson Laboratory, backcrossed with
C57BL/6 mice for 10 generations prior to the start of the study) and genotyped to select
Prx [CERTZ-GEPH 52 [- mice. b) R26RTdTomalot* mijce were crossed with p217- mice and genotyped
to select R26RTdTomatot’* 52 1~ mice. The two lines were then bred and genotyped to generate

Prx ICreERTZ-GFP+/+R26thT0mato+/+; p Y, ]-/- mice.

Lineage tracing

In both backgrounds (C57BL/6, p217-), Prx1 is identified by GFP expression. Mice were injected
interperitoneally with tamoxifen (4 days; (Z)-4-OHT, Sigma Aldrich) to induce Cre-mediated
recombination and permanently label Prx/-expressing cells with tdTomato. After the MPCs have
differentiated, Prx/ (and by extension GFP) expression is lost and cells that were expressing Prx/
at the time of tamoxifen induction will only express tdTomato. Prx/* MPC lineage tracing was
conducted 1-4-weeks post-tamoxifen induction in both strains of mice, and also at 4-months post-
tamoxifen induction in the C57BL/6 background strain. Spines were removed from mice after CO:
asphyxiation and fixed (10% NBF; Fisherbrand), decalcified (10% EDTA pH=7.4) and processed
before paraffin embedding.
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Dural injuries

Following induction of anaesthesia (isoflurane 3.0vol/vol% with 1L/min O2) and subcutaneous
administration of Buprenorphine (0.05 mg/kg), the dorsal skin of the mice was shaved and
disinfected (iodopovidone). The spinal column was then exposed below the thoracic region and an
L3 laminectomy was performed. In the same location, the dura mater was punctured using a 30-
gauge needle, followed by muscle repair and skin closure. 2-weeks post-injury, mice were
sacrificed for histology and immunofluorescence. The injury site was identified by the presence of

granulation tissue and disrupted paraspinal muscle.

Histology and immunofluorescence

Spine samples were sagittally sectioned (10 um), deparaffinized (CitriSolv; Fisher Scientific), and
rehydrated (graded ethanol to distilled water washes). For histology, slides were stained with
Safranin-O and Fast Green to visualize collagens and proteoglycans within the dura membrane,
respectively. For antigen retrieval, samples were submerged in 10 mM sodium citrate (pH 6.0)
followed by blocking in goat serum for 1 hour (1:500 dilution; 200 puL goat serum: 100 mL TBST)
before going through sequential washes (TBST, PBS) and conjugated antibody application steps.
Ki-67 (AF647, Clone # SolA15, eBioscience), a non-histone nuclear marker for cell proliferation
and a-SMA — AF647, Clone # 1A4, Biolegend), a dural marker, were applied to sections before
cover slipping slides with EverBrite™ Hardset Mounting Medium with DAPI (Biotium, 353
nm/465 nm). MPC (PrxI": GFP; 493 nm/517 nm), differentiated MPC (Prx/-: tdTomato; 563
nm/581 nm) and Ki-67 or o-SMA (650 nm/665 nm) expression were analyzed via
immunofluorescence using an Axio Scan.Z1 Slide Scanner microscope (Carl Zeiss) outfitted with

a Plan-Apochromat objective (10x/0.8 M27).

Epidural fat cell isolation

Murine epidural fat was harvested to isolate Prx/™ cells that lacked expression of p21.
Anesthetized Prx]CTeERT2-GFPHFR)gRTomato/+. 12 [ reporter mice were sacrificed via cervical
dislocation and intact spines removed. Starting from the lumbar region, the spine was cut to access
the hollow spinal canal where epidural fat was isolated. The fat was plated in 6-well plates with
Mesencult™ Basal Medium (Stemcell Technologies) and incubated (37°C and 5% CO>) until cells
began proliferating. At 60% confluency, cells were washed with DPBS (Lonza- BioWhittaker)
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and passaged with 0.05% Trypsin EDTA (Gibco Life Technologies) and then allowed to
proliferate with media changes every 2 days. The cells were then assayed for GFP/tdTomato
expression by fluorescence microscopy before being exogenously delivered (10,000 cells) to the

dural injury site within a C57BL/6 (non-fluorescent) mouse.

Cell enumeration

Cell counting was performed using a methodology previously described (179,180). Briefly, cells
positive for the reporter and/or antibodies of interest were enumerated within two regions of
interest (Area = ~1.12 x 10° sq. um): epidural fat and dura mater from n=3 animals at each data
point. For each region of interest (per animal), a total of n=3 tissue sections were counted for

each fluorescent filter (e.g., EGFP, R-PE, DsRed, APC) or in combination when applicable.

Statistical analyses

GraphPad Prism software (Version 7.0) was used to summarize the variables (mean + SD) and
perform standard descriptive statistics. Significance was reported at the level of p<0.05.
Statistical analysis was by one-way or two-way ANOVA (as appropriate) followed by Tukey’s

post hoc testing.
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Results

PrxI* MPC expression increases in the dura mater over time in both strains, however, there
is a dramatic reduction in dural MPCs by 3-weeks in the p21”- mice.

At 1- and 2-weeks post-tamoxifen induction in the Prx]CERTZ-GFPHAR) R WTomator . C57BL /6
mice, few PrxI™ MPCs were observed within the dura (Fig. 1A’-B’,I-K). By 3-weeks post-
tamoxifen induction, a substantial portion of the dura was enriched for Prx/* MPCs, with the dura
appearing almost completely comprised of Prx/™ MPCs by 4-weeks post-tamoxifen induction
(Fig. 1D’). Through fluorescent imaging, it was observed that the Prx/"™ MPCs within the dura
were undifferentiated, as they expressed both GFP and tdTomato and were non-proliferative, as
Ki67 (blue) staining was not co-localized with the GFP and/or tdTomato staining over the course
of 4-weeks (Fig. 1A°-D’, Supplementary Fig. 1). In the Pyx ] ERT2-GFPHIR ) gRdTomatot/*, 47 1/
mice, increase in Prx/" MPCs within the dura was also observed over the course of the first two
weeks of the experiment. Specifically, at week 1, the dura contained only few Prx/™ MPCs, with
numbers increasing at 2 weeks (Fig. 1E’-1F’,I-K). However, at 3- and 4-weeks post-tamoxifen
induction, rather than observing the dura become mainly Prx/* (as was observed in C57BL/6
mice), single PrxI*cells expressing GFP, tdTomato and Ki67 were seen dispersed throughout the
dura at intervals of ~100um (Fig. 1G’-H”). There was also a dramatic difference in the number of
proliferative Prx1" MPCs between the strains, as nearly every MPC in p217- mice was Ki67*, while
next to no Ki67" staining was observed in the C57BL/6 mice (Fig. 1A’-H’,J-K, Supplementary
Fig. 1). To determine if this difference in Prx/* MPC localization between the strains was due to
age/growth, C57BL/6 mice were examined at 4 months (16 weeks) post-tamoxifen induction, and
we observed a very similar Prx/* MPC localization pattern as found in p217~ mice at 3- and 4-
weeks post-tamoxifen induction (Supplementary Fig. 2). Furthermore, it is also important to note

that these MPCs were found to be proliferative as demonstrated by positive staining for Ki67.
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Figure 1. PrxI* MPC lineage tracing 1-4-weeks post-tamoxifen induction. A graphical
representation of the experimental procedure (top panel). Histological images of PrxCreERT2-
GFP+/+R26thTomato+/+; C57BL/6 ( A-D) and PrX1CreERTZ-GFP+/+R26thTomato+/+; p 2]/ (E-H) of the
spinal column corresponding to the fluorescent images (A’-H’) are presented. The dura is outlined
by the dashed line, arrows indicate PrxI™ MPCs in the dura, and Prx/* expression in the adjacent
epidural fat is indicated by the solid line. Quantification of Prx/™ MPCs (1), Ki67" cells (J) and
Prx1" Ki67" MPCs (K). *p<0.05. Scale bars = 100um.
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Endogenous PrxI* MPCs localize to the site of dural injury.

Dural injuries were induced in C57BL/6 and p2/-- mice. At 2-weeks post-injury, PrxI* MPCs
were found at the injury site in the Prx]CeERT2-GFPHIR )R dTomatot/* C57B] /6 mice (Fig. 2B,G).
These Prx1" MPCs remained undifferentiated as they expressed both GFP and tdTomato, yet they
were non-proliferative as Ki67 staining was absent (Fig. 2B’,H). In the Prx]CeERT>
GFPHAR26RWTomatot/+: 1y 2 17~ mice, PrxI* MPCs were again found within the injury region (Fig.
2E,G). These PrxI®™ MPCs were in an undifferentiated state yet they were observed to be
proliferative as Ki67 staining co-localized with GFP and tdTomato expression (Fig. 2E’,I). We
also examined the expression of a-SMA as it a dural marker (219), yet it was absent at the site of

injury in both mouse strains and therefore did not colocalize with Prx/* MPCs (Fig. 2C,F).
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Figure 2. Endogenous repair of dura injury. A graphical representation of the experimental
procedure (top panel). Histological (A,D) images of the injury site (identified by the presence of
GT) in both mice backgrounds are presented alongside corresponding fluorescent Ki67 merged
with Prx 1™ cell identifying channels (B,E) and individually (B’ E’) images. Fluorescent images of
a-SMA expression merged (C,F) and individually (C’,F’) are also presented. The dura is outlined
by the dashed line, arrows indicate Prx/™" cells in the dura, and Prx/" expression in the adjacent
epidural fat is indicated by the solid line. Quantification of PrxI* MPCs (G), Ki67" cells (H) and
Prx1" Ki67" MPCs (I). *p<0.05. Scale bars = 200um (A,C) and 100 um (B-D).
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Exogenously delivered epidural fat Prx1* MPCs from p21-- mice localize to the injury site.

To ensure that cells contributing to dural repair post-injury were in fact Prx/" epidural fat MPCs,
epidural fat MPCs harvested from a Prx]CreERT2-GFPHAIR)pRIdTomator/+, 52 [ mouse were
exogenously delivered to the site of dural injury in a C57BL/6 (wild-type) mouse (Figure 3). Two
weeks post-transplant, these PrxI* MPCs were found localized at the site of the dural injury (Fig.
3B). These exogenously delivered epidural fat Prx/™ MPCs remained undifferentiated as they
expressed both GFP and tdTomato. They were also proliferative in vivo as they expressed Ki67
(Fig. 3B’). Furthermore, a-SMA staining co-localized with the epidural fat MPC expression within
the dural lesion (Figure 2C,C’). While we also planned on transplanting PrxI" epidural fat MPCs
from C57BL/6 mice, we observed that these cells became hypertrophic and non-proliferative by
30 days in culture, while cells from p27-- mice increased in size but retained the ability to expand

in culture past the 30-day mark (Supplementary Fig. 3).
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Figure 3. Exogenous delivery of p21”- PrxI* epidural fat cells to the site of dural injury in a
C57BL/6 mouse. A graphical representation of the experimental procedure (top panel).
Histological (A) image of the injury site (identified by disrupted paraspinal muscle and indicated
by the asterisk) is presented alongside corresponding fluorescent Ki67 merged with PrxI™ cell
identifying channels (B) and individually (B’) images. Fluorescent images of a-SMA expression
merged (C) and individually (C’) are also presented. The dura is outlined by the dashed line and
arrows indicate PrxI* cells in the dura. Scale bars = 200pum (A) and 100 um (B).
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Discussion

Historically, epidural fat has been thought of as a space filling material and/or shock absorber (49).
Therefore, it is not uncommon for this tissue to be discarded during surgical procedures (178).
However, there is a growing body of evidence suggesting that epidural fat is necessary to maintain
the dural microenvironment providing an agile reservoir of progenitor cells capable of responding
to local and systemic signals, and that the absence of epidural fat can thus lead to worse post-
operative outcomes (60). Recognizing its importance, studies using adipose-derived MPCs within
scaffolds and matrices have attempted to reconstruct epidural fat and when these tissues were
implanted, reduced adherence of fibrotic tissue to the dura mater was observed (65,73). However,
the effects of such engineered tissue on the long-term maintenance of the dura mater have not been
assessed. Moreover, since MPCs display characteristics specific to their native anatomic location
and maintain homeostasis in the tissue wherein they reside (24), the regenerative properties
inherently present in epidural fat MPCs (as opposed to MPCs derived from other adipose sources)
were not considered in these previous studies. While potential roles of endogenous epidural fat
MPCs in the dural microenvironment have been hypothesized (Chapter 3)(57,178); their
contribution to the homeostasis of the dura mater during and after growth as well as their role in
tissue repair post-injury still remains elusive. To follow these MPCs in vivo, we employed a Prx1
reporter mouse since Prx/ is an osteoprogenitor and adipose progenitor marker (82), that has
previously been shown to identify MPCs in the epidural fat (57,178). We further employed this
lineage tracking method on a p2/”- background to identify if there was a change in behaviour of
these MPCs in vivo with the deletion of p21.

Over the course of 4-weeks in a mouse still undergoing skeletal maturity (between 10 and 14 weeks
of age), an expansion of the Prx/* MPC population within the dura was observed. This pattern
was also observed in p27-- mice, however, by 3-weeks the expansion halted and instead, the dura
became sparsely populated with Prx/™ cells interspaced at apparently regular intervals of ~100
um. Interestingly, this pattern of MPC localization matches with our previous findings in skeletally
mature C57BL/6 mice, but when the mice were 4-months post-tamoxifen induction (~18 weeks of
age) (Chapter 3, also shown in Supplementary Figure 2). Although this finding is supported by
the fact that many tissues present with a decrease in progenitor cells from infancy to adulthood
(186), the 3-week post-tamoxifen induction timepoint in p2/”- mice cannot be considered as

skeletally mature. However, it is important to note that p2/”- mice demonstrate increased cell
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proliferation (209,214,220) and have increased regeneration capacity (161), therefore, it is possible
that their tissues may reach a level of cellular maturity (balance between progenitor vs. terminally
differentiated populations) faster than the wild-type mice. This would explain the sparse MPCs in
the dura starting at 3-weeks in the p217~ mice rather than at 4-months post-tamoxifen induction in
the C57BL//6 mice and would also account for the overall increased Ki67 staining observed
throughout the epidural/dural microenvironment. The influx of MPCs seen in earlier timepoints
followed by a cease in expansion at skeletal maturity can also be explained by the fact that the
spinal cord does not grow past birth. It reaches its final position within the spinal canal, typically
between the first and second lumbar vertebrae, due to the growth of the axial skeleton (171).
Therefore, MPCs from the epidural fat could be sustaining this initial growth, which would account
for why we observe a decrease in PrxI” MPCs overtime. Moreover, if p21”- mice are reaching
spinal maturity faster than C57BL/6 mice, this would also account for the differences observed in
p217- MPC kinetics within the dural microenvironment.

There have been several previous studies that have explored the link between cell proliferation and
regeneration. For instance, mice lacking p2/ present with regeneration of appendages (ear holes)
(209); enhanced bone healing and fracture repair (207,208); and have the ability to survive severe
liver injury due to continuous hepatocyte proliferation (220). In response to injury, p2/”- and
C57BL/6 mice displayed a regenerative response with the localization of PrxI* MPCs to the dural
lesion, however, we are not able to quantify the level of injury repair in this model, so it is unclear
if p217- mice had an increased repair response. Yet, it was observed that only endogenous p277-
Prx1™ MPCs (vs. C57BL/6 Prx1* MPCs) proliferated in vivo in response to dural injury, which is
again consistent with previous studies (216). When delivered exogenously, these p217- PrxI*
MPCs maintained proliferating ability in vivo, but also appeared to express a-SMA within the
dural injury site post-transplantation. This is particularly interesting since we did not observe a-
SMA expression from the endogenous p217- PrxI* MPCs. It is well known that in vitro culture
can induce aberrant and/or artefactual behaviour in cells due to the attachment to plastic and/or
exposure to animal/bacterial derived proteins(221-223). Yet, it is important to note that although
the C57BL/6 and p21”- Prx1* MPCs homed to the dural injury site, only p217~ PrxI* MPCs
proliferated at the site. Therefore, further studies will be required to tease out the functional
consequences of endogenous proliferative vs. non-proliferative cells on dural repair and for this to

occur, a dural repair grading system needs to be developed. The identification and characterization
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of additional dural markers will also be beneficial in determining repair vs. regeneration. Although
a-SMA is known to be expressed in the dura (219), it is more commonly employed as a myo-
fibroblast marker which is typically associated with fibrotic tissue/scar (224). Additional markers
may shed light on the nature of the MPC repair response (e.g., direct vs. indirect). As a-SMA in
MPCs was only observed in the cultured and exogenously delivered p217- epidural fat MPCs, a
transcriptomic and proteomic analysis could reveal the changes in gene/protein expression of these
cells thereby explaining their ability to reconstitute the dura mater after injury, a response the
endogenous cells did not display. Furthermore, this type of analysis might explain why we were
not able to keep the C57BL/6 epidural fat MPCs expanding in culture beyond 1 month while this
was not an issue in p217 epidural fat MPCs.

While this study reveals p217- leads to an increase in cell proliferation in the dura mater, the role
of inflammation cannot be ignored when looking at repair and regeneration of tissue post injury.
It has previously been hypothesized that factors such as inflammation can activate cell proliferation
(225). Moreover, inflammation has been held responsible for the recruitment of MPCs and immune
cells to initiate repair and regeneration after injury (226,227). Although this study demonstrates
the increased proliferative capacity of p217- MPCs outside the realm of inflammation (i.e., over
the course of normal skeletal growth), we cannot definitively say that this proliferation is also
responsible for the enhanced repair of the dura mater after injury, an environment where
inflammation is present.

Nonetheless, we have demonstrated that epidural fat MPCs play a role in dural tissue maintenance,
validating our previous findings (Chapter 3)(57), and have also shown that exogenously delivered
p217- epidural fat MPCs can directly contribute to dural injury repair. This study reiterates the
notion that epidural fat should be maintained as much as feasible intraoperatively, and that in cases
where the fat cannot be left intact, epidural fat MPCs may be a viable cell source for tissue
engineering strategies to replace this tissue and prevent epidural fibrosis. Moreover, in the event
of iatrogenic or traumatic durotomy, epidural fat may provide the critical cell population necessary

to drive dural repair.
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Conclusion

We hypothesized that the process by which epidural fat MPCs maintain the dura mater through
growth and after injury would be accelerated in p2/”- mice. In this study, we have shown that p21
knockout leads to increased epidural fat MPC proliferation within the dura mater. However,
additional experimentation is needed to determine the effects of p277- on dural reconstitution after
injury as the effects of inflammation and in vitro culture artefacts cannot be ignored. Although this
project is focused on dural tissue in homeostasis and post-injury, it is important to consider that
the research and clinical impact of this adult MPC population, and the mechanism by which p21
modulates its proliferation, extends past the dura mater, epidural fibrosis, and incidental

durotomies.
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Supplementary Figure 1. Ki67" staining colocalization with Prx1* MPCs 1-4-weeks post-
tamoxifen induction. Histological images of Prx]CrERT2-GFPHR )R dTomatot/*. C57BL /6 (A-D)
and Prx]CreERT2-GFPHAR) gRTomatot/+. 591 /. (E-H) of the spinal column corresponding to the
individual Ki67 fluorescent images (A’-H’) are presented. The dura is outlined by the dashed line,
arrows indicate Ki67" cells in the dura, and encircled is the adjacent epidural fat. Scale bars =
100pm.
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Supplementary Figure 2. PrxI™ MPC lineage tracing in a skeletally mature Prx1CreERTZ
GFP+AR2 R Tomato+/+s C57BL/6 mouse. A graphical representation of the experimental procedure
(top panel). Histological and fluorescent (A-B) images of the dura are presented. Individual
channels are used to show the lineage traced cells are undifferentiated (GFP*-C) and proliferative
(Ki67"-E). The dura is outlined by the dashed line and arrows indicate Prx/* cells in the dura.
Scale bars = 100pm.
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Supplementary Figure 3. Expansion of epidural fat MPCs in vitro. MPCs from C57BL/6 and
p217~ mice demonstrate proliferation in vitro until day 30 of culture (A). MPCs from C57BL/6
demonstrated increased hypertrophy and lost the ability to proliferate shortly after 30 days in
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80



CHAPTER 5: Discussion

Overview

Epidural fat is routinely discarded during surgical procedures of the spine to increase the
operational field of view. However, as discussed throughout this thesis, the discovery of MPCs in
this tissue prompted us to believe it is not an incidental, space-filling tissue; rather, it serves a
critical biological purpose in the vertebral microenvironment. Therefore, this thesis sought to
explore the role of epidural fat MPCs in maintaining homeostasis within the dura mater throughout
normal skeletal growth and in response to injury. Transgenic reporter mice models were employed
allowing for the lineage tracing of two MPC markers in vivo. Prx1 is a robust adipose MPC marker
(82), has been identified in MPCs capable of trilineage differentiation in vivo (82,141,142), and its
expression has been observed in murine dura mater and epidural fat (143). Hicl is a more recent
MPC marker however, it has been shown to a robust marker identifying MPCs in many tissues,
yet it is only expressed in quiescent MPCs. These Hic/* MPCs have also been found to give rise
to TACs which support regeneration post-injury (149,150,181). These previous studies provided
the rationale for using Prx/ and Hicl as MPC lineage markers within this project. Using these
models, I have demonstrated that epidural fat and the MPCs endogenous to this tissue are drivers
of repair and regeneration in this microenvironment. This thesis has advanced our knowledge of
MPCs within the epidural fat and identified that these cells play functional roles in this
microenvironment, however, future studies will be needed to unveil molecular differences between
epidural fat and other adipose tissues/MPCs to truly understand if dural maintenance/repair is
specific to epidural fat MPCs. If MPCs from other adipose tissues can substitute for epidural fat
MPCs, then this could open new areas for the treatment of dural injuries. If other MPCs do not
have this property, then this could be an indication as to why subcutaneous fat transplantation to
the site of injury in the spinal canal is not interchangeable with endogenous epidural fat. These
results hold the potential of directly impacting clinical care. In the section below, I will revisit the
hypotheses presented within my thesis and discuss how the data supports/refutes each in more

detail.

The first hypothesis was: Prx/ and/or Hicl expression in the epidural fat marks a population of

MPC:s in vivo which maintain and/or contribute to the growth of the dura mater in mice.
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In relation to the Aims presented in this thesis, the completion of Aims 1 - 4 suggests that this
hypothesis was correct.

In Chapter 3, it was demonstrated that there is an expansion of MPC populations in the dura mater
during normal growth indicating that these cells are responsive to cues in the microenvironment
and participate in growth of the dura mater. A reduction in the number of Prx/™ MPCs was
observed in the dura mater at the point of skeletal maturity, while the numbers of Hic/™ MPCs
were maintained. The reduction of Prx/™ MPCs and maintenance of potentially quiescent Hicl™*
MPCs suggests that the epidural fat and dura, like other adult tissues (188,228-230), have slow-
cycling or quiescent reservoirs of MPCs which can respond to non-homeostatic signals/cues and
injury. This is also consistent with the fact that MPCs are typically rare cell populations within
adult tissue (186), and can undergo apoptosis after contributing to the growth of the tissue wherein
they reside, as seen in bone (187). Moreover, ablation of Prx/™ or Hicl™ MPCs resulted in a loss
of a-SMA expression in the dura mater, implying a disruption of dural tissue phenotype and even
possibly tissue integrity (if a-SMA relates to function), further supporting the hypothesis that these
MPCs maintain the dura mater.

Although it was initially hypothesized that Prx/ and Hicl would mark distinct MPC populations
in vivo, the localization pattern of Prx/" and Hicl* MPCs in the epidural fat and dura mater over
time prompted a revisitation of the hypothesis and instead, it was found that Prx/ and Hicl do not
mark completely distinct MPC populations in the dural environment. The similar phenotype upon
ablation of both MPC populations suggests that Prx/ and Hicl are not functionally distinct MPC
populations and share characteristics allowing them to maintain the dura mater. Colocalization
between Prx1"and Hicl ™ lineage traced cells and Prx1/Hicl protein expression was also observed
suggesting that these Prx/* and Hicl™ MPC phenotypes are related. Hence, a hypothetical model
in which Hicl identifies MPC with greater potency than Prx/ was proposed (see Figure 7 in
Chapter 2). Quiescence (cell cycle arrest in Go) is a prolonged state in which most stem cells
persist, however, this is reversed in response to various stimuli such as tissue injury (231). Stem
cell quiescence is essential in maintaining tissue homeostasis and regeneration as extended
expansion can lead to stem cell exhaustion (232). This rationalizes why more apex stem cells are
commonly quiescent and will undergo asymmetrical cellular division to give rise to transit
amplifying cells and progenitor populations; These cells are then responsible in increasing the cell

pool and proceed towards terminal differentiation. If the apex stem cell fully committed to
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differentiation and high cell turnover was seen, stem cell/progenitor exhaustion would occur
resulting in decreased maintenance/repair/regeneration in tissues (233). Hicl is a robust marker of
quiescent MPCs, which further reinforces the hypothetical model wherein Hic/ is more potent and
takes on Prxl expression once it exits quiescence. Prx/ in turn is a mesodermal fate lineage
marker. It is important to consider however that if Prx/* cells were to re-enter quiescence, they
could regain Hicl expression. In this case, depending on the point of tamoxifen induction, Hicl*
potency would be seen cycling above and below PrxI* (Figure 1). Moreover, our model assumes

MPC migration and acquisition of Prx/ expression in different tissue, which is yet to be proven.

"apex” HicT/Prx1*
HicT*/PrxT MPC
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Figure 1. Expansion on the hypothetical model proposed for the Hicl and PrxI hierarchy
(Figure 7 in Chapter 3). Depending on the point of tamoxifen induction, Hicl" expression could
be observed in the presence or absence of Prx/ expression, until terminal differentiation into a cell
that is negative for both markers.

The second hypothesis was: Prx/ and/or Hicl® MPCs (and/or their differentiated progeny)
respond to dural injury.
In relation to the Aims presented in this thesis, the completion of Aim 5 suggests that this

hypothesis was correct.
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In chapter 3, PrxI™ and Hicl* MPCs were shown to be present within the site of dural injury.
These results strongly suggest that dura mater has an endogenous repair response and that these
MPCs are recruited during this process. However, because these cells did not express a-SMA in
the injury site, it is believed that these MPCs are not directly differentiating into connective tissue
cells that make up the dura mater. This is not completely unexpected as MPCs can regulate the
secretion of inflammatory factors and act on immune cells of both the innate and adaptive system,
hence playing an immune-modulatory role (16,149,191,234,235). Hicl™ MPCs have been found
to be recruited in large wounds and directly contributing to neodermal regeneration by acquiring
a fibroblast-like fate (181). However, previous studies also demonstrate an indirect repair response
such that stage-specific immunomodulation and trophic/mechanical support is provided by Hicl™
MPCs for skeletal muscle regeneration (149). Similarly, Prx/* have been found to play a
functional role in the repair of bone fractures with contribution to the callus (236), however in
another study looking at periodontal regeneration, it remained elusive whether Prx/ " cells maintain
their stemness in the process or whether their unipotent osteo-competent progeny was the actual
contributor to regeneration (237). As such, it is not unlikely that Prx/* and Hicl™ MPCs can play

an immune-modulatory role in the wound healing phenotype.

The final hypothesis was: Prx/* MPCs in a p2/”~ mouse model display increased cell
proliferation in vivo.

In relation to the Aims presented in this thesis, the completion of Aims 1 and 5 suggests that this
hypothesis was correct.

In Chapter 4, I demonstrated that there is an expansion of Prx/" MPCs within the dura mater over
skeletal growth in p277- mice. However, by 3-weeks post-Tamoxifen induction (11 weeks of age),
the expansion appeared to have halted, and the dura was only sparsely populated with Prx1* cells.
This pattern of MPC localization matched the one observed within skeletally mature C57BL/6
mice in Chapter 3. Although 11-weeks is not skeletally mature, this finding can be supported by
the observation that p2/”- mice demonstrate increased cell proliferation and tissue regeneration
(162,214,238) and may be reaching a level of cellular/tissue maturity faster than the C57BL/6
mice.

In response to dural injury, endogenous Prx/™ MPCs in the p2/-- mice were found within the dural

lesion and displayed proliferation as evidenced by Ki67 expression, which was not found in the
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C57BL/6 mice. The regenerative response and functional consequences of dural repair by
proliferative vs. non-proliferative cells remain to be investigated, implying the need to develop a
dural injury grading system and/or method of quantifying repair. Exogenous delivery of p27--
putative epidural fat MPCs localized to the site of injury, proliferated, and also expressed a-SMA
suggesting direct reconstitution of the dura mater, which was not observed in the endogenous p2 1
/= PrxI™ MPCs. It is believed this may be due to anomalous behaviour induced in cells due to in
vitro culture (221,222). Putative MPCs were isolated from both C57BL/6 and p21” mice, however
only MPCs from p2/-~ mice continued to proliferate after 30 days in culture as the C57BL/6 cells
underwent hypertrophy (Supplementary Figure 3 in Chapter 4). As such, only MPCs from p21-
 mice were delivered exogenously to the site of dural injury, and an exogenous C57BL/6 MPC
control is still required. Despite the use of stem cell media which has been successful in
maintaining the growth of murine adipose derived MPCs, epidural fat MPC proliferation was
subpar. This leads us to believe that epidural fat MPCs require additional factors in vitro not

required by other anatomical sources of murine adipose tissue derived MPCs.
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Significance

Dural injuries can arise due to primary trauma/disease or because of post-surgical complications.
If dural ruptures go unnoticed and proper care is not administered, serious health issues can follow
(239,240). Therefore, synthetic or biological grafts to treat dural injuries and/or complications are
commonly studied (241,242). However, a biocompatible graft with correct fiber arrangement and
biomechanical properties of the dura mater has yet to be developed. Tissue engineered epidural fat
using MPCs derived from other adipose sources are an option and has been used in pre-clinical
models (243,244) however, due to our incomplete understanding of the role of epidural fat within
the local microenvironment, these solutions may not satisfy all the roles/function of the native
epidural fat, such as the ability of epidural fat to contribute to sliding of the adjacent tissues in the
microenvironment. Moreover, exogenous delivery of any material into the body requires caution
to avoid an inflammatory/rejection response and ensure that the ‘cure’ is not potentially more

harmful than the disease (242).

This thesis highlights the presence of MPCs within the epidural fat and dura as an endogenous
source of repair and regeneration in the spinal canal. Studying the in vivo role of a novel source(s)
of MPCs in the epidural environment has provided new insights regarding the maintenance of the
dura mater. This line of research will allow for further investigation on how to overcome dural
complications including post-operative issues such as dural fibrosis and ruptures. Additionally, my
research suggests that epidural fat be minimally disturbed from its original location as it may have
the potential to generate clinically impactful results and positively impact endogenous repair post-
surgery. While it may be necessary to remove the fat to be able to clearly see the operational site,
the fat need not be discarded and could be replaced before the incision is closed. Although this
thesis was focused on dural tissue in homeostasis and post-injury, it is important to consider that
the research and clinical impact of this adult stem/progenitor cell population may be important to

the homeostasis of other tissue in this microenvironment in addition to the dura mater.
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Future Directions

Additional research focused on the phenotypic identification and biological function of these
epidural fat/dural MPCs would provide a clearer understanding of their normal function in
vivo and potentially how this function is disrupted if the epidural fat is removed during surgical
procedures of the spine. For example, when treating spinal cord injuries or to surgically remove
tumours, all three meningeal layers may be disrupted. It would be necessary to observe how the
tissue resident MPC populations respond to these varying insults in the contexts of having the
epidural fat present vs. absent. Therefore, in a broader context, there is a real potential of these
MPCs playing significant roles in many spinal conditions and surgical procedures. Moreover, a
transcriptomic analysis of epidural fat vs. other adipose-derived MPCs would tease out the
molecular similarities/differences between these cells. This may provide insight on how
(molecularly) epidural fat MPCs regulate homeostasis and if non-epidural fat MPCs share enough

similarities to act as a surrogate in the case of tissue engineered epidural fat replacements.

It is important to note that although I have demonstrated that epidural fat/dural MPCs respond to
injury by homing to the lesion site, these cells are likely not directly repairing the tissue (e.g.,
differentiation into new dura) as was indicated by the lack of colocalization of these cells with a-
SMA expression. Therefore, additional studies are needed to determine if these cells are playing
an immunomodulatory/ cell recruitment role and if so, what factors are these MPCs
secreting/recruiting to accomplish this. If the bio-reactive factor(s) can be identified, then they
alone might be sufficient to induce repair in place of the cells. Given the ability of MPCs to
modulate tissue repair and regeneration via paracrine effects (245), in particular the secretion of
soluble factors and extracellular vesicles, MPC derived exosomes are often called nano-
therapeutic agents as they have tremendous therapeutic potential in disease and wound repair
(246,247). As mediators of MPC paracrine work, MPC-exosomes have been found to immune-
regulate and regenerate tissue (246). As such, if epidural fat/dural MPCs are not directly repairing
the dura and indeed play a cell secretory role instead, MPC-derived exosomes may be a credible
candidate for the response observed. If these MPCs are recruiting cells of the immune system
and/or regulation the inflammatory microenvironment of the injury site, then staining for markers
such as TNFa or IL1f in addition to pro/anti-inflammatory macrophage phenotypes, may shed

light on this function. Based on the literature, MPCs can also initiate angiogenesis (248-250), and
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therefore, staining for angiogenic markers such as vascular endothelial growth factor (VEGF) may

also reveal if these MPCs play a role in neovascularization of the damaged tissue.

Another interesting future study that will provide further insight into the biological relevance of
epidural fat is to determine if it contains any beige adipocytes, or if MPCs within the epidural fat
can be induced to take on beige adipocyte fate/phenotype. Given progenitor cells in WAT give
rise to beige adipocytes (104), these cells are assumed to behave differently in response to normal
physiological cues and insult. Therefore, studying the existence of beige adipocytes in epidural fat
might highlight the dynamic roles of epidural fat MPCs in returning homeostasis to injured tissues.
This would also introduce new avenues of research in MPCs giving rise to beige fat outside the

realm of obesity and thermogenesis.

Finally, much of the literature on the dura mater is centered around cranial dura. Specifically, it
has been found that cranial dura mater regulates both the genesis and migration of neural
progenitors/neurons during fetal development and plays a vital role in brain development (251).
Then postnatally and over the course of infancy, neural crest-derived cells of the dura mater have
been found sequestered in niches, which is characteristic of stem/progenitor cells (165,251).
Studies that investigate the cellular activity within the dural sac and whether these cells also release
soluble factors which coordinate the development of surrounding tissues and bones would give
insights in to whether MPCs within the dura mater regulate events in the underlying spinal

cord/nerves.
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Limitations and Challenges

One limitation in this study has been acquiring mice and therefore obtaining a similar sample size
between experiments (Table 1). This was due to issues around mouse breeding and in part due to
the loss of animals post-tamoxifen administration. Tamoxifen was administered into the peritoneal
cavity of the mice as this is a common method used to administer larger volumes of fluid safely in
smaller rodents where intravenous injections are difficult (252). Although effective, intraperitoneal
injections require competency as inadvertent puncturing of blood vessels in the vicinity or injection
into organs can lead to death of the mouse. It took time and practice until I achieved expertise in

this procedure, and this resulted in some loses of mice early in my thesis.

Another limitation is that the reporter gene expression in the mice models employed was limited
to PrxI and Hicl expressing cells. It is entirely possible that other MPC markers are enriched in
epidural fat/ dural MPCs such as Scal, CD140a, LeptinR, and CD44 among others (253-257); and
if employed, may have provided different results than Prx/ or Hicl. While it was not possible to
use additional reporter mice in this thesis, it would be beneficial to examine the localization of
MPCs in the dural microenvironment with some other markers to determine the
reproducibility/generalizability of my results. Similarly, a-SMA was the only marker used to
identify dura mater in fluorescence imaging. a-SMA is conventionally used as a marker of fibrotic
tissue (myofibroblasts) (258,259), therefore it remains unclear whether the dura is repaired post-

injury via MPC immune-modulation or through a fibrotic response.

A significant limitation of this study is the lack of in vitro experimentation. Epidural fat isolation
from mice and subsequent characterization of MPCs was attempted numerous times. The spinal
canal in mice is exceptionally small and epidural fat is found unevenly distributed. Harvesting a
sufficient amount of tissue whilst avoiding bacterial/fungal contamination during the collection
process remains a challenge. As seen in Chapter 4, even when cell seeding was successful,
proliferation only lasted for a short period of time before cells underwent hypertrophy. Therefore,
optimization of in vitro work is required to corroborate functionality of MPCs. This was an
interesting observation since we used commercial media that had been tested and validated for
mouse adipose derived MPCs. This in itself suggests that epidural fat MPCs require unique cell

culture conditions that will need to be optimized.
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Finally, as spines were removed from mice en bloc, multiple tissues were harvested at once such
as bone, cartilage, muscle, fat, ligaments, nerves and blood vessels. Processing, fixation and
decalcification times however could not be optimized for every tissue within the spine; therefore,
limitations exist in the histology and immunohistochemistry of the spines. These limitations can
present themselves as difficulty in sectioning, artifacts in staining or in altered antigen detection.
At the beginning of this thesis, Cal-Ex™ (Fisher Scientific) was being used as the decalcifying
agent, however the detection and clarity in DAPI nuclear staining was severely reduced. Rather
than seeing nuclei, fluorescent images displayed smearing. It is believed Cal-Ex™ may be
denaturing double-stranded DNA such that intercalating dyes like DAPI cannot detect DNA.
Following other studies, samples were then decalcified using 10% EDTA (pH=7) and the
visualization of distinct nuclei was made possible (using mounting medium with DAPI).
Optimization of nuclear staining on the Cal-Ex™ decalcified samples was attempted by
additionally staining with DAPI antibody, histone antibody, Hoechst dye, and TOTO™ -3 Jodide
(Figure 2). Nuclear staining was only achieved using TOTO™ -3 Jodide, which has high
sensitivity for nucleic acid and doesn’t require double stranded DNA as other intercalating dyes

(such as DAPI) do for binding to DNA for fluorescent detection.
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Table 1. Summary of experimental groups and sample size.

Experiment \ Mouse strain n=
Epidural fat/dura 1wk 3
MPC localization in | Prx]CreERTZGFPH/AR) R tdTomatot/+ (post
vivo over 4 weeks induction)
2wk 3
3wk 4
4wk 5
1wk 3
Prx ICreERTZ-GFP+/+R26thT0mat0+/+; p D ]-/— 2wk 3
3wk 5
4wk 3
1wk 3
Hic ICreERT2+/+R26thTomato+/+ 2wk 4
3wk -
4wk 3
Epidural fat/ dura
MPC  localization | Prx]CreERT2-GFPHFR DGR tdTomatort/+ 4m 5
and migration in vivo
in a skeletally mature
mouse model (6 Hic ] CreERT2+/+R 9 GR dTomato+/+ 4m 5
months of age)
Dural injuries Prx ICreERTZ-GFP+/+R26thT0mat0+/+ 8
Prx ICreERTZ-GFP+/+R26thT0mato+/+; p 217 |5
Hic ICreERT2+/+R26thTomato+/+ 4
C57BL/6 2
MPC ablation Prx ICreERTZGFP+/-R26thTomato+/- 4
R26RDTA+/-
Hic ICreER2+/-R26thTomato+/-R26RDTA+/- 3
Pilot project:
delivery of human | Ragl/™™°™ (Ragl™) 7
epidural fat MPCs to
an immune
compromised dural
injury mouse
Harvesting epidural Prx ICreERTZ-GFP+/+R26thT0mat0+/+ 9
fat MPCs Prx ICreERTZ-GFP+/+R26thT0mato+/+; p 217 | 2
Hic ICreERT2+/+R26thTomato+/+ 6
C57BL/6 15
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Figure 2. Optimization of nuclear staining. To preserve nuclear staining in histological samples,
10% EDTA is preferred. In samples treated with Cal-Ex™, only TOTO™ -3 Iodide staining was
able to identify nuclei as opposed to DAPI, Hoechst and an anti-Histone H1 antibody.
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APPENDIX A: Pilot Project

Studying the effects of human epidural fat MPCs on dural injury repair

As murine epidural fat isolation proved difficult in this project, a functional analysis of epidural
fat MPCs at the molecular level was not possible. Therefore, MPCs were derived from human
epidural fat and xeno-transplanted to the site of dural injury in an immune compromised mouse
model. This pilot project served to corroborate the role of epidural fat MPCs after injury and

determine whether this function is conserved in humans.

Mouse model

Millions of antibodies are generated in the body by a fractional number of genes; This diversity
seen in antibody and T-cell receptors is due to a process known as V(D)J (variable-diversity-
joining) recombination occurring in lymphocytes (260), which essentially cleaves and recombines
V(D)J genes to generate an array of permutations. A common recombinase is believed to
developmentally control recombination in both B-cell and T-cell precursors (261). Recombination
activating gene-1 (Ragl) is a gene which has been found to activate and/or catalyze V(D)J
recombination (262) in lymphocytes, hence playing an essential role in the generation of mature
B- and T-cells of the adaptive immune system. Deletion of the Rag/ gene resulted in an immature-
stage halt of lymphocyte differentiation leading to small lymphoid organs and no mature B- or T-
cells (263). This is similar to the phenotype seen in severe combined immunodeficiency (scid)
mice (264), however scid mice are deemed “leaky” as they can successfully generate B- and T-
cell clones by 10-14 months of age (265). The mouse model used for this experiment was the
Ragl™Mem (Rgo]-7) mouse (stock no. 002216 from the Jackson Laboratory). Due to their
nonleaky nature, Rag/”- mice were suitable for this study as human-derived cells were introduced

into the spinal canal. Moreover, the scid gene mutation is known to have pleiotropic effects (266).

General methodology

Two human epidural fat cell lines with full MSC potential (143) were expanded in human stem
cell media (Mesencult, Stemcell Technologies). Ragl”’- mice (aged 2 months) were subjected to
the dural injury model described in Chapter 2 and 3. The dura was focally punctured with a 30-
gauge needle that was loaded with human epidural fat MSCs (20,000 in 10 pl DPBS) and

FluoSpheres® carboxylate fluorescent beads (Life Technologies; to verify injury site under
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fluorescent light). Mice were sacrificed two weeks post-injury for histology (Safranin-O and Fast
Green) and immunohistochemistry. To detect the cells in vivo, samples were stained with human
nuclear antigen (HNA— AF647; Clone # 235-1, Abcam), and the dural marker a-SMA — AF647
(Clone # 1A4, Biolegend).

Human epidural fat MSCs localize to the site of dural injury and generate fat

When the Ragl”- mouse was subjected to the dural injury without administration of any epidural
fat MSCs, a-SMA expression within the dura became discontinuous and was absent within the
dural lesion (Figure 1B). When human epidural fat MSCs were xeno-transplanted into the site of
injury in the Ragl”" mice, fluorescent bead and HNA expression were found within the dural lesion
indicating successful delivery of the cells to the site of injury (Figure 2C). HNA expression in
what appears to be reconstituted dura mater at the site of injury suggests that human epidural fat
MSCs also play a role in the repair/regeneration of human dural tissue in vivo (Figure 2D).
Moreover, a-SMA staining was found within the dura mater at the site of injury, indicating that at
least some of the transplanted human MSCs were directly involved in repair by differentiating into
connective tissue cells of the dura mater (Figure 3C). Previously, a-SMA expression in the dura
mater post-injury was only seen when mouse epidural fat MPCs were exogenously delivered to
the site of injury (Chapter 4). The same has been found in this study, however it still remains
unknown whether human epidural fat MSCs are involved in the direct repair of the dura mater due
to aberrant behaviour of cells as a result of in vitro expansion (221,222). Interestingly, fat tissue
was observed at the site of injury in all animals injected with human epidural fat MSCs (Figure
2,3 A). Although epidural fat is present in the spinal canal, its presence and localized abundance
adjacent to the injury site was not observed under any other circumstances other than when human
epidural fat MSCs were xeno-transplanted. This may suggest that human epidural fat MSCs have
a greater bias towards generating fat vs. dura mater. This is not surprising since cultured adipose-
derived MSCs can differentiate into fat (38), and have been found to generate epidural fat-like
tissue in a transplant-scaffold study (65). As human epidural fat MSCs were found contributing to
the restoration of epidural fat, this serves as evidence to refute the common paradigm of epidural
as biologically insignificant. This study shows that mouse and human epidural fat MPCs share a
similar functional phenotype in vivo, yet in vitro there are issues with expansion of mouse cells

that were not observed with human cells. This is of interest since human and mouse specific MSC
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media was used that is validated for adipose derived MPCs in each species. Yet, mouse epidural
MPCs underwent hypertrophy/senescence while this was not seen in human epidural fat MPCs.

This strongly suggests further media optimization is required for mouse epidural fat MPCs.
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Figure 1. Loss of a-SMA expression seen within the dural lesion. Histological (A) image of the injury site (identified by granulation
tissue) is presented alongside corresponding fluorescent a-SMA staining (B) image. The asterisk indicates granulation tissue adjacent
to the dural injury and arrows indicate lack of a-SMA staining in the dura mater. No cells were injected in this mouse. Scale bars =
200um.
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Figure 2. Fluorescent bead and HNA expression were localized to the dural lesion. Xeno-transplantation of human epidural fat
MSCs to the site of dural injury in a Rag/”’- mouse. Histological (A) image of the injury site (identified by granulation tissue and
epidural fat) is presented alongside corresponding fluorescent control (B), beads merged with HNA identifying channels (C) and
individual HNA staining (C) images. The asterisk indicates granulation tissue adjacent to the dural injury and arrows indicate fluorescent
bead and HNA expression staining in the epidural fat/dura mater. Scale bars = 200um (A) and 100 um (B-D).
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Figure 3. Fluorescent bead and a-SMA expression were localized to the dural lesion. Xeno-transplantation of human epidural fat
MSCs to the site of dural injury in a Rag/”’- mouse. Histological (A) image of the injury site (identified by granulation tissue and
epidural fat) is presented alongside corresponding fluorescent control (B), beads merged with a-SMA identifying channels (C) and
individual a-SMA staining (C) images. The asterisk indicates granulation tissue adjacent to the dural injury and arrows indicate
fluorescent bead and a-SMA expression staining in the epidural fat/dura mater Scale bars = 200um (A) and 100 pm (B-D).
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APPENDIX B: Detailed Protocols

Tamoxifen Preparation

A few days prior to use,

1.
2.
3.

4.
3.
6.

Place 50 mg of (Z)-4-hydroxytamoxifen powder (Sigma) in a 15 ml falcon tube

Wash tamoxifen vial with 500 ul of 100% ethanol and add to 15 ml falcon tube

Sonicate solution in 37°C water bath for 5 minutes. Note: tamoxifen is light sensitive.
Therefore, cover the sonicator when samples are inside

Remove, slightly mix and add 1 ml of sunflower oil

Sonicate for 25 minutes

Remove, slightly mix and add 4 ml of sunflower oil

Make sure the total amount in the tube is ~5.5ml as sunflower oil can be lost when pipetting

7.
8.
9.

Sonicate for 20 minutes
Remove, and ensure the solution is homogenous
Aliquot solution in small Eppendorf tubes

Mice receive 1mg/injection therefore 100 pl of the above solution is administered intraperitoneally
to the mice.

Tissue fixation, decalcification, processing and embedding

1.

Place harvested spine sections in 10% NBF for 7 days

2. Remove NBF and decalcify samples in 10% EDTA (pH=7) with changes every second day

(98]
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for at least 7 changes, or until samples are decalcified (sample can slightly bend)
Place samples in cassettes and wash with dH2O
Process samples overnight:

a. HxO
80% ethanol x1 — 1 hour
95% ethanol x 2 — 1 hour
100% ethanol x 3 — 1 hour
Xylene substitutions x 3 — 1 hour
Paraffin x 2 — 1 hour
Place samples in vacuum for 1 hour and turn on cold plate
Attach labelled rings to histology trays and fill with molten wax
Place spine within the tray and leave on the cold plate for 1 hour
Remove block from the tray and store in a sealed bag
Cut blocks using a microtome at 10 um

mo a0 o
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Histological Staining: Safranin-O/ Fast Green

MBS

10.

11

12.
13.
14.
15.
16.
17.

18.
19.
20.
21.
22.

Citrasolvx 3 - 10 mins
100% ethanol x 2 - 5-10 mins
95% ethanol x 2 - 5-10 mins
70% ethanol x 1 - 5-10 mins
dH>O x 1 - 5 mins
Hematoxylin - 8 mins

Room temperature running tap water - 15 mins

. Acid Alcohol -1 min
H-O -1 min
Ammonia Water -1 min
. Fast Green - 7 mins
1% Acetic Acid - 1 min MAX
dH>O (replace every time)- 1 min
Safranin-O - 1 min 45 sec
70% ethanol - 30 sec
95% ethanol -1 min Clear excess
100% ethanol x 3 -3 mins | staining
Citrasolv (X, Y, Z,7Z7)x 4 - 5 mins
Dry slides with Kimwipe

Rehydrate sections

Citrasolv: solvent
degreaser, deparaffinizes

Hematoxylin: deep blue-purple, positive
ly charged basic dye; binds acidic and
negatively charged tissue components like
DNA, RNA

M aan wiecadmenn bn Aacialan

PUY i YOS S

Acid Alcohol: to de-stain

Ammonia water: bluing step; converts the
initial soluble red color within the nucleus
to an insoluble blue color

Fast Green: counterstain, stains cytoplasm,
collagen and mucus green

Acetic acid: weak acid; de-stain excess non-
specific stains

Saf-0: red, positively charged basic dye;
stains cartilage (proteoglycans), mucins and
mastocyte granules red

Citrasoly: remove any
remaining wax

Place 1 drop of Flo-Texx Mounting Medium on each tissue sample

Coverslip (covering all tissue)

Place slides in metal tray and leave in the fume hood to dry overnight

Cartilage (proteoglycans) 2 RED
Cells > BLUE
Background - GREEN
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Immunohistochemistry

Deparaffinize and rehydrate slides:

1. Citrasolvx 2 - 10 mins
2. 100% ethanol x 2 - 10 mins
3. 95% ethanol x 2 - 10 mins
4. 70% ethanol x 1 - 10 mins
5. dHOx 1 - 5 mins

Begin step 6 when samples are in dH>O

Antigen retrieval:

IM sodium citrate: dissolve 129.03g of
sodium citrate powder in 500 ml dH20

10mM sodium citrate: add 5 mL of 1 M
sodium citrate stock in 495 mL of dH20

6. Microwave 10mM sodium citrate (pH = 6.0) for 5 minutes or until temperature reaches

60-65°C

7. Place slides in sodium citrate and let cool at room temperature for 1 hour

8. dH,Ox2 - 10 mins

Block non-specific binding:

9. Place slides in a 1:500 dilution of goat serum for 1 hour at room temperature

Primary antibody:
10. TBST - 5 mins
11. Add 20 pl of antibody solution to samples
12. Cover slides in a humidity chamber (no coverslip)
13. Incubate overnight at 4°C

Following day:

Secondary antibody (if required):
14. TBST x 2 - 10 mins
15.PBSx 1 - 10 mins
16. Add 20 pl of 2° antibody solution to samples
17. Incubate at room temperature for 1 hour
18. Repeat wash steps 14/15
19. Dry slides and add DAPI mounting medium
20. Coverslip
21. Let slides dry at room temperature for ~2 hours

Goat serum: 200 pl serum
in 100 ml TBST

TBST: combine 50 ml 20x TBS, 5 ml 10%
Tween & Triton stock, and 945 ml dH20

22. Refrigerate in slide tray (protected from light) until scanning
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Epidural Fat MPC Isolation

—

Sacrifice anesthetized (isoflurane 3.0vol/vol% with 1L/min O2) mice via cervical dislocation
Remove intact spines and place in a DPBS (Lonza- BioWhittaker) and antibiotic-antimycotic
(Thermo Fisher Scientific) solution to prevent contamination

Starting from the lumbar region, cut the spine to access the spinal canal, from where epidural
fat can be isolated.

Plate the fat in 6-well plates with Mesencult™ Basal Medium (Stemcell Technologies) and
incubate at 37°C and 5% CO; until cells begin proliferating.

At 60% confluency, wash cells with DPBS and passage with 0.05% Trypsin EDTA (Gibco
Life Technologies) and then allow to proliferate with media changes every two days.

After sufficient proliferation of putative epidural fat MPCs, cell differentiation in to
osteogenic, adipogenic and chondrogenic lineages can be induced as follows:

Table 1. Basal medium for cell differentiation (all from Thermo Fisher Scientific).

Volume (ml) Final Concentration
DMEM/ F-12 HEPES 500 -
+fetal bovine serum (FBS) 50 10%
+Antibiotic- Antimycotic 5 1%
+MEM non-essential amino | 5 1%
acids (MEM-NEAA)

Osteogenic differentiation

1. Seed cells as a monolayer (minimum 2.5 x10* cells/well in a 48 well plate) in basal medium
(Table 1) along with osteogenic agents (Table 2). Total volume in wells should not exceed
0.5mL

2. Perform media changes every second day, for a total of 21 days

Table 2. Osteogenic differentiation media stock (all from Sigma Aldrich)

Volume per 50ml of stock | Final Concentration
(1D
Dexamethasone (Dex; 10 M) 50 1nM
L-Ascorbic Acid 50 50pg/mL
B-glycerophosphate (B-GP) 1000 10mM

Adipogenic differentiation

1. Seed cells as a monolayer (minimum 2.5 x10* cells/well in a 48 well plate) in basal medium
(Table 1) and adipogenic agents (Table 3). Total volume in wells should not exceed 0.5mL
2. Perform media changes every second day, for a total of 21 days
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Table 3. Adipogenic differentiation media stock (all from Sigma Aldrich).

Volume per 50ml of stock | Final Concentration
(1D
Isobutyl methylxanthine (IBMX) | 100 500uM
Indomethacin (IM) 100 200uM
Dex (102 M) 5 10nM
Insulin 500 10uM

Chondrogenic differentiation

1. Culture cell pellets (minimum 2.5 x10* cells) in 1.5mL Eppendorf tubes in basal medium
(Table 1) and chondrogenic agents (Table 4). Total volume in tubes should not exceed
0.15mL

2. Perform media changes every second day, for a total of 21 days.

Table 4. Chondrogenic differentiation media stock (BMP-2 and TGF- 33 from PeproTech Inc.,
Dex and L-Ascorbic Acid from Sigma Aldrich, sodium pyruvate from Thermo Fisher Scientific,
and ITS from Lonza-BioWhittaker).

Volume per 50ml of stock | Final Concentration
((11))
Bone morphogenic protein 2 | 25 500ng/mL
(BMP-2)
Transforming growth factor - | 50 10ng/mL
3 (TGF-B3)
Dex (10 M) 5 100uM
L-Ascorbic Acid 50 50pg/mL
MEM-NEAA 1240 -
Sodium Pyruvate 455 -
Insulin transferrin selenium | 500x= 100 or 100x= 500 -
ATS)
Sodium hydroxide (NaOH) 200 -

103



Appendix C: Permission Letter and Manuscript License

2021-04-15
Dear Sathvika Mudigonda, Dr. Paul Salo, Dr. Alim Mitha, and Dr. Roman Krawetz,

I am in the process of writing my master’s thesis and would like your permission to include the
following published manuscript (on which you are co-authors) in the thesis. This thesis will be
added to the institutional repository at the University of Calgary and the Library and Archives
Canada.

University of Calgary Theses Repository — The Vault http://theses.ucalgary.ca/ Library and
Archives Canada http://collectionscanada.gc.ca/obj/s4/f2/frm-n159-2-e.pdf

Title: Epidural fat mesenchymal stem cells: Important microenvironmental regulators in health,
disease, and regeneration: Do EF-MSCs play a role in dural homeostasis/maintenance?

Authors: Sophia Shah, Sathvika Mudigonda, Alim P Mitha, Paul Salo, and Roman J
Krawetz. Journal: Bioessays

Year: 2021

Volume/Issue: 43(2)

doi: 10.1002/bies.202000215. Epub 2020 Nov 16.

Your consent to my request would be appreciated. If you have any questions, please contact me.
If you agree, please sign below after reading the statement of consent.

1 give permission for Sophia Shah to use the publication highlighted above in her master’s thesis
at the University of Calgary.

Name Signature

Sathvika Mudigonda

Dr. Alim Mitha

Dr. Roman Krawetz

Dr. Paul Salo —

104



RightsLink Printable License 2021-07-05, 10:26 AM

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Jul 05,2021

This Agreement between Miss. Sophia Shah ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.

License Number 5102580230304

License date Jul 05, 2021

Licensed Content

Publisher John Wiley and Sons

Licensed Content

Publication Biokssays

Licensed Content

Date Dec 31, 1969

Licensed Content
Pages

[—

Type of use Dissertation/Thesis

Requestor type  Author of this Wiley article

Format Electronic
Portion Full article
https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publishe...38a-8866-464c-bb92-66e33bccab8f%20%20&targetPage=printablelicense Page 10f 6

105



RightsLink Printable License 2021-07-05, 10:26 AM

Will you be
translating?

. Mesenchymal Progenitors in the Epidural Fat and Dura Mater Participate
Title - . h :
in Tissue Homeostasis and Wound Healing

Institution name  University of Calgary

Expected

presentation date Jul 2021

Miss. Sophia Shah
Requestor
Location

Canada
Attn: Miss. Sophia Shah

106



References

1.

2.

10.

11.

12.

13.

14.

15.

Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and disease. Vol. 8,
Nature Reviews Immunology. Nat Rev Immunol; 2008. p. 726-36.

Friedenstein AJ, Chailakhyan RK, Latsinik N V., Panasyvk AF, Keiliss-Borok I V.
Stromal cells responsible for transferring the microenvironment of the hemopoietic
tissues: Cloning in vitro and retransplantation in vivo. Transplantation. 1974;17(4):331—
40.

Chen Q, Shou P, Zheng C, Jiang M, Cao G, Yang Q, et al. Fate decision of mesenchymal
stem cells: Adipocytes or osteoblasts? Vol. 23, Cell Death and Differentiation. Nature
Publishing Group; 2016. p. 1128-39.

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al.
Multilineage potential of adult human mesenchymal stem cells. Science (80- ). 1999
Apr;284(5411):143-7.

Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, Ortiz-Gonzalez XR, et
al. Pluripotency of mesenchymal stem cells derived from adult marrow. Nature.
2002;418(6893):41-9.

Nombela-Arrieta C, Ritz J, Silberstein LE. The elusive nature and function of
mesenchymal stem cells. Vol. 12, Nature Reviews Molecular Cell Biology. Nat Rev Mol
Cell Biol; 2011. p. 126-31.

Muraglia A, Cancedda R, Quarto R. Clonal mesenchymal progenitors from human bone
marrow differentiate in vitro according to a hierarchical model. J Cell Sci. 2000
Apr;113(7):1161-6.

Colter DC, Class R, DiGirolamo CM, Prockop DJ. Rapid expansion of recycling stem
cells in cultures of plastic-adherent cells from human bone marrow. Proc Natl Acad Sci U
S A. 2000 Mar;97(7):3213-8.

Colter DC, Sekiya I, Prockop DJ. Identification of a subpopulation of rapidly self-
renewing and multipotential adult stem cells in colonies of human marrow stromal cells.
Proc Natl Acad Sci U S A. 2001 Jul;98(14):7841-5.

Kuroda Y, Kitada M, Wakao S, Nishikawa K, Tanimura Y, Makinoshima H, et al. Unique
multipotent cells in adult human mesenchymal cell populations. Proc Natl Acad Sci U S
A. 2010 May;107(19):8639-43.

Muguruma Y, Yahata T, Miyatake H, Sato T, Uno T, Itoh J, et al. Reconstitution of the
functional human hematopoietic microenvironment derived from human mesenchymal
stem cells in the murine bone marrow compartment. Blood. 2006 Mar;107(5):1878-87.
Mendelson A, Frenette PS. Hematopoietic stem cell niche maintenance during
homeostasis and regeneration. Vol. 20, Nature Medicine. Nature Publishing Group; 2014.
p. 833-46.

Jiang XX, Zhang Y, Liu B, Zhang SX, Wu Y, Yu XD, et al. Human mesenchymal stem
cells inhibit differentiation and function of monocyte-derived dendritic cells. Blood. 2005
May;105(10):4120-6.

Nauta AJ, Kruisselbrink AB, Lurvink E, Willemze R, Fibbe WE. Mesenchymal Stem
Cells Inhibit Generation and Function of Both CD34 + -Derived and Monocyte-Derived
Dendritic Cells . J Immunol. 2006 Aug;177(4):2080-7.

Ramasamy R, Fazekasova H, Lam EW-F, Soeiro I, Lombardi G, Dazzi F. Mesenchymal
Stem Cells Inhibit Dendritic Cell Differentiation and Function by Preventing Entry Into
the Cell Cycle. Transplantation. 2007 Jan;83(1):71-6.

107



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Aggarwal S, Pittenger MF. Human mesenchymal stem cells modulate allogeneic immune
cell responses. Blood. 2005 Feb;105(4):1815-22.

Almeida-Porada G, Atala AJ, Porada CD. Therapeutic Mesenchymal Stromal Cells for
Immunotherapy and for Gene and Drug Delivery. Vol. 16, Molecular Therapy - Methods
and Clinical Development. Cell Press; 2020. p. 204-24.

Nicola M Di, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, Matteucci P, et al.
Human bone marrow stromal cells suppress T-lymphocyte proliferation induced by
cellular or nonspecific mitogenic stimuli. Blood. 2002 May;99(10):3838—43.
Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, Mclntosh K, Patil S, et al.
Mesenchymal stem cells suppress lymphocyte proliferation in vitro and prolong skin graft
survival in vivo. Exp Hematol. 2002 Jan;30(1):42-8.

DiMarino AM, Caplan Al, Bonfield TL. Mesenchymal stem cells in tissue repair.
Frontiers in Immunology. 2013.

S.A.P, L. S, J. M, P. R. Immunological properties of mesenchymal stem cells and clinical
implications. Archivum Immunologiae et Therapiae Experimentalis. 2008.

Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, et al. Human adipose
tissue is a source of multipotent stem cells. Mol Biol Cell. 2002;

da Silva Meirelles L, Chagastelles PC, Nardi NB. Mesenchymal stem cells reside in
virtually all post-natal organs and tissues. J Cell Sci. 2006 Jun;119(11):2204—13.
Klimczak A, Kozlowska U. Mesenchymal stromal cells and tissue-specific progenitor
cells: Their role in tissue homeostasis. Stem Cells International. 2016.

Secunda R, Vennila R, Mohanashankar AM, Rajasundari M, Jeswanth S, Surendran R.
Isolation, expansion and characterisation of mesenchymal stem cells from human bone
marrow, adipose tissue, umbilical cord blood and matrix: a comparative study.
Cytotechnology. 2015 Oct;67(5):793-807.

Schneider S, Unger M, Van Griensven M, Balmayor ER. Adipose-derived mesenchymal
stem cells from liposuction and resected fat are feasible sources for regenerative medicine.
Eur J Med Res. 2017;

Frese L, Dijkman PE, Hoerstrup SP. Adipose tissue-derived stem cells in regenerative
medicine. Transfusion Medicine and Hemotherapy. 2016.

Baer PC. Adipose-derived stem cells and their potential to differentiate into the epithelial
lineage. Stem Cells Dev. 2011;

Francis SL, Yao A, Choong PFM. Culture time needed to scale up infrapatellar fat pad
derived stem cells for cartilage regeneration: A systematic review. Bioengineering. 2020.
Dragoo JL, Chang W. Arthroscopic Harvest of Adipose-Derived Mesenchymal Stem Cells
From the Infrapatellar Fat Pad. Am J Sports Med. 2017;

Francis SL, Duchi S, Onofrillo C, Di Bella C, Choong PFM. Adipose-derived
mesenchymal stem cells in the use of cartilage tissue engineering: The need for a rapid
isolation procedure. Stem Cells International. 2018.

Pawitan JA. Prospect of Adipose Tissue Derived Mesenchymal Stem Cells in
Regenerative Medicine. Cell Tissue Transplant Ther. 2009;

Mancuso P, Bouchard B. The impact of aging on adipose function and adipokine
synthesis. Frontiers in Endocrinology. 2019.

Baglioni S, Francalanci M, Squecco R, Lombardi A, Cantini G, Angeli R, et al.
Characterization of human adult stem-cell populations isolated from visceral and
subcutaneous adipose tissue. FASEB J. 2009;

108



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Silva FJ, Holt DJ, Vargas V, Yockman J, Boudina S, Atkinson D, et al. Metabolically
active human brown adipose tissue derived stem cells. Stem Cells. 2014;

Faroni A, Terenghi G, Reid AJ. Adipose-derived stem cells and nerve regeneration:
Promises and pitfalls. In: International Review of Neurobiology. 2013.

Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, et al. Multilineage cells from
human adipose tissue: Implications for cell-based therapies. In: Tissue Engineering. 2001.
Mizuno H. Adipose-derived stem cells for tissue repair and regeneration: Ten years of
research and a literature review. J Nippon Med Sch. 2009 Apr;76(2):56—66.

Lee JA, Parrett BM, Conejero JA, Laser J, Chen J, Kogon AlJ, et al. Biological alchemy:
Engineering bone and fat from fat-derived stem cells. Ann Plast Surg. 2003;

Yoshida Y, Matsubara H, Fang X, Hayashi K, Nomura I, Ugaji S, et al. Adipose-derived
stem cell sheets accelerate bone healing in rat femoral defects. PLoS One. 2019;14(3):1—
18.

Peel Kim H, Ji Y, Chul Rhee S, Sang Dhong E, Ha Park S, Yoon E-S. Enhancement of
Bone Regeneration Using Osteogenic-Induced Adipose- Derived Stem Cells Combined
with Demineralized Bone Matrix in a Rat Critically-Sized Calvarial Defect Model. Curr
Stem Cell Res Ther. 2012;

Oh SJ, Park HY, Choi KU, Choi SW, Kim SD, Kong SK, et al. Auricular cartilage
regeneration with adipose-derived stem cells in rabbits. Mediators Inflamm. 2018;

Cui L, WuY, CenL, Zhou H, Yin S, Liu G, et al. Repair of articular cartilage defect in
non-weight bearing areas using adipose derived stem cells loaded polyglycolic acid mesh.
Biomaterials. 2009;

Masuoka K, Asazuma T, Hattori H, Yoshihara Y, Sato M, Matsumura K, et al. Tissue
engineering of articular cartilage with autologous cultured adipose tissue-derived stromal
cells using atelocollagen honeycomb-shaped scaffold with a membrane sealing in rabbits.
J Biomed Mater Res - Part B Appl Biomater. 2006;

Han C, Zhang L, Song L, Liu Y, Zou W, Piao H, et al. Human adipose-derived
mesenchymal stem cells: A better cell source for nervous system regeneration. Chin Med J
(Engl). 2014;

Santiago LY, Clavijo-Alvarez J, Brayfield C, Rubin JP, Marra KG. Delivery of adipose-
derived precursor cells for peripheral nerve repair. Cell Transplant. 2009;

Erba P, Mantovani C, Kalbermatten DF, Pierer G, Terenghi G, Kingham PJ. Regeneration
potential and survival of transplanted undifferentiated adipose tissue-derived stem cells in
peripheral nerve conduits. J Plast Reconstr Aesthetic Surg. 2010;

Carlson KB, Singh P, Feaster MM, Ramnarain A, Pavlides C, Chen ZL, et al.
Mesenchymal stem cells facilitate axon sorting, myelination, and functional recovery in
paralyzed mice deficient in Schwann cell-derived laminin. Glia. 2011;

Reina MA, Franco CD, Lépez A, Dé Andrés JA, van Zundert A. Clinical implications of
epidural fat in the spinal canal. A scanning electron microscopic study. Acta Anaesthesiol
Belg. 2009;

Gareau R. Atlas of Functional Anatomy for Regional Anesthesia and Pain Medicine. Vol.
63, Canadian Journal of Anesthesia/Journal canadien d’anesthésie. 2016. 509-509 p.
Beaujeux R, Wolfram-Gabel R, Kehrli P, Fabre M, Dietemann JL, Maitrot D, et al.
Posterior lumbar epidural fat as a functional structure?: Histologic specificities. Spine
(Phila Pa 1976). 1997;

Gala FB, Aswani Y. Imaging in spinal posterior epidural space lesions: A pictorial essay.

109



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Indian J Radiol Imaging. 2016;

Dixon AK. Who has most epidural fat? Information from computed tomography. Br J
Radiol. 1986;

Wu HTH, Schweitzer ME, Parker L. Is epidural fat associated with body habitus? J
Comput Assist Tomogr. 2005;

Reina MA, Pulido P, Castedo J, Villanueva MC, Lopez A, Sola RG. Caracteristicas y
distribucion de la grasa epidural humana normal. Revista espafiola de anestesiologia y
reanimacion. 2006.

Lee GW, Seo MS, Kang KK, Oh SK. Epidural fat-derived mesenchymal stem cell: First
report of epidural fat-derived mesenchymal stem cell. Asian Spine J. 2019;

Al-Jezani N, Cho R, Masson AO, Lenehan B, Krawetz R, Lyons FG. Isolation and
characterization of an adult stem cell population from human epidural fat. Stem Cells Int.
2019;

Rustom DH, Gupta D, Chakrabortty S. Epidural lipomatosis: A dilemma in interventional
pain management for the use of epidural Steroids. Journal of Anaesthesiology Clinical
Pharmacology. 2013.

Genevay S, Atlas SJ. Lumbar Spinal Stenosis. Best Practice and Research: Clinical
Rheumatology. 2010.

Lee GW, Mun JU, Ahn MW. The impact of posterior epidural adipose tissue on
postoperative outcomes after posterior decompression surgery for lumbar spinal stenosis:
A prospectively randomized non-inferiority trial. J Orthop Surg. 2020;

Sions JM, Rodriguez CA, Pohlig RT, Hicks GE, Coyle PC. Epidural fat and its association
with pain, physical function, and disability among older adults with low back pain and
controls. Pain Med (United States). 2018;

Jung S, Kleineidam B, Kleinheinz J. Regenerative potential of human adipose-derived
stromal cells of various origins. J Cranio-Maxillofacial Surg. 2015;

Gu W, Hong X, Potter C, Qu A, Xu Q. Mesenchymal stem cells and vascular
regeneration. Microcirculation. 2017.

Mohamed-Ahmed S, Fristad I, Lie SA, Suliman S, Mustafa K, Vindenes H, et al.
Adipose-derived and bone marrow mesenchymal stem cells: A donor-matched
comparison. Stem Cell Res Ther. 2018;

XulJ,ChenY, Yue Y, Sun J, Cui L. Reconstruction of epidural fat with engineered
adipose tissue from adipose derived stem cells and PLGA in the rabbit dorsal
laminectomy model. Biomaterials. 2012;

Tatsui CE, Martinez G, Li X, Pattany P, Levi AD. Evaluation of DuraGen in preventing
peridural fibrosis in rabbits: Invited submission from the joint section meeting on
disorders of the spine and peripheral nerves, March 2005. J Neurosurg Spine. 2006;

He Y, Revel M, Loty B. A quantitative model of post-laminectomy scar formation: Effects
of a nonsteroidal anti-inflammatory drug. Spine (Phila Pa 1976). 1995;

Kanamori M, Kawaguchi Y, Ohmori K, Kimura T, Tsuji H, Matsui H. The fate of
autogenous free-fat grafts after posterior lumbar surgery: part 2. Magnetic resonance
imaging and histologic studies in repeated surgery cases. Spine (Phila Pa 1976). 2001;
Tan CF, Wong HF, Ng KK, Wai YY, Wan YL. The fate of epidural autologous free fat
grafts; longitudinal MRI surveillance. In: Transplantation Proceedings. 2001.

Cabezudo JM, Lopez A, Bacci F. Symptomatic root compression by a free fat transplant
after hemilaminectomy. Case report. J Neurosurg. 1985;

110



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

3.

&4.

85.

86.

87.

88.

Mayer PJ, Jacobsen FS. Cauda equina syndrome after surgical treatment of lumbar spinal
stenosis with application of free autogenous fat graft. A report of two cases. J Bone Jt
Surg - Ser A. 1989;

Prusick VR, Lint DS, Bruder WJ. Cauda equina syndrome as a complication of free
epidural fat-grafting. A report of two cases and a review of the literature. J Bone Jt Surg -
Ser A. 1988;

Lin CY, Liu TY, Chen MH, Sun JS, Chen MH. An injectable extracellular matrix for the
reconstruction of epidural fat and the prevention of epidural fibrosis. Biomed Mater. 2016;
Decimo I, Fumagalli G, Berton V, Krampera M, Bifari F. Meninges: From protective
membrane to stem cell niche. American Journal of Stem Cells. 2012.

Schiitze G. Epiduroscopic Diagnostics. In: Epiduroscopy spinal endoscopy. Heidelberg:
Springer; 2008. p. 10-6.

Protasoni M, Sangiorgi S, Cividini A, Culuvaris GT, Tomei G, Dell’Orbo C, et al. The
collagenic architecture of human dura mater. J Neurosurg. 2011;

Kalevski SK, Peev NA, Haritonov DG. Incidental Dural Tears in lumbar decompressive
surgery: Incidence, causes, treatment, results. Asian J Neurosurg. 2010;

DeSisto J, O’Rourke R, Bonney S, Jones HE, Guimiot F, Jones KL, et al. A Cellular Atlas
of the Developing Meninges Reveals Meningeal Fibroblast Diversity and Function. SSRN
Electron J. 2019;

Kalajzic Z, Li H, Wang LP, Jiang X, Lamothe K, Adams DJ, et al. Use of an alpha-
smooth muscle actin GFP reporter to identify an osteoprogenitor population. Bone. 2008;
Bifari F, Berton V, Pino A, Kusalo M, Malpeli G, Di Chio M, et al. Meninges harbor cells
expressing neural precursor markers during development and adulthood. Front Cell
Neurosci. 2015;

Tsuji W. Adipose-derived stem cells: Implications in tissue regeneration. World J Stem
Cells. 2014;

Sanchez-Gurmaches J, Hsiao WY, Guertin DA. Highly selective in vivo labeling of
subcutaneous white adipocyte precursors with Prx1-Cre. Stem Cell Reports. 2015;
Enerbiack S. The Origins of Brown Adipose Tissue. Vol. 360, n engl j med. 2009.

Sethi JK, Vidal-Puig AJ. Thematic review series: Adipocyte Biology. Adipose tissue
function and plasticity orchestrate nutritional adaptation. Vol. 48, Journal of Lipid
Research. Elsevier; 2007. p. 1253-62.

Gesta S, Tseng YH, Kahn CR. Developmental Origin of Fat: Tracking Obesity to Its
Source [Internet]. Vol. 131, Cell. Elsevier B.V.; 2007 [cited 2021 Apr 9]. p. 242-56.
Available from: http://www.cell.com/article/S009286740701272X/fulltext

Fantuzzi G, Faggioni R. Leptin in the regulation of immunity, inflammation, and
hematopoiesis; Leptin in the regulation of immunity, inflammation, and hematopoiesis
[Internet]. Vol. 68, Journal of Leukocyte Biology. John Wiley & Sons, Ltd; 2000 Oct
[cited 2021 Apr 9]. Available from: http://www.jleukbio.org

Juge-Aubry CE, Henrichot E, Meier CA. Adipose tissue: A regulator of inflammation
[Internet]. Vol. 19, Best Practice and Research: Clinical Endocrinology and Metabolism.
Best Pract Res Clin Endocrinol Metab; 2005 [cited 2021 Apr 9]. p. 547-66. Available
from: https://pubmed.ncbi.nlm.nih.gov/16311216/

Amaia Rodriguez, Victoria Catalan, Javier Gomez-Ambrosi, Gema Fruhbeck. Visceral
and Subcutaneous Adiposity: Are Both Potential Therapeutic Targets for Tackling the
Metabolic Syndrome? Curr Pharm Des [Internet]. 2007 Jun 28 [cited 2021 Apr

111



&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

91;13(21):2169-75. Available from: https://pubmed.ncbi.nlm.nih.gov/17627548/
Wajchenberg BL. Subcutaneous and visceral adipose tissue: Their relation to the
metabolic syndrome [Internet]. Vol. 21, Endocrine Reviews. Endocrine Society; 2000
[cited 2021 Apr 9]. p. 697-738. Available from:
https://pubmed.ncbi.nlm.nih.gov/11133069/

Wozniak SE, Gee LL, Wachtel MS, Frezza EE. Adipose tissue: The new endocrine organ?
a review article [Internet]. Vol. 54, Digestive Diseases and Sciences. Springer; 2009 [cited
2021 Apr 9]. p. 1847-56. Available from: https://link-springer-
com.ezproxy.lib.ucalgary.ca/article/10.1007/s10620-008-0585-3

Saely CH, Geiger K, Drexel H. Brown versus White Adipose Tissue: A Mini-Review.
Gerontology [Internet]. 2012 Dec [cited 2021 Apr 9];58(1):15-23. Available from:
https://www karger.com/Article/FullText/321319

Rosell M, Kaforou M, Frontini A, Okolo A, Chan YW, Nikolopoulou E, et al. Brown and
white adipose tissues: Intrinsic differences in gene expression and response to cold
exposure in mice. Am J Physiol - Endocrinol Metab [Internet]. 2014 Apr 15 [cited 2021
Apr 9];306(8):E945. Available from: /pmc/articles/PMC3989735/

Forner F, Kumar C, Luber CA, Fromme T, Klingenspor M, Mann M. Proteome
Differences between Brown and White Fat Mitochondria Reveal Specialized Metabolic
Functions. Cell Metab. 2009 Oct 7;10(4):324-35.

Mattson MP. Perspective: Does brown fat protect against diseases of aging? [Internet].
Vol. 9, Ageing Research Reviews. Ageing Res Rev; 2010 [cited 2021 Apr 9]. p. 69-76.
Available from: https://pubmed.ncbi.nlm.nih.gov/19969105/

Lee P, Greenfield JR, Ho KKY, Fulham MJ. A critical appraisal of the prevalence and
metabolic significance of brown adipose tissue in adult humans. Am J Physiol -
Endocrinol Metab [Internet]. 2010 Oct [cited 2021 Apr 10];299(4). Available from:
https://pubmed.ncbi.nlm.nih.gov/20606075/

Wehrli NE, Bural G, Houseni M, Alkhawaldeh K, Alavi A, Torigian DA. Determination
of Age-Related Changes in Structure and Function of Skin, Adipose Tissue, and Skeletal
Muscle With Computed Tomography, Magnetic Resonance Imaging, and Positron
Emission Tomography. Semin Nucl Med [Internet]. 2007 May [cited 2021 Apr
91;37(3):195-205. Available from: https://pubmed.ncbi.nlm.nih.gov/17418152/

Bartelt A, Bruns OT, Reimer R, Hohenberg H, Ittrich H, Peldschus K, et al. Brown
adipose tissue activity controls triglyceride clearance. Nat Med [Internet]. 2011 Feb [cited
2021 Apr 9];17(2):200—-6. Available from: https://pubmed.ncbi.nlm.nih.gov/21258337/
Cinti S. Transdifferentiation properties of adipocytes in the adipose organ [Internet]. Vol.
297, American Journal of Physiology - Endocrinology and Metabolism. Am J Physiol
Endocrinol Metab; 2009 [cited 2021 Apr 9]. Available from:
https://pubmed.ncbi.nlm.nih.gov/19458063/

Tiraby C, Tavernier G, Lefort C, Larrouy D, Bouillaud F, Ricquier D, et al. Acquirement
of brown fat cell features by human white adipocytes. J Biol Chem [Internet]. 2003 Aug
29 [cited 2021 Apr 10];278(35):33370—6. Available from:
https://pubmed.ncbi.nlm.nih.gov/12807871/

Seale P, Conroe HM, Estall J, Kajimura S, Frontini A, Ishibashi J, et al. Prdm16
determines the thermogenic program of subcutaneous white adipose tissue in mice. J Clin
Invest [Internet]. 2011 Jan 4 [cited 2021 Apr 10];121(1):96—-105. Available from:
https://pubmed.ncbi.nlm.nih.gov/21123942/

112



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH, et al. Beige adipocytes are a
distinct type of thermogenic fat cell in mouse and human. Cell [Internet]. 2012 Jul 20
[cited 2021 Apr 10];150(2):366—76. Available from:
https://pubmed.ncbi.nlm.nih.gov/22796012/

Guerra C, Koza RA, Yamashita H, Walsh K, Kozak LP. Emergence of brown adipocytes
in white fat in mice is under genetic control effects on body weight and adiposity. J Clin
Invest [Internet]. 1998 Jul 15 [cited 2021 Apr 10];102(2):412-20. Available from:
http://www.jci.org

Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, et al. PRDM16 controls a brown
fat/skeletal muscle switch. Nature [Internet]. 2008 Aug 21 [cited 2021 Apr
10];454(7207):961-7. Available from: https://www-nature-
com.ezproxy.lib.ucalgary.ca/articles/nature07182

Lee YH, Petkova AP, Mottillo EP, Granneman JG. In vivo identification of bipotential
adipocyte progenitors recruited by B3-adrenoceptor activation and high-fat feeding. Cell
Metab [Internet]. 2012 Apr 4 [cited 2021 Apr 10];15(4):480-91. Available from:
https://pubmed.ncbi.nlm.nih.gov/22482730/

Stem Cells - Google Books [Internet]. [cited 2021 Apr 12]. Available from:
https://www.google.ca/books/edition/Stem_Cells/hybxDwAAQBAJ?hl=en&gbpv=1&kpt
ab=overview

Christine L. Mummery, Anja van de Stolpe, Bernard Roelen HC. Stem Cells Scientific
Facts and Fiction. 2014.

Tseng SS, Lee MA, Reddi AH. Nonunions and the potential of stem cells in fracture-
healing. In: Journal of Bone and Joint Surgery - Series A. 2008. p. 92-8.

Bhartiya D. Stem cells, progenitors & regenerative medicine: A retrospection. Indian J
Med Res [Internet]. 2015 [cited 2021 May 18];142(FEB):154—61. Available from:
/pmc/articles/PMC4418150/

Ye L, Swingen C, Zhang J. Induced Pluripotent Stem Cells and Their Potential for Basic
and Clinical Sciences. Curr Cardiol Rev [Internet]. 2013 Feb 9 [cited 2021 Apr
13];9(1):63-72. Available from: /pmc/articles/PMC3584308/

Pessoa LV de F, Bressan FF, Freude KK. Induced pluripotent stem cells throughout the
animal kingdom: Availability and applications. World J Stem Cells [Internet]. 2019 Aug
26 [cited 2021 Apr 13];11(8):491-505. Available from: https://www.wjgnet.com/1948-
0210/full/v11/i8/491 .htm

Worku MG. Pluripotent and Multipotent Stem Cells and Current Therapeutic
Applications: Review. Stem Cells Cloning Adv Appl [Internet]. 2021 Apr 12 [cited 2021
Apr 13];Volume 14:3-7. Available from: https://www.dovepress.com/pluripotent-and-
multipotent-stem-cells-and-current-therapeutic-applica-peer-reviewed-article-SCCAA
Nakagawa M, Koyanagi M, Tanabe K, Takahashi K, Ichisaka T, Aoi T, et al. Generation
of induced pluripotent stem cells without Myc from mouse and human fibroblasts. Nat
Biotechnol [Internet]. 2008 Jan [cited 2021 Apr 13];26(1):101-6. Available from:
https://pubmed.ncbi.nlm.nih.gov/18059259/

Grskovic M, Javaherian A, Strulovici B, Daley GQ. Induced pluripotent stem cells g€"
opportunities for disease modelling and drug discovery [Internet]. Vol. 10, Nature
Reviews Drug Discovery. Nat Rev Drug Discov; 2011 [cited 2021 Apr 13]. p. 915-29.
Available from: https://pubmed.ncbi.nlm.nih.gov/22076509/

Teo AKK, Vallier L. Emerging use of stem cells in regenerative medicine [Internet]. Vol.

113



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

428, Biochemical Journal. Portland Press; 2010 [cited 2021 Apr 13]. p. 11-23. Available
from: /biochemj/article/428/1/11/45078/Emerging-use-of-stem-cells-in-regenerative
Volarevic V, Markovic BS, Gazdic M, Volarevic A, Jovicic N, Arsenijevic N, et al.
Ethical and safety issues of stem cell-based therapy [Internet]. Vol. 15, International
Journal of Medical Sciences. Ivyspring International Publisher; 2018 [cited 2021 Apr 13].
p. 36-45. Available from: /pmc/articles/PMC5765738/

Pizzute T, Lynch K, Pei M. Impact of Tissue-Specific Stem Cells on Lineage-Specific
Differentiation: A Focus on the Musculoskeletal System. Stem Cell Rev Reports
[Internet]. 2015 Feb 1 [cited 2021 May 31];11(1):119-32. Available from:
https://link.springer.com/article/10.1007/s12015-014-9546-8

Xie L, Zhang N, Marsano A, Vunjak-Novakovic G, Zhang Y, Lopez MJ. In vitro
mesenchymal trilineage differentiation and extracellular matrix production by adipose and
bone marrow derived adult equine multipotent stromal cells on a collagen scaffold. Stem
Cell Rev Reports [Internet]. 2013 Dec 1 [cited 2021 May 31];9(6):858—72. Available
from: https://link.springer.com/article/10.1007/s12015-013-9456-1

Yoshimura H, Muneta T, Nimura A, Yokoyama A, Koga H, Sekiya I. Comparison of rat
mesenchymal stem cells derived from bone marrow, synovium, periosteum, adipose
tissue, and muscle. Cell Tissue Res [Internet]. 2007 Mar [cited 2021 May 31];327(3):449—
62. Available from: https://pubmed.ncbi.nlm.nih.gov/17053900/

Krause DS, Theise ND, Collector MI, Henegariu O, Hwang S, Gardner R, et al. Multi-
organ, multi-lineage engraftment by a single bone marrow-derived stem cell. Cell
[Internet]. 2001 May 4 [cited 2021 Apr 14];105(3):369-77. Available from:
https://pubmed.ncbi.nlm.nih.gov/11348593/

Ferrari G, Cusella-De Angelis G, Coletta M, Paolucci E, Stornaiuolo A, Cossu G, et al.
Muscle regeneration by bone marrow-derived myogenic progenitors. Science (80-)
[Internet]. 1998 Mar 6 [cited 2021 Apr 14];279(5356):1528-30. Available from:
https://pubmed.ncbi.nlm.nih.gov/9488650/

Jackson KA, Majka SM, Wang H, Pocius J, Hartley CJ, Majesky MW, et al. Regeneration
of ischemic cardiac muscle and vascular endothelium by adult stem cells. J Clin Invest
[Internet]. 2001 [cited 2021 Apr 14];107(11):1395-402. Available from:
https://pubmed.ncbi.nlm.nih.gov/11390421/

Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver M, et al. Bone marrow
origin of endothelial progenitor cells responsible for postnatal vasculogenesis in
physiological and pathological neovascularization. Circ Res [Internet]. 1999 Aug 6 [cited
2021 Apr 14];85(3):221-8. Available from: https://pubmed.ncbi.nlm.nih.gov/10436164/
Theise ND, Badve S, Saxena R, Henegariu O, Sell S, Crawford JM, et al. Derivation of
hepatocytes from bone marrow cells in mice after radiation-induced myeloablation.
Hepatology [Internet]. 2000 [cited 2021 Apr 14];31(1):235-40. Available from:
https://pubmed.ncbi.nlm.nih.gov/10613752/

Mezey E, Chandross KJ, Harta G, Maki RA, McKercher SR. Turning blood into brain:
Cells bearing neuronal antigens generated in vivo from bone marrow. Science (80- )
[Internet]. 2000 Dec 1 [cited 2021 Apr 14];290(5497):1779-82. Available from:
https://pubmed.ncbi.nlm.nih.gov/11099419/

Kawada H, Ogawa M. Bone marrow origin of hematopoietic progenitors and stem cells in
murine muscle. Blood [Internet]. 2001 Oct 1 [cited 2021 Apr 14];98(7):2008-13.
Available from: https://pubmed.ncbi.nlm.nih.gov/11567983/

114



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Tuan RS, Boland G, Tuli R. Adult mesenchymal stem cells and cell-based tissue
engineering [Internet]. Vol. 5, Arthritis Research and Therapy. Arthritis Res Ther; 2003
[cited 2021 Apr 14]. p. 32—45. Available from:
https://pubmed.ncbi.nlm.nih.gov/12716446/

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini FC, Krause DS, et al.
Minimal criteria for defining multipotent mesenchymal stromal cells. The International
Society for Cellular Therapy position statement. Cytotherapy [Internet]. 2006 Aug [cited
2021 Apr 14];8(4):315-7. Available from: https://pubmed.ncbi.nlm.nih.gov/16923606/
Sung JH, Yang HM, Park JB, Choi GS, Joh JW, Kwon CH, et al. Isolation and
Characterization of Mouse Mesenchymal Stem Cells. Transplant Proc. 2008 Oct
1;40(8):2649-54.

Kinnaird T, Stabile E, Burnett MS, Epstein SE. Bone marrow-derived cells for enhancing
collateral development: Mechanisms, animal data, and initial clinical experiences.
Circulation Research. 2004.

Musial-Wysocka A, Kot M, Majka M. The Pros and Cons of Mesenchymal Stem Cell-
Based Therapies. Cell Transplantation. 2019.

Corselli M, Chen CW, Crisan M, Lazzari L, Péault B. Perivascular ancestors of adult
multipotent stem cells [Internet]. Vol. 30, Arteriosclerosis, Thrombosis, and Vascular
Biology. Arterioscler Thromb Vasc Biol; 2010 [cited 2021 Apr 14]. p. 1104-9. Available
from: https://pubmed.ncbi.nlm.nih.gov/20453168/

Nombela-Arrieta C, Ritz J, Silberstein LE. The elusive nature and function of
mesenchymal stem cells. Nature Reviews Molecular Cell Biology. 2011.

Santos J, Fernandez-Navarro P, Villa-Morales M, Gonzalez-Sanchez L, Fernandez-
Piqueras J. Genetically modified mouse models in cancer studies. Clin Transl Oncol.
2008;10(12):794-803.

Gehring WJ. Homeo boxes in the study of development. Science (80- ) [Internet]. 1987
[cited 2021 May 18];236(4805):1245-52. Available from:
https://pubmed.ncbi.nlm.nih.gov/2884726/

Gehring WJ, Affolter M, Biirglin T. Homeodomain proteins [Internet]. Vol. 63, Annual
Review of Biochemistry. Annual Reviews Inc.; 1994 [cited 2021 May 18]. p. 487-526.
Available from:
https://www.annualreviews.org/doi/abs/10.1146/annurev.bi.63.070194.0024 15

Mohamed FF, Franceschi RT. Skeletal Stem Cells: Origins, Functions, and Uncertainties.
Curr Mol Biol Reports. 2017,

Kuratani S, Martin JF, Wawersik S, Lilly B, Eichele G, Olson EN. The expression pattern
of the chick homeobox gene gMHox suggests a role in patterning of the limbs and face
and in compartmentalization of somites. Dev Biol [Internet]. 1994 Feb 1 [cited 2021 May
18];161(2):357—69. Available from: https://europepmc.org/article/med/7906232
Leussink B, Brouwer A, El Khattabi M, Poelmann RE, Gittenberger-de Groot AC,
Meijlink F. Expression patterns of the paired-related homeobox genes MHox Prx1 and S8
Prx2 suggest roles in development of the heart and the forebrain. Mech Dev [Internet].
1995 [cited 2021 May 18];52(1):51-64. Available from:
https://pubmed.ncbi.nlm.nih.gov/7577675/

Shimozaki K, Clemenson GD, Gage FH. Paired related homeobox protein 1 is a regulator
of stemness in adult neural stem/progenitor cells. J Neurosci [Internet]. 2013 Feb 27 [cited
2021 May 18];33(9):4066—75. Available from:

115



140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.
154.

https://www.jneurosci.org/content/33/9/4066

Martin JF, Bradley A, Olson EN. The paired-like homeo box gene MHox is required for
early events of skeletogenesis in multiple lineages. Genes Dev [Internet]. 1995 May 15
[cited 2021 May 18];9(10):1237-49. Available from:
https://pubmed.ncbi.nlm.nih.gov/7758948/

Duchamp De Lageneste O, Julien A, Abou-Khalil R, Frangi G, Carvalho C, Cagnard N, et
al. Periosteum contains skeletal stem cells with high bone regenerative potential controlled
by Periostin. Nat Commun. 2018;

Murao H, Yamamoto K, Matsuda S, Akiyama H. Periosteal cells are a major source of
soft callus in bone fracture. ] Bone Miner Metab. 2013;

Al-Jezani N, Cho R, Masson AO, Lenehan B, Krawetz R, Lyons FG. Isolation and
characterization of an adult stem cell population from human epidural fat. Stem Cells Int.
2019;2019.

Wales’ MM, Biel MA, El Deiry W, Nelkin BD, Issa J-P, Cavenee WK, etal. o ------ -----
-+-ARTICLES: p53 activates expression of HIC-1, a new candidate tumour suppressor
gene on 17p13.3 [Internet]. Vol. 1, NATURE MEDICINE. 1995 [cited 2021 May 19].
Available from: http://www.nature.com/naturemedicine

Carter MG, Johns MA, Zeng X, Zhou L, Zink MC, Mankowski JL, et al. Mice deficient in
the candidate tumor suppressor gene Hicl exhibit developmental defects of structures
affected in the Miller-Dieker syndrome. Hum Mol Genet [Internet]. 2000 Feb 12 [cited
2021 May 19];9(3):413-9. Available from:
https://academic.oup.com/hmg/article/9/3/413/715103

Britschgi C, Rizzi M, Grob TJ, Tschan MP, Hiigli B, Reddy VA, et al. Identification of
the p53 family-responsive element in the promoter region of the tumor suppressor gene
hypermethylated in cancer 1. Oncogene [Internet]. 2006 Mar 30 [cited 2021 May
19];25(14):2030-9. Available from: www.nature.com/onc

Dehennaut V, Loison I, Boulay G, Van Rechem C, Leprince D. Identification of p21
(CIP1/WAF1) as a direct target gene of HIC1 (Hypermethylated In Cancer 1). Biochem
Biophys Res Commun. 2013 Jan 4;430(1):49-53.

Jenal M, Trinh E, Britschgi C, Britschgi A, Roh V, Vorburger SA, et al. The tumor
suppressor gene Hypermethylated in cancer 1 is transcriptionally regulated by E2F1. Mol
Cancer Res [Internet]. 2009 Jun 1 [cited 2021 May 19];7(6):916-22. Available from:
https://mcr.aacrjournals.org/content/7/6/916

Scott RW, Arostegui M, Schweitzer R, Rossi FMV, Underhill TM. Hicl Defines
Quiescent Mesenchymal Progenitor Subpopulations with Distinct Functions and Fates in
Skeletal Muscle Regeneration. Cell Stem Cell. 2019;

Soliman H, Paylor B, Scott RW, Lemos DR, Chang CK, Arostegui M, et al. Pathogenic
Potential of Hicl-Expressing Cardiac Stromal Progenitors. Cell Stem Cell. 2020;

Zhao J, Nassar MA, Gavazzi I, Wood JN. Tamoxifen-inducible NaV1.8-CreERT2
recombinase activity in nociceptive neurons of dorsal root ganglia. Genesis. 2006;
Mitamura T, Higashiyama S, Taniguchi N, Klagsbrun M, Mekada E. Diphtheria Toxin
Binds to the Epidermal Growth Factor (EGF)-like Domain of Human Heparin-binding
EGF-like Growth Factor/Diphtheria Toxin Receptor and Inhibits Specifically Its
Mitogenic Activity. J Biol Chem. 1995;270(3):1015-1019.

Collier RJ. Diphtheria toxin: mode of action and structure. Bacteriological Reviews. 1975.
Capecchi MR. B6;129-Gt(ROSA)26Sortm1(DTA)Mrc/J [Internet]. The Jackson

116



155.

156.

157.

158.
159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Laboratory. [cited 2020 Mar 28]. Available from: https://www.jax.org/strain/010527
Collier RJ. Understanding the mode of action of diphtheria toxin: A perspective on
progress during the 20th century. Toxicon. 2001.

Plummer NW, Ungewitter EK, Smith KG, Yao HHC, Jensen P. A new mouse line for cell
ablation by diphtheria toxin subunit A controlled by a Cre-dependent FLEx switch.
Genesis. 2017;

Chen J. The cell-cycle arrest and apoptotic functions of p53 in tumor initiation and
progression. Cold Spring Harb Perspect Med. 2016;

Malumbres M. Cyclin-dependent kinases. Genome Biol. 2014;

Abbas T, Dutta A. P21 in cancer: Intricate networks and multiple activities. Nature
Reviews Cancer. 2009.

Topley GI, Okuyama R, Gonzales JG, Conti C, Dotto GP. p21WAF1/Cipl functions as a
suppressor of malignant skin tumor formation and a determinant of keratinocyte stem-cell
potential. Proc Natl Acad Sci U S A. 1999;96(16):9089-94.

Arthur L, Heber-Katz E. The role of p21 in regulating mammalian regeneration. Stem Cell
Research and Therapy. 2011.

Bedelbaeva K, Snyder A, Gourevitch D, Clark L, Zhang XM, Leferovich J, et al. Lack of
p21 expression links cell cycle control and appendage regeneration in mice. Proc Natl
Acad Sci U S A. 2010;

Heydemann A. The super super-healing MRL mouse strain. Frontiers in Biology. 2012.
The meninges in human development - PubMed [Internet]. [cited 2021 Apr 16]. Available
from: https://pubmed.ncbi.nlm.nih.gov/3746345/

Gagan JR, Tholpady SS, Ogle RC. Cellular dynamics and tissue interactions of the dura
mater during head development [Internet]. Vol. 81, Birth Defects Research Part C -
Embryo Today: Reviews. Birth Defects Res C Embryo Today; 2007 [cited 2021 Apr 16].
p. 297-304. Available from: https://pubmed.ncbi.nlm.nih.gov/18228258/

Woldenberg RF, Kohn SA. Dura Mater. In: Encyclopedia of the Neurological Sciences.
Elsevier Inc.; 2014. p. 1039-42.

Kekere V, Alsayouri K. Anatomy, Head and Neck, Dura Mater [Internet]. StatPearls.
StatPearls Publishing; 2019 [cited 2021 Apr 15]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/31424885

Harrison M, O’Brien A, Adams L, Cowin G, Ruitenberg MJ, Sengul G, et al. Vertebral
landmarks for the identification of spinal cord segments in the mouse. Neuroimage. 2013
Mar 1;68:22-9.

Chakraverty R, Pynsent P, Isaacs K. Which spinal levels are identified by palpation of the
iliac crests and the posterior superior iliac spines? J Anat [Internet]. 2007 Feb [cited 2021
Apr 17];210(2):232-6. Available from: /pmc/articles/PMC2100271/

Laminectomy - Mayo Clinic [Internet]. [cited 2021 Apr 17]. Available from:
https://www.mayoclinic.org/tests-procedures/laminectomy/about/pac-20394533

Lavyne MH. Cauda Equina. In: Encyclopedia of the Neurological Sciences. Elsevier Inc.;
2014. p. 613-613.

Nene Y, Jilani TN. Neuroanatomy, Conus Medullaris [Internet]. StatPearls. StatPearls
Publishing; 2020 [cited 2021 Apr 17]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/31424811

Alhajj M, Bansal P, Goyal A. Physiology, Granulation Tissue [Internet]. StatPearls.
StatPearls Publishing; 2020 [cited 2021 Apr 17]. Available from:

117



174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

http://www.ncbi.nlm.nih.gov/pubmed/32119289

Mafi R. Sources of Adult Mesenchymal Stem Cells Applicable for Musculoskeletal
Applications - A Systematic Review of the Literature. Open Orthop J. 2011;
Berebichez-Fridman R, Montero-Olvera PR. Sources and clinical applications of
mesenchymal stem cells state-of-the-art review. Sultan Qaboos Univ Med J. 2018;

Patel SA, Sherman L, Munoz J, Rameshwar P. Immunological properties of mesenchymal
stem cells and clinical implications. Archivum Immunologiae et Therapiae
Experimentalis. 2008.

Alonso-Goulart V, Ferreira LB, Duarte CA, Lima IL de, Ferreira ER, Oliveira BC de, et
al. Mesenchymal stem cells from human adipose tissue and bone repair: a literature
review. Biotechnol Res Innov [Internet]. 2018;2(1):74—80. Available from:
https://doi.org/10.1016/j.biori.2017.10.005

Shah S, Mudigonda S, Mitha AP, Salo P, Krawetz RJ. Epidural fat mesenchymal stem
cells: Important microenvironmental regulators in health, disease, and regeneration: Do
EF-MSCs play a role in dural homeostasis/maintenance? BioEssays. 2020;

O’Brien K, Tailor P, Leonard C, Difrancesco LM, Hart DA, Matyas JR, et al.
Enumeration and localization of mesenchymal progenitor cells and macrophages in
synovium from normal individuals and patients with pre-osteoarthritis or clinically
diagnosed osteoarthritis. Int J Mol Sci [Internet]. 2017 Apr 5 [cited 2021 Jun 2];18(4):774.
Available from: /pmc/articles/PMC5412358/

Jablonski CL, Leonard C, Salo P, Krawetz RJ. CCL2 But Not CCR2 Is Required for
Spontaneous Articular Cartilage Regeneration Post-Injury. J Orthop Res [Internet]. 2019
Dec 1 [cited 2021 Jun 2];37(12):2561-74. Available from:
https://pubmed.ncbi.nlm.nih.gov/31424112/

Abbasi S, Sinha S, Labit E, Rosin NL, Yoon G, Rahmani W, et al. Distinct Regulatory
Programs Control the Latent Regenerative Potential of Dermal Fibroblasts during Wound
Healing. Cell Stem Cell. 2020;

Pinte S, Stankovic-Valentin N, Beltour S, Rood BR, Guérardel C, Leprince D. The tumor
suppressor gene HIC1 (hypermethylated in cancer 1) is a sequence-specific transcriptional
repressor: Definition of its consensus binding sequence and analysis of its DNA binding
and repressive properties. J Biol Chem. 2004;

Zhang B, Chambers KJ, Leprince D, Faller D V., Wang S. Requirement for chromatin-
remodeling complex in novel tumor suppressor HIC1-mediated transcriptional repression
and growth control. Oncogene. 2009;

Coller HA, Sang L, Roberts JM. A new description of cellular quiescence. PLoS Biol.
2006;

Kurth TB, Dell’accio F, Crouch V, Augello A, Sharpe PT, De Bari C. Functional
mesenchymal stem cell niches in adult mouse knee joint synovium in vivo. Arthritis
Rheum. 2011 May;63(5):1289-300.

Fossett E, Khan WS. Optimising human mesenchymal stem cell numbers for clinical
application: A literature review. Stem Cells International. 2012.

Rauch F. Bone growth in length and width: The Yin and Yang of bone stability. J
Musculoskelet Neuronal Interact. 2005;

Knight MN, Hankenson KD. Mesenchymal Stem Cells in Bone Regeneration. Adv
Wound Care. 2013;

Muraglia A, Cancedda R, Quarto R. Clonal mesenchymal progenitors from human bone

118



190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

marrow differentiate in vitro according to a hierarchical model. J Cell Sci. 2000;
Sarugaser R, Hanoun L, Keating A, Stanford WL, Davies JE. Human mesenchymal stem
cells self-renew and differentiate according to a deterministic hierarchy. PLoS One. 2009;
Balaji S, Keswani SG, Crombleholme TM. The Role of Mesenchymal Stem Cells in the
Regenerative Wound Healing Phenotype. Adv Wound Care. 2012;

Stappenbeck TS, Miyoshi H. The role of stromal stem cells in tissue regeneration and
wound repair. Science. 2009.

Singer NG, Caplan Al. Mesenchymal stem cells: Mechanisms of inflammation. Annu Rev
Pathol Mech Dis. 2011;

Kidd S, Spaeth E, Dembinski JL, Dietrich M, Watson K, Klopp A, et al. Direct evidence
of mesenchymal stem cell tropism for tumor and wounding microenvironments using in
vivo bioluminescent imaging. Stem Cells. 2009;

McFarlin K, Gao X, Liu YB, Dulchavsky DS, Kwon D, Arbab AS, et al. Bone marrow-
derived mesenchymal stromal cells accelerate wound healing in the rat. Wound Repair
Regen. 2006;

Rustad KC, Gurtner GC. Mesenchymal Stem Cells Home to Sites of Injury and
Inflammation. Adv Wound Care. 2012;

Fu X, Fang L, Li X, Cheng B, Sheng Z. Enhanced wound-healing quality with bone
marrow mesenchymal stem cells autografting after skin injury. Wound Repair Regen.
2006;

Krueger TEG, Thorek DLJ, Denmeade SR, Isaacs JT, Brennen WN. Concise Review:
Mesenchymal Stem Cell-Based Drug Delivery: The Good, the Bad, the Ugly, and the
Promise. Stem Cells Translational Medicine. 2018.

Saxler G, Krdamer J, Barden B, Kurt A, Pfortner J, Bernsmann K. The long-term clinical
sequelae of incidental durotomy in lumbar disc surgery. Spine (Phila Pa 1976). 2005;

da Costa RC, Pippi NL, Graga DL, Fialho SA, Alves A, Groff AC, et al. The effects of
free fat graft or cellulose membrane implants on laminectomy membrane formation in
dogs. Vet J [Internet]. 2006 May [cited 2021 Apr 22];171(3):491-9. Available from:
https://pubmed.ncbi.nlm.nih.gov/16624715/

Liu X. Reconstruction of Epidural Fat to Prevent Epidural Fibrosis after Laminectomy in
Rabbits. :1-15.

Bryant MS, Bremer AM, Nguyen TQ. Autogeneic Fat Transplants in the Epidural Space
in Routine Lumbar Spine Surgery. Neurosurgery [Internet]. 1983 Oct 1 [cited 2021 Apr
22];13(4):351-66. Available from:
https://academic.oup.com/neurosurgery/article/13/4/351/2746058

Langenskiold A, Kiviluoto O. Prevention of epidural scar formation after operations on
the lumbar spine by means of free fat transplants. A preliminary report. Clin Orthop Relat
Res. 1976;No0.115:92-5.

Mayfield FH. Autologous Fat Transplants for the Protection and Repair of the Spinal
Dura. Neurosurgery [Internet]. 1980 Jan 1 [cited 2021 Apr 22];27(CN_suppl 1):349-61.
Available from:
http://academic.oup.com/neurosurgery/article/27/CN_suppl 1/349/4099534

Sandoval MA, Hernandez-Vaquero D. Preventing peridural fibrosis with nonsteroidal
anti-inflammatory drugs. Eur Spine J [Internet]. 2008 Mar 3 [cited 2021 Apr
22];17(3):451-5. Available from: http://link.springer.com/10.1007/s00586-007-0580-y
Jablonski CL, Besler BA, Ali J, Krawetz RJ. p217~ Mice Exhibit Spontaneous Articular

119



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Cartilage Regeneration Post-Injury. Cartilage. 2019;

Premnath P, Ferrie L, Louie D, Boyd S, Krawetz R. Absence of p21 (WAF1/CIP1/SDI1)
protects against osteopenia and minimizes bone loss after ovariectomy in a mouse model.
PLoS One. 2019 Apr;14(4).

Premnath P, Jorgenson B, Hess R, Tailor P, Louie D, Taiani J, et al. P217"mice exhibit
enhanced bone regeneration after injury. BMC Musculoskelet Disord. 2017;18(1).
Bedelbaeva K, Snyder A, Gourevitch D, Clark L, Zhang XM, Leferovich J, et al. Lack of
p21 expression links cell cycle control and appendage regeneration in mice. Proc Natl
Acad Sci U S A. 2010;

Bertram KL, Narendran N, Tailor P, Jablonski C, Leonard C, Irvine E, et al. 17-DMAG
regulates p21 expression to induce chondrogenesis in vitro and in vivo. DMM Dis Model
Mech. 2018 Oct;11(10):dmm033662.

Kippin TE, Martens DJ, Van Der Kooy D. p21 loss compromises the relative quiescence
of forebrain stem cell proliferation leading to exhaustion of their proliferation capacity.
Genes Dev. 2005;

Cheng T, Rodrigues N, Shen H, Yang YG, Dombkowski D, Sykes M, et al.
Hematopoietic stem cell quiescence maintained by p21(cipl/wafl). Science (80- ).
2000;287(5459):1804-9.

Masson AO, Hess R, O’Brien K, Bertram KL, Tailor P, Irvine E, et al. Increased levels of
p21((CIP1/WAF1)) correlate with decreased chondrogenic differentiation potential in
synovial membrane progenitor cells. Mech Ageing Dev. 2015 Jul;149:31-40.

Yew TL, Chiu FY, Tsai CC, Chen HL, Lee WP, Chen YJ, et al. Knockdown of
p21Cipl1/Wafl enhances proliferation, the expression of stemness markers, and osteogenic
potential in human mesenchymal stem cells. Aging Cell. 2011;10(2):349-61.

Arthur LM, Demarest RM, Clark L, Gourevitch D, Bedelbacva K, Anderson R, et al.
Epimorphic regeneration in mice is p53-independent. Cell Cycle. 2010 Sep;9(18):3667—
73.

Ibaraki K, Hayashi S, Kanzaki N, Hashimoto S, Kihara S, Haneda M, et al. Deletion of
p21 expression accelerates cartilage tissue repair via chondrocyte proliferation. Mol Med
Rep. 2020;21(5):2236-42.

D’Costa S, Rich MJ, Diekman BO. Engineered cartilage from human chondrocytes with
homozygous knockout of cell cycle inhibitor p21. Tissue Eng - Part A. 2020 Apr;26(7—
8):441-9.

Kawanami A, Matsushita T, Chan YY, Murakami S. Mice expressing GFP and CreER in
osteochondro progenitor cells in the periosteum. Biochem Biophys Res Commun. 2009
Aug;386(3):477-82.

Higuchi M, Kato T, Yoshida S, Ueharu H, Nishimura N, Kato Y. PRRX1- and PRRX2-
positive mesenchymal stem/progenitor cells are involved in vasculogenesis during rat
embryonic pituitary development. Cell Tissue Res. 2015 Aug;361(2):557-65.
Buitrago-Molina LE, Marhenke S, Longerich T, Sharma AD, Boukouris AE, Geffers R, et
al. The degree of liver injury determines the role of p21 in liver regeneration and
hepatocarcinogenesis in mice. Hepatology. 2013;58(3):1143-52.

Chen CS. 3D Biomimetic Cultures: The Next Platform for Cell Biology [Internet]. Vol.
26, Trends in Cell Biology. Elsevier Ltd; 2016 [cited 2021 Mar 26]. p. 798—800. Available
from: https://pubmed.ncbi.nlm.nih.gov/27637342/

Sugar S, Turidk L, Vékey K, Drahos L. Widespread presence of bovine proteins in human

120



223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

cell lines. J Mass Spectrom. 2020 Jul;55(7):e4464.

Affan A, Al-Jezani N, Railton P, Powell JN, Krawetz RJ. Multiple mesenchymal
progenitor cell subtypes with distinct functional potential are present within the intimal
layer of the hip synovium. BMC Musculoskelet Disord. 2019 Dec;20(1):125.

Rodrigues M, Kosaric N, Bonham CA, Gurtner GC. Wound healing: A cellular
perspective. Physiol Rev. 2019 Jan;99(1):665-706.

Williams EL, Edwards CJ, Cooper C, Oreffo ROC. Impact of inflammation on the
osteoarthritic niche: Implications for regenerative medicine [Internet]. Vol. 7,
Regenerative Medicine. Regen Med; 2012 [cited 2021 Mar 27]. p. 551-70. Available
from: https://pubmed.ncbi.nlm.nih.gov/22817628/

Marsell R, Einhorn TA. The biology of fracture healing. Injury [Internet]. 2011 [cited
2021 Mar 27];42(6):551-5. Available from: https://pubmed.ncbi.nlm.nih.gov/21489527/
Cooke JP. Inflammation and Its Role in Regeneration and Repair [Internet]. Vol. 124,
Circulation research. NLM (Medline); 2019 [cited 2021 Mar 27]. p. 1166-8. Available
from: https://www.ahajournals.org/

De Bari C, Dell’Accio F, Vandenabeele F, Vermeesch JR, Raymackers JM, Luyten FP.
Skeletal muscle repair by adult human mesenchymal stem cells from synovial membrane.
J Cell Biol [Internet]. 2003 Mar 17 [cited 2021 May 19];160(6):909—18. Available from:
https://pubmed.ncbi.nlm.nih.gov/12629053/

Chunmeng S, Tianmin C. Skin: A promising reservoir for adult stem cell populations.
Med Hypotheses [Internet]. 2004 [cited 2021 May 19];62(5):683-8. Available from:
https://pubmed.ncbi.nlm.nih.gov/15082090/

Schwartz S, Rhiner C. Reservoirs for repair? Damage-responsive stem cells and adult
tissue regeneration in drosophila. Int J Dev Biol [Internet]. 2018 Jun 21 [cited 2021 May
19];62(6-8):465—71. Available from: https://doi.org/10.1387/ijdb.180056¢cr

Van Velthoven CTJ, Rando TA. Cell Stem Cell Review Stem Cell Quiescence:
Dynamism, Restraint, and Cellular Idling. 2019 [cited 2021 May 31]; Available from:
https://doi.org/10.1016/j.stem.2019.01.001

Orford KW, Scadden DT. Deconstructing stem cell self-renewal: Genetic insights into
cell-cycle regulation [Internet]. Vol. 9, Nature Reviews Genetics. Nature Publishing
Group; 2008 [cited 2021 Jun 1]. p. 115-28. Available from:
WWwWw.nature.com/reviews/genetics

Prolla TA. Multiple roads to the aging phenotype: Insights from the molecular dissection
of progerias through DNA microarray analysis. Mech Ageing Dev [Internet]. 2005 [cited
2021 Jun 1];126(4):461-5. Available from: https://pubmed.ncbi.nlm.nih.gov/15722104/
Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and disease. Nature
Reviews Immunology. 2008.

Nombela-Arrieta C, Ritz J, Silberstein LE. The elusive nature and function of
mesenchymal stem cells [Internet]. Vol. 12, Nature Reviews Molecular Cell Biology. NIH
Public Access; 2011 [cited 2021 Apr 14]. p. 126-31. Available from:
/pmc/articles/PMC3346289/

Esposito A, Wang L, Li T, Miranda M, Spagnoli A. Role of Prx1-expressing skeletal cells
and Prx1-expression in fracture repair. Bone [Internet]. 2020 Oct 1 [cited 2021 Jun 1];139.
Available from: https://pubmed.ncbi.nlm.nih.gov/32629173/

Bassir SH, Garakani S, Wilk K, Aldawood ZA, Hou J, Yeh SCA, et al. Prx1 expressing
cells are required for periodontal regeneration of the mouse incisor. Front Physiol

121



238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

[Internet]. 2019 May 22 [cited 2021 Jun 1];10(MAY):591. Available from:
www.frontiersin.org

Premnath P, Jorgenson B, Hess R, Tailor P, Louie D, Taiani J, et al. P21-/- mice exhibit
enhanced bone regeneration after injury. BMC Musculoskelet Disord. 2017;18(1):1-10.
Bosacco SJ, Gardner MJ, Guille JT. Evaluation and treatment of dural tears in lumbar
spine surgery: A review [Internet]. Clinical Orthopaedics and Related Research.
Lippincott Williams and Wilkins; 2001 [cited 2021 Mar 28]. p. 238—47. Available from:
https://pubmed.ncbi.nlm.nih.gov/11501817/

Saxler G, Krdamer J, Barden B, Kurt A, Pfortner J, Bernsmann K. The long-term clinical
sequelae of incidental durotomy in lumbar disc surgery. Spine (Phila Pa 1976) [Internet].
2005 Oct 15 [cited 2021 Mar 28];30(20):2298-302. Available from:
https://pubmed.ncbi.nlm.nih.gov/16227893/

Tatsui CE, Martinez G, Li X, Pattany P, Levi AD. Evaluation of DuraGen in preventing
peridural fibrosis in rabbits: Invited submission from the joint section meeting on
disorders of the spine and peripheral nerves, March 2005. J Neurosurg Spine [Internet].
2006 Jan [cited 2021 Apr 22];4(1):51-9. Available from:
https://pubmed.ncbi.nlm.nih.gov/16506466/

Protasoni M, Sangiorgi S, Cividini A, Culuvaris GT, Tomei G, Dell’Orbo C, et al. The
collagenic architecture of human dura mater: Laboratory investigation. J] Neurosurg
[Internet]. 2011 Jun [cited 2021 Mar 28];114(6):1723-30. Available from:
https://pubmed.ncbi.nlm.nih.gov/21294622/

Lin CY, Liu TY, Chen MH, Sun JS, Chen MH. An injectable extracellular matrix for the
reconstruction of epidural fat and the prevention of epidural fibrosis. Biomed Mater
[Internet]. 2016 Jun 7 [cited 2021 Apr 21];11(3). Available from:
https://pubmed.ncbi.nlm.nih.gov/27271471/

XulJ,ChenY, Yue Y, Sun J, Cui L. Reconstruction of epidural fat with engineered
adipose tissue from adipose derived stem cells and PLGA in the rabbit dorsal
laminectomy model. Biomaterials. 2012 Oct 1;33(29):6965-73.

Gnecchi M, Danieli P, Malpasso G, Ciuffreda MC. Paracrine mechanisms of
mesenchymal stem cells in tissue repair. In: Methods in Molecular Biology [Internet].
Humana Press Inc.; 2016 [cited 2021 May 20]. p. 123—46. Available from:
https://pubmed.ncbi.nlm.nih.gov/27236669/

Wei W, Ao Q, Wang X, Cao Y, Liu Y, Zheng SG, et al. Mesenchymal Stem Cell-Derived
Exosomes: A Promising Biological Tool in Nanomedicine [Internet]. Vol. 11, Frontiers in
Pharmacology. Frontiers Media S.A.; 2021 [cited 2021 May 20]. p. 1954. Available from:
www.frontiersin.org

Rao F, Zhang D, Fang T, Lu C, Wang B, Ding X, et al. Exosomes from human gingiva-
derived mesenchymal stem cells combined with biodegradable chitin conduits promote rat
sciatic nerve regeneration. Stem Cells Int [Internet]. 2019 [cited 2021 May 20];2019.
Available from: https://pubmed.ncbi.nlm.nih.gov/31191669/

Wu Y, Chen L, Scott PG, Tredget EE. Mesenchymal Stem Cells Enhance Wound Healing
Through Differentiation and Angiogenesis. Stem Cells [Internet]. 2007 Oct [cited 2021
May 201];25(10):2648-59. Available from: https://pubmed.ncbi.nlm.nih.gov/17615264/
Rehman J, Traktuev D, Li J, Merfeld-Clauss S, Temm-Grove CJ, Bovenkerk JE, et al.
Secretion of Angiogenic and Antiapoptotic Factors by Human Adipose Stromal Cells.
Circulation [Internet]. 2004 Mar 16 [cited 2021 May 20];109(10):1292—8. Available from:

122



250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

https://pubmed.ncbi.nlm.nih.gov/14993122/

Danieli P, Malpasso G, Ciuffreda MC, Cervio E, Calvillo L, Copes F, et al. Conditioned
Medium From Human Amniotic Mesenchymal Stromal Cells Limits Infarct Size and
Enhances Angiogenesis. Stem Cells Transl Med [Internet]. 2015 May [cited 2021 May
20];4(5):448-58. Available from: https://pubmed.ncbi.nlm.nih.gov/25824141/

Dasgupta K, Jeong J. Developmental biology of the meninges [Internet]. Vol. 57, Genesis.
John Wiley and Sons Inc.; 2019 [cited 2021 Apr 30]. Available from:
https://pubmed.ncbi.nlm.nih.gov/30801905/

Turner P V., Brabb T, Pekow C, Vasbinder MA. Administration of substances to
laboratory animals: Routes of administration and factors to consider. Journal of the
American Association for Laboratory Animal Science. 2011.

Hu X, Garcia M, Weng L, Jung X, Murakami JL, Kumar B, et al. Identification of a
common mesenchymal stromal progenitor for the adult haematopoietic niche. Nat
Commun [Internet]. 2016 Oct 10 [cited 2021 May 17];7(1):1-14. Available from:
www.nature.com/naturecommunications

Baustian C, Hanley S, Ceredig R. Isolation, selection and culture methods to enhance
clonogenicity of mouse bone marrow derived mesenchymal stromal cell precursors. Stem
Cell Res Ther. 2015 Aug 25;6(1).

Futami I, Ishijima M, Kaneko H, Tsuji K, Ichikawa-Tomikawa N, Sadatsuki R, et al.
Isolation and Characterization of Multipotential Mesenchymal Cells from the Mouse
Synovium. PLoS One [Internet]. 2012 Sep 18 [cited 2021 May 17];7(9):45517. Available
from: www.plosone.org

Zhou BO, Yue R, Murphy MM, Peyer JG, Morrison SJ. Leptin-receptor-expressing
mesenchymal stromal cells represent the main source of bone formed by adult bone
marrow. Cell Stem Cell [Internet]. 2014 Aug 7 [cited 2021 May 17];15(2):154—68.
Available from: /pmc/articles/PMC4127103/

Mildmay-White A, Khan W. Cell Surface Markers on Adipose-Derived Stem Cells: A
Systematic Review. Curr Stem Cell Res Ther [Internet]. 2017 Sep 26 [cited 2021 May
17];12(6). Available from: https://pubmed.ncbi.nlm.nih.gov/27133085/

Duffield JS. Cellular and molecular mechanisms in kidney fibrosis [Internet]. Vol. 124,
Journal of Clinical Investigation. American Society for Clinical Investigation; 2014 [cited
2021 Jul 4]. p. 2299-306. Available from: /pmc/articles/PMC4038570/

Lepreux S, Desmouliére A. Human liver myofibroblasts during development and diseases
with a focus on portal (myo)fibroblasts [Internet]. Vol. 6, Frontiers in Physiology.
Frontiers Media S.A.; 2015 [cited 2021 Jul 4]. p. 173. Available from:
www.frontiersin.org

Tonegawa S. Somatic generation of antibody diversity. Nature [Internet]. 1983 [cited 2021
May 211];302(5909):575-81. Available from: https://www.nature.com/articles/302575a0
ALT FW, Blackwell TK, Depinho RA, Reth MG, Yancopoulos GD. Regulation of
Genome Rearrangement Events during Lymphocyte Differentiation. Immunol Rev
[Internet]. 1986 [cited 2021 May 21];89(1):5-30. Available from:
https://pubmed.ncbi.nlm.nih.gov/3081433/

Schatz DG, Oettinger MA, Baltimore D. The V(D)J recombination activating gene, RAG-
1. Cell. 1989 Dec 22;59(6):1035-48.

Mombeaerts P, lacomini J, Johnson RS, Herrup K, Tonegawa S, Papaioannou VE. RAG-1-
deficient mice have no mature B and T lymphocytes. Cell [Internet]. 1992 Mar 6 [cited

123



2021 Apr 15];68(5):869—77. Available from: https://pubmed.ncbi.nlm.nih.gov/1547488/

264. Bosma GC, Custer RP, Bosma MJ. A severe combined immunodeficiency mutation in the
mouse. Nature [Internet]. 1983 [cited 2021 May 21];301(5900):527-30. Available from:
https://pubmed.ncbi.nlm.nih.gov/6823332/

265. Bosma MJ, Carroll AM. The scid mouse mutant: Definition, characterization, and
potential uses [Internet]. Vol. 9, Annual Review of Immunology. Annu Rev Immunol;
1991 [cited 2021 May 21]. p. 323-50. Available from:
https://pubmed.ncbi.nlm.nih.gov/1910681/

266. Fulop GM, Phillips RA. The scid mutation in mice causes a general defect in DNA repair.
Nature [Internet]. 1990 [cited 2021 May 21];347(6292):479—82. Available from:
https://www.nature.com/articles/347479a0

124



