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Abstract

Human bone marrow-derived multipotent stromal cells expanded under Wnt pathway
stimulation (Wnt+) secrete beta cell-regenerative factors that can be collected as
conditioned media (CdM). Herein, we used the cytokeratin 19 (CK19)-CreERT Rosa26-
mTomato lineage tracing mouse to observe CK19+ cell conversion to insulin+ beta cells
following intra-pancreatic injection of Wnt+ CdM. 8-week-old mice were given tamoxifen
to label CK19+ ductal and acinar cells with fluorescent reporter tdTomato and STZ to
induce hyperglycemia. Injection of Wnt+ CdM increased beta cell mass and islet number
in the pancreas, reduced non-fasted blood glucose levels, and improved glucose
tolerance over a 28-day period compared to controls. Flow cytometry on dissociated
pancreas tissue revealed insulin+/tdTomato+ cells were increased in mice given Wnt+
CdM, suggesting a small percentage (<5%) of regenerated beta cells originated from
CK19+ ductal or acinar cells. Our results suggest CK19+ cells showed a minor

contribution to Wnt+ CdM-induced beta cell regeneration.
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Summary for Lay Audience

Diabetes mellitus is characterized by a loss of insulin-producing beta cells that
reside in the pancreatic islets of Langerhans resulting in high blood glucose levels, or
hyperglycemia. Residual beta cell function has been found in patients living with diabetes
for over 50 years. Thus, the induction of beta cell regeneration may be a promising
approach to replenish lost beta cells in individuals with diabetes. Multipotent stromal cells
(MSC), isolated from human bone marrow, secrete a mixture of proteins that can aid in
repairing and regenerating damaged cells. Pro-regenerative factors released by MSC in
the lab can be collected as conditioned media and can be used to regenerate beta cells
that were destroyed during diabetes. Our lab has previously shown that direct injection of
conditioned media collected from MSC into the pancreas of hyperglycemic mice induced
beta cell regeneration and lowered blood glucose levels. The mechanism by which MSC
conditioned media stimulated beta cell regeneration was unclear, although new beta cells
formed adjacent to pancreatic ductal structures.

We hypothesized that pancreatic ducts contain precursor or parent cells that can
be activated to form new beta cells. Thus, the goal of this project was to track the offspring
of pancreatic ductal cells during beta cell regeneration stimulated by MSC conditioned
media. To achieve this goal, we used a ‘lineage tracing’ mouse model that permanently
labelled ductal cells and their offspring with a red fluorescent tag. Hyperglycemic mice
that were intrapancreatic-injected with MSC conditioned media showed reduced blood
glucose levels and an improved ability to regulate a glucose meal compared to control
mice not given conditioned media. The pancreas of mice treated with MSC conditioned
media had an increased number of beta cells compared to controls, indicating islet
regeneration had occurred. A small percentage of these beta cells were labelled with the
red tag, suggesting some newly formed beta cells may have originated from a ductal cell.
By documenting the role of pancreatic ductal cells during beta cell regeneration, the work
outlined in this thesis has contributed to the development of cell-free and protein-based

regenerative therapies for diabetes.
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1.0 Introduction

1.1 Diabetes Mellitus

Diabetes mellitus (DM) is a group of metabolic disorders characterized by a loss
of blood glucose homeostasis resulting in hyperglycemial. Type 1 diabetes mellitus
(TADM) is a chronic, autoimmune disorder caused by T-cell mediated destruction of
insulin-producing beta cells in the pancreas. Type 2 diabetes mellitus (T2DM) involves
diminishing insulin secretion by pancreatic beta cells and is often a consequence of
insulin resistance, the inability of peripheral tissues to respond to insulin and uptake
glucose?. Gestational DM, defined as glucose intolerance diagnosed during pregnancy,
is the third general category of DM. Women diagnosed with gestational diabetes may be
at risk for developing T2DM and are recommended to receive life-long screening?. Other
forms of diabetes mellitus arise from pathologies distinct from T1DM and T2DM, such as
cystic fibrosis-related DM, post-transplantation DM, and monogenic disorders that result

in beta cell dysfunction (ex. maturity-onset diabetes of the young)3.

1.1.1 Diabetes Epidemiology and Etiology

Diabetes is considered a global epidemic. As of March 2022, it was estimated that
there were 11.7 million individuals living with diabetes or prediabetes in Canada®.
Diabetes is costly to both the person suffering from the disease and the health care
system. In 2019, diabetes-related treatments costed the Canadian health care system
just under $30 billion®. Seventy percent of individuals in Ontario that have diabetes report
they are burdened by their health care bills and 1/3 pay out-of-pocket for their required
medications®, costs that could prevent adherence to prescribed treatments. In 2018, it
was estimated that individuals with TLDM diagnosed prior to 10 years of age had a
decreased life expectancy of 16 years and those diagnosed after 20 years of age had a
decreased life expectancy of about 10 years®.

Diabetes represents an accelerating, “silent” epidemic driven primarily by

increases in T2DM cases, although rates of T1DM are also steadily climbing.



Epidemiological studies from multiple countries have reported an increase in the
prevalence and incidence of TIDM in their young over the past 2 decades’~°. Amongst
youths aged 19 or younger in the United States, the relative increases in TADM and T2DM
prevalence from 2001 to 2017 were 45.1% and 95.3% respectively:.

Genetic and environmental factors interact to play a role in the development of
both TIDM and T2DM. T1DM is associated with inheritance of the human leukocyte
antigen (HLA)-DR3/4 genotype!?. Other predispositions include genetic mutations in the
HLA-B39, insulin, interleukin 2 receptor A (IL2RA), and interferon induced with helicase
C domain 1 (IFIH1) loci*3. Environmental factors such as diet during infancy and
childhood!4, human enteroviruses'®, and socioeconomic status® have also been
correlated with TLDM incidence. These environmental stressors may accelerate the onset
of disease in those with a genetic predisposition. It is generally accepted that the primary
risks for developing T2DM are environmental and lifestyle factors such as energy-dense
diets, lack of exercise, sleep quality, and socioeconomic status*®. Interestingly, genome-
wide association studies of multiple populations have linked 250 genetic loci to
predisposition for T2DM?’. One report of 336 individuals with genetic predispositions to
T2DM or obesity found that, irrespective of obesity, genetic predisposition for T2DM was
associated with abnormal expansion of adipose cell volume and a more pro-atherogenic
lipid profile in lean individuals (BMI<25 kg/m?)!8. Thus, the interplay of genetics and the
environment engender the complexity of TLDM and T2DM etiology.

1.1.2 Diabetes Pathology

Pancreatic beta cells, the primary cell type that comprises about 70% of the islet
of Langerhans, are involved in regulating post-prandial glucose homeostasis via secretion
of the hormone insulin. Following a meal, blood glucose levels rise and this increase is
‘sensed’ by glucose transporter 1 (GLUT1) on the membrane of beta cells?®. Beta cells
then release insulin into the circulation to allow for the uptake and utilization of glucose
by peripheral tissues like skeletal muscle and adipose. During periods of fasting or low
glucose levels, alpha cells, the second most common cells inhabiting about 20% of the

islet, release glucagon that signals to the liver to release glucose from glycogen stores.



Both T1DM and T2DM result in the loss of pancreatic beta cells. In T1DM,
autoimmune attack results in a decline of beta cell function and mass over time?. Beta
cell-specific antigens are presented on dendritic cells and autoantibodies are produced
causing T-lymphocyte activation and infiltration into the islets of Langerhans, a process
known as insulitis?®®. A combination of cytotoxic T-lymphocyte-mediated cell death and
prolonged exposure to inflammatory cytokines produced by infiltrating leukocytes and
islet cells leads to the destruction of beta cells by apoptosis or necrosis?'?2. In T2DM,
insulin resistance and hyperglycemia lead to increased insulin demand and functional
beta cell compensation, leading to beta cell stress, de-differentiation, and increased beta
cell death??3, In both disorders, the depletion of pancreatic beta cells causes insulin
deficiency, producing constantly elevated blood glucose levels or hyperglycemia.

Sustained hyperglycemia can have serious consequences for individuals with
diabetes. Elevated blood glucose levels lead to increased protein kinase C-dependent
activation of NADPH oxidase and the production of hydroxyl radicals in vascular smooth
muscle and endothelial cells, resulting in endothelial damage and vascular
complications?*25. Acute complications of diabetes include diabetic ketoacidosis and non-
ketonic hyperosmolar coma, and chronic complications include coronary and peripheral
artery disease, diabetic neuropathy, and diabetic retinopathy?®. Long-standing diabetes
is also a risk factor for cognitive decline in later life?’. North America, Europe, and high-
income Asia-Pacific countries have seen a downward trend in the prevalence of diabetic
comorbidities, although, having diabetes still poses a significantly higher risk for
developing these complications compared to those without diabetes?®. One study of a
Swedish cohort including 7409 patients with TILDM diagnosed between 0 and 10 years
old found, compared to age-matched controls, patients had hazard ratios of 11.44 for

cardiovascular disease, 30.50 for coronary heart disease, and 12.90 for heart failure®.

1.1.3 Current Diabetes Treatments
In 1921, breakthrough research done by Drs. Frederick Banting and Charles Best
led to the discovery of insulin, the 51-amino acid peptide hormone secreted by pancreatic

beta cells?°. The administration of exogenous insulin was transformative for diabetes care



and allowed survival of the previously fatal disease. Nowadays insulin is the cornerstone
of diabetes treatment as all TLDM patients and most late-stage T2DM patients require
insulin therapy to lower their blood glucose levels. Those in the earlier stages of T2DM
can control their hyperglycemia with exercise and diet and have other therapeutic options
targeted at increasing insulin release (ex. sulfonylureas) and enhancing peripheral insulin
sensitivity (ex. biguanides)3°. Additionally, sodium glucose co-transporter 2 inhibitors and
glucagon-like peptide 1 receptor agonists are new classes of drugs that increase renal
excretion of glucose, and increase glucose-dependent insulin secretion and reduce food
intake, respectively3°. These novel glucose-lowering agents have changed the landscape
of T2DM treatment and can improve the cardiovascular health of T2DM patients3?,

There have been many advancements in insulin therapy since its inception in
1921, such as the development of ultralong basal insulin analogues, glucose-responsive
insulin systems, and insulin patch-pump systems3?. Although improvements in insulin
formulations and delivery modalities have improved T1DM care, patients still have a
heightened risk for the complications mentioned above®32, Data from the T1D Exchange
Registry collected from 2016 to 2018 reported only 17% of youths and 21% of adults
achieved hemoglobin Alc (HbAlc) goals set by the American Diabetes Association, with
an increase in mean HbA1c levels seen in the 2016-2018 cohort compared to the 2010-
2012 cohort34, This indicates that glycemic control had notimproved in the Registry cohort
over time despite a substantial increase in the proportion of participants using continuous
glucose monitoring. Accordingly, diabetic ketoacidosis was still common amongst
participants less than 26 years old and severe hypoglycemia was most frequent in
participants greater than 50 years old3*.

Exogenous insulin therapy, especially with the use of an insulin pump, can extend the
lives of individuals with TADM and lower the risk of complications, although glucose
variability is unremitting in diabetes patients and has been linked to a lower quality of
life32. Diabetes management should encompass quality of life, overall health and well-
being, and a reduced burden of disease. Thus, a curative therapy for diabetes is still

required given the diverse challenges faced by affected individuals.



1.2 Approaches to Restore Pancreatic Beta Cells

The optimal treatment for TLDM would eliminate the immense burden of disease
and stress faced by patients due to the constant monitoring their blood glucose levels. To
replicate the fine-tuned glucose-sensing insulin secretory mechanism that has evolved in
pancreatic beta cells is a technological feat®?. Hence replenishing or replacing human

beta cells themselves is the best approach to treat diabetes.

1.2.1 Beta Cell Replacement

The Edmonton protocol for islet transplantation, published in 2000 by Shapiro and
colleagues, involved infusing human islets from cadaveric donor pancreata into the portal
vein of the liver of TLDM patients®. The islets lodged in the portal sinusoidal capillaries
and secreted insulin in response to glucose. The initial 7 Edmonton protocol patients
received 2 separate infusions for a cumulative islet mass of over 11 000 islet equivalents
per kg. The transplant corrected HbAlc levels and patients were insulin independent for
over 1 year with sustained C-peptide production3®. All patients encountered side effects
associated with the immunosuppressive regimen required to prevent rejection of the
transplanted islets. A 5-year follow-up of the 7 patients showed 80% had persistent C-
peptide secretion although only 10% remained insulin independent, possibly due to auto-
or allo-immune destruction and/or poor long-term engraftment of the transplanted islets®¢.
An international trial of the Edmonton protocol on 36 patients demonstrated 21% of
patients reached insulin independence at 1 year post-infusion and this dropped to 13%
by the 2-year follow up®’. Progress in islet preparation as well as improvements in anti-
inflammatory interventions have been made, however a recent report from the
Collaborative Islet Transplant Registry showed 73% of 1300 allogenic islet recipients
required reinfusion of islets at an average of 13+22 months, only 50% of patients were
insulin independent at 1-year following their last infusion, and prevalence of insulin
independence steadily declined over 5-years of follow-up38. Lastly, up to 4 donor
pancreata were needed per recipient, therefore the shortage of donor islets currently

limits the widespread use of this procedure.



In 1998, Thompson et al. propagated the inner cell mass of a human blastocyst on
a mouse embryonic fibroblast feeder layer with plasma components, synthetic fetal
bovine serum, and fibroblast growth factor to establish the first known human embryonic
stem cell (hESC) line®. hESC are pluripotent stem cells that can differentiate into any
specialized cell type of the 3 germ layers. In 2008, Takahashi and Yamanaka discovered
that the ectopic expression of 4 transcription factors, Oct3/4, Klf4, Sox2, and c-Myc, in
terminally differentiated adult cells can reprogram them to a pluripotent state, thus
rendering these transformed cells induced pluripotent stem cells (iPSC)*°. The advent of
hESC and iPSC technologies started a revolution of cell replacement therapies and in
vitro modelling strategies for various human disorders.

Initial stepwise differentiation protocols to derive insulin-producing cells from
pluripotent stem cells were generated based on cellular signalling in the embryonic
pancreas**? and have been refined since to produce functional beta cells with the ability
to attenuate hyperglycemia following transplantation into mice*344, Most protocols still
result in a heterogenous mix of beta-like, alpha-like, and enterochromaffin-like endocrine
cells as well as a heterogeneous population of Sox9+ ductal cells*®, although groups are
currently working on deriving islets from hESC or iPSC that closely resemble the
composition, cytoarchitecture, and cellular metabolism of human islets*647.

In 2014, Viacyte led the first in-human clinical trial involving hESC-derived
pancreatic endoderm progenitor cells macro-encapsulated in a semi-permeable,
immune-protective device that was implanted subcutaneously for the treatment of TLDM.
The trial endpoint was not reached and was terminated due to a fibrotic host response to
the graft and the inability of the cells to survive in the device*®. In 2017, a second trial by
ViaCyte was launched to improve pancreatic progenitor engraftment and survival using a
non-immune-protective encapsulation device that allowed for direct access from host
vasculature*®. Stimulated C-peptide was detected in 35% of participants, although most
patients did not have a greater than 50% reduction in insulin requirements and none of
the participants achieved insulin independence®®°. Upon explanting the devices, there
was vast heterogeneity in the pancreatic cell types detected and the endocrine cell

population was enriched for glucagon+ cells that were not insulin+°%. Last year, Vertex



Pharmaceuticals launched a clinical trial for their curative T1DM therapy, VX-880,
involving portal vein infusion of hESC-derived fully differentiated islets. Preliminary results
from 2 patients given half the target dose were released. Patient 1 was insulin
independent and had 99.9% time-in-range for blood glucose at 270 days post-infusion
and patient 2 had 51.9% time-in-range for blood glucose with 30% reduced insulin use at
150 days post-infusion®2. While these initial results look promising, there are clear hurdles
to overcome with stem cell-based beta cell replacement therapies and the cost and
accessibility of these therapies is unknown. Thus, the search for a safe and renewable

source of beta cells remains an active area of vigorous research.

1.2.2 Beta Cell Regeneration

In 2010, the Joslin 50-Year Medalist Study was conducted using a cohort of 411
T1DM patients that have been managing their diabetes by taking insulin for over 50 years.
A shocking finding was that 67.4% of participants had residual C-peptide secretion®s.
Histological analysis of post-mortem pancreata obtained from 9 T1DM patients with
varying C-peptide production showed small clusters of insulin+ cells in all patients®3. More
recent evidence provided by Lam et al. in a study of 47 T1DM pancreata showed 64% of
T1DM pancreata had residual beta cells located within islet clusters and a few samples
from both recent-onset and long-standing T1DM individuals had wide-spread insulin+
islets®*. This supports the concept that, even after >50 years of autoimmune attack, beta
cells can be replenished by endogenous processes.

Direct evidence of beta cell regeneration has been provided in each of the following
rodent models of pancreatic damage: (1) partial pancreatectomy (surgical removal of 50-
90% of the pancreas; Px), (2) pancreatic ductal ligation (surgical ligation of the main
pancreatic duct that results in obstructive pancreatitis; PDL), and (3) specific ablation of

beta cells using cytotoxic glucose analogs streptozotocin or alloxan.

1.2.2.1 Pancreatectomy (Px)
Px in adult rodents has shown that the pancreas has the capacity to regenerate

entire lobes via cellular replication and neogenesis. In studies of 90% Px in rats, the



pancreas remnant demonstrated upregulated beta cell and exocrine cell proliferation from
7-14 days following surgery®® and increased endocrine hormone content 8-10 weeks
following surgery®®. Mice that underwent a 40% Px and were subsequently treated with
parathyroid hormone-related protein showed transiently improved glucose tolerance and
increased beta cell mass and proliferation compared to untreated mice®’. Long-acting
glucagon-like peptide 1 (GLP-1) agonist exendin-4 lowered blood glucose, improved
glucose tolerance, increased beta cell mass following 90-95% Px in 4-5 week old rats®®.
Treatment with gastrin following 95% Px in rats has also shown to induce beta cell
regeneration®, although this was lost by 12 months of age®. Therefore, beta cell

regeneration can be aptly studied following partial or near total loss of pancreatic content.

1.2.2.2 Pancreatic Ductal Ligation (PDL)

PDL serves as a beneficial model to study regeneration since injury is limited to
the portion of the pancreas distal to the ligation, allowing for the proximal portion to serve
as an internal control. Pioneering work done by Wang et al. in 1995 found that
regeneration of beta and alpha cells was pronounced following PDL in rats, and could not
be accounted for by beta cell proliferation alone®!l. Rather, an increased number of
insulin+ cell clusters and single insulin+ cells suggested that a neogenic mechanism of
regeneration from a non-beta cell may have occurred®:. In the decades following, other
groups have provided evidence of beta cell regeneration from resident progenitor cells
using PDL®%%4 Hao et al. found that one week following extreme beta cell ablation
induced by PDL and alloxan treatment in adolescent mice, reversal of ligation led to
regeneration of both exocrine and endocrine tissue®®. Islet cells co-expressed alpha and
beta cell markers early on but not at late timepoints that showed a large increase in beta
cell proliferation following reversal of PDL®. In contrast Cavelti-Welder et al. found
extensive regeneration of the exocrine pancreas with no evidence of beta cell
regeneration in adult rats that underwent PDL and treatment with streptozotocin (STZ)®6.
Beta cell and islet frequencies remained low both 5 and 10 months following PDL and
STZ with no distinct increase in small, extra-islet clusters of endocrine cells® indicating

reversal of PDL may be crucial to investigating beta cell regenerative processes.



1.2.2.3 Chemical Ablation

Streptozotocin (STZ) and alloxan are structurally similar to glucose and are able
to specifically accumulate in and ablate beta cells via selective uptake by the GLUT2
glucose transporter®’. Depending on the dose administered, a partial or near absolute
loss of beta cells can be obtained, resulting in varying levels of hyperglycemia. Thus, the
amount of regeneration seen in this model is affected by the extent of beta cell damage
elicited by a given dose of STZ or alloxan. Adaptive beta cell proliferation has been seen
in mice and rats following both multiple low doses and a single high dose of STZ%8-72,
although similar to partial Px, this regenerative response was diminished in older
animals®%70. Treatment with alloxan in adult rodents has shown to stimulate endocrine
regeneration within 2 weeks’®74, When long-term glycemic control was provided, either
via insulin therapy or islet transplantation, beta cell regeneration in mice following high

dose STZ treatment was more robust’®.

1.2.2.4 Beta Cell Regeneration in Humans

While rodent models of beta cell regeneration are vital for deciphering underlying
mechanisms, studying regeneration in adult humans is critical for the development of
regenerative medicines. Physiological increases in beta cell mass that occur during
pregnancy and obesity exhibit the capacity for adult human islets to regenerate via beta
cell proliferation and/or neogenesis’®-"°. Neogenesis from ductal cells has been proposed
as a mechanism of beta cell regeneration in humans. Insulin+ ductal cells have been
observed in obese individuals® and ductal cells displaying immature beta cell markers
were detected in pregnant women and in individuals with T2DM’®, indicating neogenesis
may serve as a compensatory mechanism to expand beta cell mass in humans.

There is a decline in the rate of beta cell proliferation following the first 2 years of
life in humans, however a pool of proliferating beta cells can persist into adulthood at a
frequency below 0.5% in healthy individuals®!. Mature beta cells are thought to be post-
mitotic and unable to replicate, although it is possible cyclins and cyclin-dependent
kinases are localized to the cytoplasm rather than the nucleus of the cell and have the

potential for nuclear re-location, allowing the cells to initiate cell cycle entry®2. In 2001,
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Tyrberg et al. provided evidence that 3H-thymidine was incorporated in transplanted adult
human islets and proliferation, indicated by the percentage of 3H-thymadine-labelled
cells, was increased 1.7-fold in beta and 2.2-fold in ductal cells upon transplantation into
hyperglycemic obese mice compared to lean mice®?, indicating regeneration via
increased proliferation is possible in human beta cells.

In a study of 47 T1DM pancreata, Lam et al. found that children with TLDM had
beta cell proliferation rates of up to 1.33%, significantly higher than that of the age-
matched control population, whereas this percentage dropped to 0-0.08% in adults with
T1DM, significantly lower than the control population®. A study of 10 recent onset TIDM
pancreata showed a marked increase in the percentage of proliferating alpha and beta
cells compared to controls and proliferating cells were increased in islets with insulitis®+.
Thus, if diagnosed with TLDM early enough, beta cell regeneration could be stimulated
and may counteract beta cell destruction.

Px is used for the treatment of pancreatic cancer or pancreatitis, thus tissue
samples from patients that have undergone Px can be used to study regeneration in
humans. It has been reported that young children and infants demonstrate regeneration
of the pancreas head and body following 90-95% Px®. One study of individuals with
pancreatitis or pancreatic carcinoma that had undergone partial Px on two separate
occasions showed no changes in beta cell area, islets per mm?, or the percentage of
proliferating beta and ductal cells®. The study concluded that regeneration following Px
does not occur in adult humans, although the patients’ underlying disease could have
affected the capacity for regeneration.

1.2.2.5 Agents to Induce Beta Cell Regeneration

Various stimuli have been evaluated for their anti-diabetic and beta cell-
regenerative potential. Many plant based extracts such as that of Opuntia megacantha
leafs®’, Spergularia purpurea®, Agaricus bisporus lectins®®, Coccinia grandis® and
Momordica charantia fruits®* have been tested for glucose-lowering capability, as a proxy
for endogenous beta cell recovery, following pancreatic damage in rodents. Mangiferin is

a plant xanthonoid that has been shown to improve fasting blood glucose and glucose
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tolerance, and to stimulate increased beta cell volume in mice that underwent Px9%:93,
Pseudo-pregnant mice given exogenous estrogen and placental lactogen have shown to
recapitulate pregnancy-induced beta cell replication’’, although hormonal mechanisms
inducing cell proliferation should be rigorously assessed for off-target tumorigenic effects.

Beta cell replication has been increased to frequencies of 2% in adult human islets
by inhibiting dual-specificity tyrosine-regulated kinase 1A (DYRK1A) using harmine and
harmine analogs alone®*~% or in combination with transforming growth factor-beta (TGF-
beta) signalling inhibitors,®”%8 5-iodotubercidin®, or aminopyrazine compounds!®,
Recently, Ackeifi et al. showed that combining harmine and GLP-1 increased the
proportion of replicating beta cells to 5-8%*°1. The combination of harmine with GLP-1
yielded two unique advantages: (1) a higher frequency of beta cell replication that is
required to restore the large portion of beta cells lost during diabetes, and (2) a specified
target for increased replication as beta cells express the GLP-1 receptor'©?,

Beta cell differentiation via direct reprogramming from an endocrine cell precursor
within the islets has been shown in rodent models. For example, mice treated with
gamma-aminobutyric acid (GABA) for 2 months showed robust alpha-to-beta cell
conversion, regenerating beta cells lost during STZ treatment'??, One-week treatment
with epidermal growth factor (EGF) and gastrin delivered via mini-osmotic pumps
stimulated beta cell regeneration, possibly via neogenesis from a ductal origin, in alloxan-
treated mice'?. Transient expression of Pdx1, MafA, and Ngn3, delivered to the pancreas
of 8-week-old adult mice, resulted in stable conversion of pancreatic exocrine cells to
insulin-producing cells over a 10-day period'%4. Altogether, induction of differentiation
from related cell types may provide an additional source of beta cells.

Whether these agents will proceed to clinical trials, pass safety regulations with
minimal off-target effects, and be able to induce regeneration substantial enough to out-
compete ongoing autoimmune-mediated beta cell destruction or insulin resistance-
induced beta cell exhaustion remains unknown. Achieving endogenous beta cell
regeneration in diabetes patients will require dampening autoimmunity or increasing

insulin sensitivity combined with provision of a potent stimulus for regeneration.
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1.3 Multipotent Stromal Cells

Multipotent stromal cells (MSC), also known as mesenchymal stem cells, are
mesodermal progenitor cells found amongst the perivascular population of several
tissues'®. In Dominici et al., the International Society for Cell and Gene Therapy (ISCT)
define MSC as having 3 distinct characteristics: (1) MSC grow adherent to plastic in
culture, (2) MSC express the stromal markers CD73 (ecto-5'-nucleotidase), CD90 (Thy-
1), and CD105 (endoglin) on at least 95% of cells and express hematopoietic markers
CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR on less than 2% of cells,
and (3) MSC have the potential to differentiate into bone, cartilage, and fat in vitro06.
MSC can be prospectively isolated from the stromal fraction of multiple tissues using the
pericyte marker CD146. Once expanded ex-vivo, MSC upregulate CD105, CD73, and
CD90 and, unlike pericytes, are able to differentiate into osteoblasts, chrondrocytes,
adipocytes, and myocytesi®®. Recently, lineage tracing and single-cell RNA sequencing
have revealed MSC are diverse in phenotype and function and distinct types of MSC exist
even within the same tissue'%’. The work done in this thesis studies human bone marrow-
derived MSC (BM-MSC)08.109 'which meet the criteria outlined by the ISCT.

1.3.1 MSC Function and Therapeutic Potential

MSC have the potential to differentiate into various mesenchymal lineages,
although this is only relevant to a few tissues like bone, fat, and cartilage that already
possess lineage-committed progenitors. The expansive clinical applications of MSC
originate from their ability to modulate the local tissue environment via paracrine signalling
of a diverse set of bioactive stimuli'®’. Multifaceted actions on tissue regeneration,
immunomodulation, stem and progenitor cell differentiation, innervation, and
vascularization have been demonstrated by MSC in vivo!!°, MSC act as the “paramedics
of the body™?” and their perivascular location is advantageous for rapidly sensing and
homing to areas of tissue damage to coordinate a reparative response. MSC response
will depend on type of damage, pre-existing inflammatory state, and the regenerative

capacity of the tissue.
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The excitement for MSC as a therapeutic cell type is generated by their potential
to modulate both innate and adaptive immune responses. An array of studies have shown
that different types of MSC inhibit T- and B-cell proliferation, reduce inflammatory cytokine
secretion, and promote differentiation into T-regulatory cells in the presence of
inflammatory stimulit-117. MSC dampen innate immunity by inhibiting the maturation and
antigen-presentation function of dendritic cells!®11° and downregulating interferon
production and cytotoxicity of natural killer cells*?°. It is well known that MSC
immunomodulatory action is elicited, in part, via the secretion of indoleamine 2,3-
dioxygenase (IDO), prostaglandin E2, and TGF-beta and the cell surface expression of
negative costimulatory molecule B7-H4114.117.120,121

According to the U.S. National Institute of Health ClinicalTrials.gov database, 416
clinical trials involving MSC have been recruiting, active, or completed from 2015 to
202222, The majority of these trials were for brain and neurological disorders or diseases
of the muscle, bone, and cartilage. These studies of MSC have shown a remarkable
safety profile when transplanted in patients, although variability in the source, donor
characteristics, expansion ex-vivo, and cryopreservation of these cells all limit the
reported effectiveness of MSC-based therapies in the clinic'??, Since MSC function via
packaged and secreted cargo'?3, MSC-derived exosomes have also been tested as a cell
transplant-free option for regenerative therapies. MSC are currently under investigation
for the treatment of a number of autoimmune diseases, including diabetes
mellitus?2::124125 The anti-inflammatory and regenerative properties of MSC may provide
the ideal combination for endogenous beta cell recovery and insulin production in both
T1DM and T2DM patients (Figure 1.1).
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Figure 1.1. Overview of the pleiotropic mechanisms by which BM-MSC can treat
T1DM and T2DM. In T1DM, autoimmune destruction of beta cells is mediated by multiple
adaptive and innate immune cell types. In T2DM, hyperglycemia results from insulin
resistance, which can be brought about by inflammation. Ultimately, an increased insulin
demand leads to beta cell stress, de-differentiation, and apoptosis. BM-MSC secreted
factors can: (1) dampen autoimmunity by inhibiting immune cell activation and pro-
inflammatory cytokine secretion in T1DM; (2) can combat insulin resistance and

hyperglycemia, and preserve beta cell identity in T2DM. Created with BioRender.com.
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1.3.2 MSC for the Treatment of Diabetes

MSC have beneficial effects on beta cells in vitro and can ameliorate diabetes
symptoms in both animals and humans. Early studies investigating MSC as a treatment
for diabetes initially focused on manipulating the cells to differentiate into insulin-
producing cells in culture prior to transplantation in STZ-treated mice. BM-MSC derived
from humans and mice can be differentiated into insulin-producing cells that lower blood
glucose when transplanted under the kidney capsule of hyperglycemic mice!?6:27, Clear
evidence on the maturity of MSC-derived beta cells was lacking and only up to 3% of
MSC were capable of forming functional beta cells in vivo'?®, thus their differentiation
efficiency was limited compared to pluripotent stem cells. Upon the discovery that MSC
function via paracrine signalling, co-culture studies of various types of MSC with beta cells
demonstrated the ability of MSC to improve beta cell survival and insulin secretory
function'?®-133, Thus recent clinical trials using MSC for diabetes treatment focus on their
ability to orchestrate tissue regeneration and dampen the host immune response (Figure
1.1) and investigation into MSC-derived beta cells as a treatment option for individuals

with diabetes has receded.

1.3.2.1 Delivery of MSC in TL.DM Models

Ground-breaking work done by Hess et al. in 2003 found that hyperglycemia in
non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice treated with
multiple low-dose STZ could be resolved by bone marrow transplantation. Specifically,
sublethal irradiation of the mouse bone marrow followed by intravenous (i.v.) injection of
green fluorescent protein (GFP)-labeled mouse bone marrow cells and isolated mouse c-
kit+ hematopoietic stem/progenitor cells reduced blood glucose levels, increased serum
insulin levels, and increased number of insulin+ islets over a one-month period3*. The
transplanted GFP+ bone marrow cells surrounded islets to orchestrate pancreatic islet
repair'®. These results were later recapitulated using cells with high aldehyde

dehydrogenase activity from human bone marrow!3® and umbilical cord blood?*6.
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In 2006, Lee et al. found that 2 doses of 2.5 million human BM-MSC delivered via
intracardiac infusion to NOD/SCID mice, previously treated with multiple low-dose STZ,
reduced blood glucose, increased serum insulin, and increased islet number one month
following transplantation'®’. This indicated that the islet regeneration coordinated by
whole bone marrow transplants in Hess et al. (2003) may be due to the actions of BM-
MSC. Indeed, rat BM-MSC transplantation in combination with exendin-4, the long-acting
GLP-1 agonist, normalized fasting blood glucose levels, increased beta cell mass and
maturity, and restored beta cell function in STZ-treated Sprague Dawley rats over a one-
month period'®®. Furthermore, systemic delivery of human adipose-derived MSC (AD-
MSC) lowered the incidence of anti-programmed cell death receptor ligand 1 antibody-
induced diabetes male non-obese diabetic (NOD) mice!3°. AD-MSC transplantation
reduced blood glucose levels, preserved islet area and insulin content, and prevented
CD3+ T cell and chemokine ligand 9+ macrophage accumulation in the islets*3°,

In 2012, Bell et al. further established that tail vein injection human BM-MSC could
ameliorate hyperglycemia, augment systemic insulin release, and increase beta cell mass
and islet number over a 32-day period, although this regenerative induction showed bone
marrow donor-dependent variability!35140, Additionally, the i.v.-delivered MSC were
difficult to locate in the pancreas'®®, and subsequent studies have shown that MSC first
engraft in the lung micro-vasculature when delivered systemically'®®. It has been
proposed that local delivery of MSC may improve survival and islet-regenerative function.
Intra-pancreatic (iPAN) injection of 500 000 human AD-MSC further decreased blood
glucose levels and islet number over a 30-day period in STZ-treated mice compared to
i.v. injection of MSC'#1, iPAN transplantation of AD-MSC also increased transcription
levels of anti-inflammatory cytokines epidermal growth factor and IL-10, but not pro-

inflammatory cytokines IL-1beta or tumour necrosis factor-alpha in the pancreasL.

1.3.2.2 Delivery of MSC along with Islets
During islet transplantation, inflammation, poor engraftment, and sub-par
vascularization can negatively affect islet cells such that they lose glucose

responsiveness. It has been proposed that islet graft failure can be prevented by using
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MSC to stimulate angiogenesis'®® and improve tissue engraftment!31:132, Co-culture of
human BM-MSC with human islets improved glucose-induced insulin secretion and
prevented apoptosis of islet beta cells in the presence of pro-inflammatory cytokines32.
Transplantation of human AD-MSC with islets allowed for quicker blood glucose
normalization and improved engraftment in STZ-treated immunodeficient mice compared
to transplantation of islets alone!3!. Co-culture with MSC overexpressing tissue inhibitors
of matrix metalloproteinase 1 (TIMP-1) increased cell viability and insulin secretion of
normal and STZ-treated mouse islets. Infusion of 5 million umbilical cord-derived MSC
(UC-MSC) overexpressing TIMP-1 also improved blood glucose levels and increased
serum insulin over a 42-day period following tail vein injection into STZ-treated mice!3°,
In NOD mice that spontaneously develop autoimmune diabetes, co-encapsulation of UC-
MSC and islet cells in sodium alginate reduced blood glucose levels and increased
numbers of T regulatory cells*? and 8 injections of 1 million congenic mouse BM-MSC
over 4 weeks reduced hyperglycemia over a 12 week period*43. Portal vein infusion of
allogeneic islets along with autologous BM-MSC in STZ-treated cynomolgus monkeys
showed that MSC co-transplantation enhanced islet engraftment, survival, and glucose-

stimulated insulin release*4.

1.3.2.3 Delivery of MSC in T2DM Models

T2DM rodent models have been used to assess the effect of MSC on insulin
resistance and insulin signalling. T2DM-like conditions can be induced in rats using a
high-fat diet and STZ. l.v. infusion of MSC at 1-week and 3-weeks post-STZ injection
lowered blood glucose for a 2-3 week period and protected islet architecture in T2DM-like
rats4®, Furthermore, MSC treatment improved insulin sensitivity assessed via a hyper
insulinemic-euglycemic clamp, and restored membrane concentrations of GLUT4 in
skeletal muscle and adipose tissue via activation of insulin receptor substrate 114°. In line
with these findings, exosomes collected from UC-MSC improved insulin sensitivity,
promoted GLUT4 translocation in muscle tissue, and reduced STZ-induced beta cell

apoptosis'*® and miR-146a+ exosomes from BM-MSC prevented diabetes-induced beta
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cell dedifferentiation via Numb/beta-catenin signalling'’ in T2DM rodent models. Thus,

MSC can halt multiple pathological processes underlying T2DM (Figure 1.1).

1.3.2.4 MSC Conditioned Media and Exosomes

Allogeneic MSC have shown to be relatively safe for transplantation, although they
may still trigger an alloreactive response as MSC express varying levels of MHC class |
molecules. From a clinical viewpoint, the use of conditioned media or exosomes collected
from MSC as a cell-free alternative could circumvent complications associated with
administering live allogeneic cells to patients'“®. Conditioned media (CdM) can allow us
to investigate the complex secretome of MSC and infusion of MSC CdM has shown to
work just as well as the MSC themselves to modulate tissue repair. CdM generated from
BM-MSC increased the number of beta cells, proportion of live beta cells, and proportion
of proliferating beta cells in human islet cultures!4®. A meta-analysis of 20 islet and MSC
co-culture studies found that viability and glucose responsiveness of islets were
consistently improved when islets were co-cultured with MSC, although improvements in
viability were higher for islets co-cultured indirectly with MSC rather than those in direct
physical contact with MSC'33, Injection of rat BM-MSC-derived exosomes showed
effective glucose-lowering capability, equal to that of MSC themselves?®°. Lastly, MSC
native to the human pancreas (Panc-MSC) can be isolated as vimentin+/nestin+ plastic
adherent cells when culturing human islets. iPAN injection of concentrated CdM and
isolated exosomes from Panc-MSC reduced hyperglycemia over a month-long period in
STZ-treated mice!5%:1%2,

1.3.2.5 Clinical Trials of MSC-based Therapies for Diabetes

Meta-analyses of 8 MSC-based clinical trials for TADM and 5 trials for T2DM over
the last 10 years suggest that MSC have an islet-protective effect in T2DM but the extent
of glycemic control achieved by MSC in TIDM patients remains inconsistent*>3, The first
randomized controlled trial using MSC to intervene early on in the course of TIDM was
conducted by Carlsson et al. in 2015 in which 20 newly diagnosed (<3 weeks before

enroliment) TIDM patients were given an i.v. injection of 2.1-3.6 x 10 BM-MSC from
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autologous bone marrow>*. Following transplantation, there were no differences in
HbA1c levels, insulin requirements, and fasting and stimulated C-peptide measurements
in the MSC-treated group compared to the placebo control*>*. At the 1-year follow-up a
mixed meal tolerance test showed a preserved or increased C-peptide response in MSC-
treated patients compared to controls'®*, suggesting that BM-MSC transplantation may
preserve beta cell function in recent-onset T1DM patients.

Recently, the safety and efficacy of i.v. infusion of autologous BM-MSC was
assessed in a trial of 21 recently diagnosed T1D patients'>>. BM-MSC were isolated and
expanded until passage 2 or 3 and delivered at 2 separate infusions of 1 x 10° cells per
kg of body weight. No adverse events related to the MSC transplant were reported.
Patients transplanted with MSC showed significantly lower numbers of hypoglycemic
events and reduced HbAlc at 12 months post-transplant compared to placebo®®®. No
differences in fasting blood glucose levels, ability to lower glycemia following a meal, and
requirements for exogenous insulin use were seen between MSC-transplanted and
placebo participants. Lastly, BM-MSC transplantation significantly increased serum levels
of anti-inflammatory cytokines IL-4 and IL-10 and reduced levels of pro-inflammatory
marker tumour necrosis factor-alpha!®,

The first clinical study of portal vein infusion of islets along with autologous BM-
MSC was conducted by Wang et al. in 2018. Three chronic pancreatitis patients
underwent total pancreatectomy and subsequently received islet and MSC co-
transplantation'®¢. During the 12 months following transplantation, the patients showed
improved glycemic control and no direct adverse events associated with the therapy*°®.
Thus, infusion of autologous BM-MSCs during islet transplantation may have the potential

to improve islet engraftment and glycemic control.

1.3.3 Wnt Pathway Upregulation in BM-MSC

MSC secrete a variety of growth factors, chemokines, and cytokines and the
secretome of MSC appears to vary significantly, depending on the donor and niches
where the cells reside!*®51, BM-MSC lines showed donor-dependent variability in their

ability to induce islet regeneration in STZ-treated NOD/SCID mice!3%157:158 Styudies from
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our laboratory monitoring glucose levels for 42 days following multiple low-dose STZ
injection and subsequent BM-MSC injection found that 25-33% of BM-MSC lines
significantly reduced glycemia (highly regenerative), whereas 22-33% moderately
reduced glycemia (moderately regenerative), and 42-44% did not reduce glycemia (non-
regenerative)4%149, Quantification of global mMRNA expression of highly regenerative vs.
non-regenerative BM-MSC found that highly regenerative BM-MSC upregulated
transcription of canonical Wnt/beta-catenin signalling effectors'?, indicating this pathway
was implicated in MSC-induced islet regeneration. Wnt/beta-catenin signalling in MSC
has shown to promote cell proliferation and adhesion>®. Quantitative mass-spectrometry-
based proteomics revealed that members of the Wnt signalling pathway, such as (Wntl-
inducible-signalling protein (WISP) 2, Wnt5a, Wnt5b, Spondin-2 and secreted frizzled-
related protein 1, were upregulated in highly regenerative BM-MSC compared to non-
regenerative BM-MSC49158  further confirming that activation of the Wnt pathway was
central to BM-MSC regenerative function. BM-MSC lines can be accurately categorized
as regenerative or non-regenerative by using proteomics to measure the relative
secretion of Wnt signalling effectors%e.

The Wnt/beta-catenin signalling pathway can be upregulated in BM-MSC by the
addition of glycogen synthase kinase-3 (GSKS3)-inhibitor CHIR99021 to culture
conditions!4®. GSK3 is an intracellular kinase and is a part of the beta-catenin destruction
complex that acts to phosphorylate beta-catenin and mark it for degradation'®. Inhibition
of GSK3 allows the intracellular accumulation and nuclear translocation of beta-catenin
resulting in the transcription of downstream Wnt pathway effectors. Compared to
untreated BM-MSC, both regenerative and non-regenerative BM-MSC treated with
CHIR99021 showed increased intracellular beta-catenin levels via flow cytometry!4°.
Moreover, BM-MSC expression of BCL9 and MYC, genes transcribed during active Wnt-
signalling, was increased by treatment with CHIR99021161,

In 2019, Kuljanin et al. investigated the effect of intra-pancreatic (iPAN) injection
of CdM from BM-MSC treated with CHIR99021 (Wnt+ CdM) in multiple low-dose STZ-
treated NOD/SCID mice!®t. Compared to a basal media vehicle control, Wnt+ CdM

consistently reduced non-fasted blood glucose levels, increased serum insulin levels, and
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improved glucose tolerance in mice over 1 month post-CdM injection'6?. Furthermore,
islet number, beta cell mass, and beta cell proliferation were increased in the pancreas
of mice treated with Wnt+ CdM compared to controls. The proportion of beta cells
expressing maturation markers Nxk6.1 and MafA was also increased after Wnt+ CdM
injection®!, This work demonstrated that Wnt+ CdM generated from BM-MSC could
induce beta cell regeneration in a model of STZ-generated diabetes. However, the cellular

mechanisms driving this beta cell regeneration remain uncharacterized to date.

1.4 Beta Cell Progenitors in the Pancreas

MSC modify their surrounding environment by signalling pro- or anti-apoptotic,
proliferative, or differentiative factors to near-by cells. Communication with tissue-resident
progenitor cells may also occur during times of damage when tissue repopulation and
remodelling is required'®’. Thus, the islet preservative and regenerative mechanisms
conducted by BM-MSC in experimental models of TLDM and T2DM may occur via
resident progenitor cell activation in the pancreas (Figure 1.2). Whether a non-insulin+
beta cell progenitor exists in the pancreas is a controversial query. Elegant genetic
lineage tracing studies have allowed researchers in the field to trace various cell lineages
in the pancreas and assess their contribution to other, distinct cell populations. Lineage
tracing involves the permanent labelling of a specific cell type using the Cre
recombinase/loxP system. Fusion of Cre recombinase (Cre) to the tamoxifen-inducible
estrogen receptor (ERT) allows labelling in a spatially and temporally controlled manner.
CreERT is knocked-in downstream of a cell type-specific promoter, and nuclear
translocation permitting Cre-recombination can only occur upon administration of the
estrogen receptor substrate tamoxifen. Cre-mediated removal of loxP sites surrounding
a STOP codon downstream of a constitutively active promoter (ex. Rosa26) permanently
labels cells and their progeny with a non-endogenous marker (ex. GFP or beta-
galactosidase). Due to variability in experimental models and methodology of lineage
tracing studies in the pancreas, the results to date have not convened on a prevailing

hypothesis on the source of regenerated beta cells (Table 1.1).
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Two competing viewpoints of the beta cell precursor debate are as follows!62-164;
(1) Neogenesis/transdifferentiation: New beta cells are formed by differentiation from
endocrine progenitor cells or direct conversion from a terminally differentiated non-
insulin+ cell type. (2) Beta cell proliferation: Pre-existing beta cells undergo self-
replication to form new beta cells. The field is slowly converging to the resolution that both

proliferation and neogenesis contribute to the formation of new beta cells.

1.4.1 Pancreatic Plasticity during Development and Metabolic Challenge

The expansion of the embryonic pancreas occurs through a process called
branching morphogenesis during E11.5-E13.5 in mice and 33-45 days post coitum in
humans'®®. During this process a tree-like epithelium undergoes successive rounds of
cell division in a branching pattern, resulting in the lobular morphology of the pancreas
containing both exocrine and endocrine compartments. The branching tree can be divided
into the “trunk” cells that are Nkx6.1+/FoxA2+/Sox9+ and the branching “tip” cells that are
Ptf1+/Cpal+. The secondary transition of pancreatic specification occurs at E13.5-E16.5
in mice and 45-58 days post coitum in humans'®®, Hnflb+ trunk cells manifest a
Hnflb+/Sox9+/Hnf6+/CK19+ ductal fate controlled in part by high Notch signalling
whereas an endocrine progenitor cell fate is determined via low Notch and the transient
expression of Neurogenin 3 (Ngn3)'%6. As endocrine cells acquire their specific fate, there
is a gradual change towards cell type-specific gene expression profiles corresponding
with the downregulation of Ngn3¢7. For example, in rodents, Arx expression determines
alpha and pancreatic polypeptide cell differentiation whereas Pax4 expression results in
beta and delta cell specification®®16°_ Until birth, Sox9+/Ptfla+/Nkx6.1+/Hnflb+ cells at
the interface of the branching epithelium remains multipotent and can form cells of
endocrine, acinar, and ductal lineages'’%171,

During post-natal development of the human pancreas, beta cell proliferation
peaks within the first 2 years of life and then declines®!. The notion that the adult pancreas
has an extremely low turnover rate under physiological conditions®:172 and that only
certain periods of high metabolic demand, like pregnancy or severe obesity, can expand

beta cell mass!’® has now changed. Newer evidence has found that plasticity is retained
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in the adult pancreas and disorders such as T1IDM"4-176 and even viruses such as

SARS-CoV-2"7, may result in dynamic changes in cell phenotypes.

1.4.2 Beta Cell Replication

Proponents of viewpoint that beta cell proliferation is the primary mechanism of
beta cell expansion have not found any evidence for a source of beta cells other than pre-
existing beta cells in adult mice under various conditions (Table 1.1). Furthermore, a
stem-cell niche, such as those found in highly regenerative tissues like the intestinal tract
or skin, has not yet been established in the adult pancreas?!’®.

In an early study tracing the progeny of beta cells using an insulin receptor (RIP)-
CreERT model, Dor et al. found that the frequency of traced beta cells did not change
during the course of 1 year of adult life nor after 70% Px. An increase in beta cell
proliferation following Px indicated that regenerated beta cells were formed by self-
duplication in this model'’®. These findings were corroborated by Teta et al. who looked
at DNA analog incorporation at a single-cell level and concluded that adult beta cell self-
duplication was the only mechanism of beta cell expansion'8°. Recently Zhao et al. used
a dual-recombinase-mediated genetic linage tracing system to trace insulin+ and insulin-
cells simultaneously. They found that non-beta cells do not contribute to the beta cell
population during adult homeostasis or pregnancy, and after STZ-induced beta cell
ablation, Px, or PDL"8. Using the pulse-chase strategy done by Dor et al. with a super-
efficiency tracing model (labels >99.9% of beta cells), they found the labelled beta cell
population was not diluted by the contribution of non-beta cells over a 25-week period nor
following Px, indicating that beta cell replication is the main source of beta cell
regeneration. Only following extreme beta cell loss mediated by diphtheria toxin-mediated

genetic ablation, were alpha and delta cells observed to regenerate new beta cells.’®.

1.4.3 Alpha-to-Beta Cell Conversion
Beta, alpha, delta, epsilon, and pancreatic polypeptide cells share a common
Ngn3+ endocrine progenitor during development. These terminally differentiated cells

may have similar transcriptomes and epigenetic patterns that would allow for plasticity
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and transdifferentiation between related islet cell types!®l. In fact, treatment with a histone
methyltransferase inhibitor in islet cultures resulted in the co-localization of glucagon and
insulint8! and intraductal viral delivery of beta cell genes Pdx1 and MafA in alloxan-treated
mice reversed hyperglycemia and allowed for alpha cell reprogramming into beta cells182,
Ectopic Pax4 expression and Arx inactivation in alpha cells in vivo induced
transdifferentiation into insulin+ cells%816° This conversion required the re-expression of
developmental marker Ngn3 and lost alpha cell replacement seemed to occur from a
ductal cell origint®8, It was later found that the alpha-to-beta transdifferentiation seen upon
Arx inactivation was due to an upregulation of GABA signalling and GABA treatment in
healthy and STZ-treated mice showed a dramatic increase in insulin+ cells originating
from traced glucagon+ cells'®?, Islets from donors that had T1DM for 4-5 years showed
glucagon+ cells that lacked Arx expression or displayed co-expression of beta cell
markers such as Pdx1 and Nkx6.117®, suggesting that alpha-to-beta cell conversion may
occur following the loss of beta cells in TIDM.

Beta cell regeneration from an alpha cell origin has been traced in multiple models
of beta cell ablation (Table 1.1). Lineage tracing of beta cells following diphtheria toxin-
mediated ablation of over 99% of beta cells showed a 10-fold dilution of beta cell labelling
as beta cell mass tripled. Subsequent glucagon+ cell tracing showed a 65% contribution
of alpha cells to the regenerated beta cell population following 1 month8, In a rodent
model combining PDL and alloxan treatment, near complete ablation of beta cells
permitted the investigation of putative neogenic mechanisms'®4. Chung et al. discovered
that 1 week following PDL + alloxan there was an increase in alpha cell replication and
co-expression of beta cell markers. Further, an emergence of MafB+/insulin+ cells and
insulin+ cells that co-expressed glucagon suggested that alpha-to-beta cell conversion
may have occurred*®. This was later replicated in a rat model of STZ-induced beta cell
ablation®, Furthermore, alpha cells have contributed to beta cell regeneration during
homeostasis via an intermediate immature beta cell stage that expresses insulin but not
beta cell maturation marker urocortin 3 (Ucn3)®5, In human neonatal islets, Ucn3-

negative beta cells are seen in between mature alpha and beta cells or at the islet
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periphery. Residual Ucn3-negative beta cells are found in TLDM pancreata'®®, although

these cells could have either been regenerating or dedifferentiating beta cells.

1.4.4 Acinar-to-Beta Cell Conversion

The pancreas consists of >95% exocrine tissue and <5% endocrine tissue'®. In
theory, if efficiency of conversion was equal in exocrine and endocrine cells, a larger
number of beta cells could be derived from transdifferentiation of exocrine cells compared
to that of the limited population of endocrine cells. Pancreatic acinar cells are abundant
in the exocrine compartment of pancreas rendering them an attractive source of cells to
replace lost beta cells (Figure 1.2). Indeed, acinar lineage tracing using the Pftla
promoter showed that, following PDL alone or the combination of PDL and STZ, acinar
cells gained expression of the multipotency factors Sox9 and Hnflb and were able to
regenerate ductal and endocrine cells, including mature insulin+ beta cells’?.

In 2008, Zhou et al. first demonstrated acinar cells could be reprogrammed to beta
cells, without an observable intermediate phenotype, upon viral delivery of beta cell genes
Pdx1, MafA, and Ngn3 directly to the pancreas®. The ectopic expression of the 3 genes
recovered hyperglycemia in STZ-treated mice and induced beta cells were
morphologically and phenotypically similar to non-induced beta cells'®4. In a follow-up
study conducted by Li et al., enhanced reprogramming efficiency using the same 3 genes
allowed the regenerated beta cells to mature and form islet-like structures over a 13-
month period via induction of an acinar-to-beta DNA methylation pattern, and suppression
of acinar genes alongside expression of beta cell genes in a temporal manner*, It was
subsequently discovered that hyperglycemia had a negative effect on Pdx1/MafA/Ngn3-
mediated reprogramming of acinar cells to beta cells as the frequency of induced beta

cells during hyperglycemia dropped to half of that yielded during normoglycemia®®’.

1.4.5 A Resident Progenitor Located in the Ductal Epithelium
Beta cell neogenesis from a ductal origin (Figure 1.2) has been suggested for over
a century'®189 dye to the fact that fetal beta cells were derived from the differentiation of

human cytokeratin 19 (CK19)+ ductal cells'®°, CK19+ ductal cells have shown to form
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outgrowths of insulin+ islet buds over 3-4 weeks in culture!9%192 and cadaveric human
pancreata have shown islet structures located within the ductal epithelium®3. CK19+
ductal cells have also demonstrated progenitor-like functions in other organs, replenishing
Lgr5+ crypt-based columnar cells in the intestine!%* and hepatocytes in the livert®s,

Prior to the advent of lineage tracing, evidence for a ductal-to-beta neogenic
mechanism was limited to the detection of insulin-positive cells within the ductal
epithelium®1.193.1% Early studies using rodent models of 90% Px'%:1%7 and PDL®! found
that injury resulted in ductal cell hyperplasia and the emergence of hormone+ cells
amongst the ducts. Pancreas biopsies from 9 simultaneous pancreas-kidney transplant
recipients with TIDM displayed CK19+/insulin+ cells located in pancreatic ducts!%,
indicating that ductal cells may be contributing to human beta cell regeneration in an
inflammatory autoimmune setting. Diphtheria toxin-induced deletion of acinar and
endocrine cells in adult mice resulted in ductal expression of Pdx1 and subsequent
contribution to both regenerated acinar and endocrine cells!®°. Lastly, Sox9+ centroacinar
or terminal duct cells, positioned at the interface of acini and small ducts, were found to
generate endocrine cells when injected into cultured fetal pancreatic buds?.

In 2008, back-to-back lineage tracing studies using the PDL model showed ductal
cells frequently gave rise to regenerated beta cells®264. Since then a wealth of lineage
tracing studies using ductal markers such as CK19, carbonic anhydrase Il (CAll), Sox9,
Hnflb, and Ngn3 have yielded inconclusive results as to whether ductal cells contribute
to beta cell neogenesis in the adult mouse pancreas (Table 1.1). Inada et al. were the
first to use CAIll+ ductal cell lineage tracing and observed that CAll+ cells contributed to
beta cell regeneration during post-natal development and following PDL%*. CAIl+ ductal
cells have since shown to contribute to beta cell mass expansion during pregnancy and
insulin resistance’®.

Upregulation of TGF-beta signalling paired with Sox9 genetic and viral lineage
tracing elegantly showed neogenic islet formation from the ducts following 50-60%
pancreatectomy?%, In contrast, Kopp et al. traced Sox9+ ductal cells and found they did
not differentiate into insulin+ cells during post-natal development nor following PDL*"°,

Alternatively, Sox9+ ductal cells directly contributed to beta cell neogenesis triggered by
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administration of EGF and gastrin following alloxan-induced beta cell ablation, although
only under conditions of moderate hyperglycemia?°2.

In 2009, an Hnflb ductal lineage tracing study conducted by Solar et al. found,
following PDL, ductal cells contributed to exocrine regeneration, but did not contribute to
newly formed endocrine cells?%3, Furthermore, ductal cells did not contribute to the 9-fold
increase in beta cell mass seen following treatment with EGF and gastrin in alloxan-
treated mice?°3, The failure to detect neogenesis in the Hnflb model may be due to only
a fraction of ductal cells being traced. Recently, Gribben et al. used Hnflb-CreERT mice
to observe that ductal cells contributed to insulin+ cell expansion during homeostasis at
a rate of 0.66% per week?%4,

As previously mentioned, during development, ductal and endocrine cells arise
from a common progenitor located amongst the trunk cells of the branching
epithelium?93205, The transient expression of Ngn3 is necessary for determination of an
endocrine fate!%%2%, Following injury in the adult mouse pancreas, Ngn3 reactivation in
the ducts has been shown to be critical for beta cell mass expansion®3. Thus, many ductal
lineage tracing studies have utilized the Ngn3 promoter to elucidate a developmental
mechanism of beta cell neogenesis from the ducts (Table 1.1). During Pax4
overexpression-mediated alpha-to-beta cell conversion'®®, ductal cells re-expressed
Ngn3, and these Ngn3+ cells repopulated lost alpha and beta cells?%. Similarly, deletion
of Fbw7, a master regulator of stem cell fate decisions and multipotency, in the adult
pancreas resulted in upregulated Ngn3 expression and a CK19+ ductal-to-beta cell
conversion??’. Recently, Ngn3 lineage tracing in an AKITA diabetic mouse model
revealed a substantial increase in traced insulin+ or somatostatin+ cells located in the
ducts. Single-cell transcriptomics on islets containing traced Ngn3+ cells demonstrated
that Ngn3+ cells contributed to the insulin+ cell population via a somatostatin+ state?%4,
1.4.6 Rare Pancreatic Populations with Progenitor-like Characteristics

Delta cells have also been proposed as a beta cell progenitor in the pancreas
(Figure 1.2), although their limited quantity renders lineage tracing of the delta cell
population challenging. Nevertheless, somatostatin+ cell lineage tracing in juvenile mice

has shown that delta cells can reconstitute beta cells via an Ngn3+ intermediate following
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diphtheria toxin-induced injury?°®, Ngn3+ cells in the ducts have shown to contribute to
beta cell regeneration via a somatostatin+ delta cell intermediate during both homeostasis
and diabetes induced by the AKITA mutation?%4,

A few common markers that represent stem or progenitor cell populations in other
tissues have been used in the search of a pancreatic progenitor cell. Recently, protein C
receptor (Procr) positive cells were identified as a long-term resident multipotent
endocrine progenitor cell in the adult mouse pancreas?®® (Figure 1.2). Lineage tracing
showed Procr+ cells were the progeny of Ngn3+ endocrine progenitors and generated all
4 endocrine cell types in adult mice under physiological conditions. Procr+ cells were also
capable of generating islet organoids in vitro that had glucose-lowering capacity after
implantation in vivo?®®. Cells expressing double cortin-like kinase 1 (Dclkl) have also
been suggested in mouse and human to be a quiescent, long-lived progenitor necessary
for pancreatic regeneration following injury?19. Lastly, Pdx1+/activin-like kinase 3+ cells
isolated from human pancreatic ducts and pancreatic duct glands show multilineage
differentiation in vitro and can be expanded and progenitor characteristics can be

maintained via stimulation of bone morphogenetic protein-7 signalling?**.
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Figure 1.2. Overview of BM-MSC “signal-receiving” cells in the pancreas and their
progression towards regenerating beta cells. Alpha cells may transition to beta cells
via an Ucn3-negative immature beta cell intermediate. Acinar-to-beta cell conversion may
transition via a Sox9+/Hnflb+ multipotent intermediate. Ductal cells may regain
expression of Ngn3+ and, possibly followed by a somatostatin+ intermediate, covert to
beta cells. Procr+ cells may directly regenerate beta cells. Lastly, beta cells may self-

replicate upon stimulation by BM-MSC. Created with BioRender.com.
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Table 1.1. Summary of lineage tracing studies investigating various pancreatic

cell types and their conversion to beta cells in the adult mouse pancreas.

Traced cell Lineage Model of beta cell Conversion to
Reference - ;
type tracing model damage/regeneration  beta cells?
INS promoter- .
Dor et al. (2004) Beta cells CreERT Homeostasis Yes
70% Pancreatectomy
Yes
(Px)
All non-beta INS2-Dre; .
Zhao et al. (2021) cells R0Sa26-iCre Homeostasis No
Pregnancy No
STZ (150 mg/kg) No
70% Px No
Pancreatic ductal No
ligation (PDL)
Diphtheria toxin ves; alpha and
delta cells
Xiao et al. (2018) Alpha cells GCG-CreERT A“OX"?‘” N Pd_xllMafA Yes
viral delivery
STZ (200 mg/kg) +
Collombat et al. Alpha cells GCG-Cre Pax4 overexpression in Yes
(2009)
alpha cells
Couztznoelysft al. Alpha cells GCG-Cre STZ (100-200 mglkg) + Yes
GCG-rtTA/Teto-  Arx knockoutin alpha
cells
Cre
Ben-Othman et Alpha cells GCG-Cre Long-term GABA Yes
al. (2017) Ductal cells Ngn3-CreERT treatment Yes
Thorel et al. GCG-rtTA/TetO- . . .
(2010) Alpha cells Cre Diphtheria toxin Yes
van der Meulen et Alpha cells GCG-CreERT2 Homeostasis Yes
al. (2017)
Pan et al. (2013) Acinar cells Ptfla-CreERT PDL alone Yes
PDL + STZ (100 Yes

mg/kg/day x 2 days)



Zhou et al. (2008)

Inada et al.
(2008)

Dirice et al.
(2019)

El-Gohary et al.
(2016)

Kopp et al. (2011)

Zhang et al.
(2016)

Solar et al. (2009)

Gribben et al.
(2021)

Al-Hasani et al.
(2013)

Sancho et al.
(2014)

Chera et al.
(2014)

Wang et al.
(2020)

Acinar cells

Ductal cells

Ductal cells

Ductal cells

Ductal cells

Ductal cells

Ductal cells

Ductal cells

Ductal cells

Ductal cells

Delta cells

Protein C
receptor+ cells

Cpal-CreERT2

CAIll-CreERT

CAIll-CreERT

Sox9-CreERT

Sox9-CreERT2

Sox9-CreERT2

Hnflb-CreERT2

Hnflb-CreERT2
Ngn3-CreERT

Ngn3-CreERT
Hnflb-CreERT2

CK19-CreERT

SST-Cre

Procr-CreERT2

Ngn3/Pdx1/MafA viral
delivery

PDL

Pregnancy

50-60% Px + TGF-beta
type Il receptor
upregulation

Homeostasis
PDL

Alloxan+ long-
term gastrin and EGF
treatment

PDL

Alloxan+ long-
term gastrin and EGF
treatment

Homeostasis

AKITA mutant insulin 2

STZ (100-200 mg/kg) +
Pax4 overexpression in
alpha cells

Fbw7 knockout in
ductal cells

Diphtheria toxin

Homeostasis
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Yes

Yes

Yes

Yes

No
No

Yes

No

No

Yes

Yes

Yes

Yes

Yes

Yes (Juvenile
mice only)

Yes
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1.5 Rationale and Project Overview

Our previous studies investigating islet regeneration in STZ-treated NOD/SCID
mice indicate that transplanted BM-MSC do not generate the beta cells themselves35140,
Rather, systemic BM-MSC transplantation stimulated the emergence of small islet
clusters associated with the ductal epithelium and increased number of islets containing
CK19+ cells within the pancreas'*°. Similarly, intrapancreatic (iPAN) injection of BM-MSC
Wnt+ CdM in STZ-treated mice resulted in the appearance of islet-like clusters
immediately adjacent to the ductal epithelial niche®t. Our previous in vitro studies showed
that co-culture of human ductal cells with regenerative BM-MSC increased ductal cell
proliferation, but did not increase beta cell proliferation4°. Furthermore, DBA lectin+
ductal cells isolated from the pancreas of NOD/SCID mice showed significantly increased
proliferation when supplemented with Untreated or Wnt+ CdM compared to basal media
in culture?'?,

Altogether, BM-MSC likely induce beta cell regeneration by signalling to resident
progenitor cells in the pancreas, resulting in their differentiation into new beta cells. The
concept of "stem cell-stimulated islet regeneration” and the induction of an islet neogenic
program recapitulating development is supported by evidence of numerous small islets
associated with the ductal epithelium following both BM-MSC transplantation and Wnt+
CdM injection. Genetic lineage tracing is now required to prove beta cell neogenesis from
ductal-derived progenitors in vivo. With the use of CdM in place of human BM-MSC
transplantation, we are no longer limited to the use of immunodeficient mouse models
and genetic lineage tracing mouse models can now be employed.

The CK19-CreERT Rosa26-mTomato genetic lineage tracing mouse model allows
for tamoxifen-dependent permanent labelling of CK19+ cells and their progeny with
fluorescent reporter tdTomato. STZ treatment in immune-competent mice results in
leukocyte infiltration into the islets, posing an additional barrier to achieving beta cell
regeneration. Herein, for the first time, we investigated Wnt+ CdM-stimulated beta cell
regeneration in an immune-competent CK19+ lineage tracing model. This model will allow
us to assess the contribution of CK19+ cells to Wnt+ CdM-induced beta cell mass

expansion once achieved.
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1.6 Hypothesis and Objectives

We hypothesized that CK19+ pancreatic ductal cells contain a progenitor cell population
that gives rise to beta cells in the adult mouse pancreas following STZ treatment and
subsequent iPAN injection of Wnt+ MSC CdM (Figure 1.3).

Wnt-pathway
activation in vitro

l

=

\t\'
=

Beta cell regeneration
in the STZ-treated
adult mouse pancreas

iPAN injection of conditioned
media containing secreted
microparticles & proteins

Figure 1.3. Overview of BM-MSC derived Wnt+ CdM-induced beta cell regeneration
from a CK19+ ductal cell origin. Created with BioRender.com.

To address this hypothesis, we proposed the following objectives:

(1) To induce beta cell regeneration following beta cell ablation with STZ and iPAN
injection of Wnt+ CdM.

(2) To use genetic lineage tracing to track the contribution of CK19+ ductal cell progeny

during beta cell regeneration.

Delineating the cellular mechanism behind Wnt+ CdM-induced beta cell regeneration by
elucidating the origin of regenerated beta cells is crucial to our understanding of Wnt+

CdM as a potential therapy for recovering beta cell loss during diabetes.
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2.0 Materials and Methods

2.1 BM-MSC Culture and Conditioned Media Collection

2.1.1 Primary BM-MSC Isolation

Human bone marrow (BM) samples from healthy consenting donors were collected
at the London Health Sciences Centre (University Hospital, London, ON). The Western
University Human Research Ethics Board approved the use of all human BM sourced
material for the induction of beta cell regeneration (REB#12934, see Appendix 2). BM
aspirates underwent Hypaque-ficoll centrifugation to isolate the mononuclear cell (MNC)
fraction. Followed by red blood cell lysis in ammonium chloride solution, MNCs were
plated at 270 000 cells/cm? in AmnioMax™ C-100 Complete Media (ThermoFisher
Scientific, Waltham, MA) containing fetal bovine serum, gentamicin, and L-glutamine to

establish plastic-adherent BM-MSC colonies.

2.1.2 Preparation of BM-MSC Conditioned Media

BM-MSC were expanded until passage 4, washed twice with phosphate-buffered
saline to remove residual growth factors, and re-plated in serum and growth factor-free
basal AmnioMax™ media (ThermoFisher Scientific) without supplement. BM-MSC were
either treated with 10 yM CHIR99021 (AbMole Biosciences, Houston Tx) or were left
untreated (Figure 2.1)16%. After 24 hours of culture, conditioned media (CdM) was
collected in 3kDa centrifugal filter units with either regenerated cellulose filters (Millipore,
Burlington MA) or polyethersulfone filters (ThermoFisher Scientific). BM-MSC CdM was
centrifuged at 4100 x g for 90 minutes at 4 °C when using the cellulose columns or 4700
x g for 3.5 hours at 4 °C when using the polyethersulfone columns. Proteins remaining
above the 3 kDa filter were quantified using the Pierce 660 nm protein assay
(ThermoFisher Scientific) and diluted to approximately 0.1-0.3 pg/ul in basal media. CdM

was either used immediately for in vivo experiments or frozen at -80 °C for later use.
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Figure 2.1. Generation of concentrated Wnt+ and Untreated CdM from BM-MSC.
BM-MSC were treated with CHIR99021 to generate Wnt+ CdM or were left Untreated to
generate Untreated CdM. Following 24 hours of treatment, CdM was collected and

concentrated 20-40x. Created with BioRender.com.

2.2 Flow Cytometry on BM-MSC

2.2.1 Cell Surface Marker Analysis

BM-MSC at P4 were washed twice with phosphate-buffered saline and re-plated
in basal AmnioMax™ media without supplement and treated with 10 uM CHIR99021 or
left untreated for 24 hours. Cells were incubated with antibodies for: A) CD73, CD90, and
CD105 for 30 minutes at 4 °C; or B) CD34 and CD45 for 30 minutes at room temperature
(RT). All antibodies are detailed in Table 2.1. Cells were analyzed using flow cytometry
(LSRII, BD Biosciences, Mississauga, ON) at the London Regional Flow Cytometry
Facility. Data was analyzed using FlowJo software (FlowJo LLC, Ashland, OR).

2.2.2 Total Intracellular Beta-Catenin Analysis

All incubations were carried out at RT. BM-MSC at P4 were washed twice with
phosphate-buffered saline and re-plated in basal AmnioMax™ media without supplement
and treated with 10 yM CHIR99021 or left untreated for 24 hours. Cells were fixed with
10% formalin for 5 min. and permeabilized with 0.1% Triton X-100 for 15 min. Cells were
incubated with anti-human beta-catenin antibody (Table 2.1) for 30 min. and analyzed by

flow cytometry.
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Table 2.1. Antibody specifications for flow cytometry experiments.

Antibody Fluorophore | Catalog # Company Concentration

Monoclonal
mouse anti- BVv421 344008 Biolegend 1/75
CD73
Monoclonal
mouse anti- FITC 328108 Biolegend 1/75

CD90
Monoclonal
mouse anti- PE/?;:ZIE‘ 323224 Biolegend 1/75
CD105
Monoclonal
mouse anti- BVv421 562577 BD Biosciences 1/75
CD34
Monoclonal
mouse anti- PE/Cy7 304016 Biolegend 1/100
CD45
Monoclonal
mouse anti-beta- AF488 53-2567-42 Invitrogen 1/40
catenin
Monoclonal
rabbit anti-CK19
Monoclonal
mouse anti- AF647 565689 BD Biosciences 1/100
insulin
Monoclonal
mouse anti- BVv421 565891 BD Biosciences 1/100
glucagon

AF488 Ab192643 Abcam 1/400

2.3 BM-MSC Nuclear Beta-Catenin Quantification

BM-MSC at P4 were washed twice with phosphate-buffered saline and re-plated
in basal AmnioMax™ media without supplement and treated with 10 yM CHIR99021 or
left untreated for 24 hours. Cells were collected and nuclear and cytoplasmic proteins
were extracted using a cytoplasmic and nuclear protein fractionation kit as per
manufacturer’'s instructions (Boster Bio, Pleasanton, CA). Nuclear beta-catenin protein
amounts were determined using the human beta-catenin SimpleStep ELISA kit as per

manufacturer’s instructions (Abcam, Cambridge, UK).
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2.4 Mouse Treatments and Monitoring
Animal procedures were reviewed and approved by the Animal Care Committee
at the University of Western Ontario (AUP 2018-184, see Appendix 3) and all colonies

were maintained following guidelines published by the Canadian Council for Animal Care.

2.4.1 CK19-CreERT Rosa26-mTomato Model

Homozygous CK19-CreERT mice on a C57BL/6J background (Jackson Labs, Bar
Harbor, ME #026925)213 were crossed with homozygous Rosa26-mTomato reporter mice
on a C57BL/6J;129S6 mixed background (Jackson Labs #007905)?'4 to generate CK19-
CreERT Rosa26-mTomato lineage tracing mice, which label CK19+ cells with fluorescent

reporter tdTomato upon tamoxifen administration.

2.4.2 Tamoxifen Dose Optimization

Tamoxifen (MP Biomedicals, Solon, OH), dissolved in corn oil at 30 mg/mL, was
administered to 8-10-week-old CK19-CreERT Rosa26-mTomato mice by oral gavage at
increasing concentrations: single dose of 1, 3, or 6 mg, or 6 mg per day for 2 days (total
of 12 mg). One week following tamoxifen administration, mice were euthanized, and
pancreata were harvested and dissected laterally to be analyzed by immunofluorescence

microscopy and flow cytometry (see below).

2.4.3 Streptozotocin (STZ) Dose Optimization

To specifically ablate beta cells and induce hyperglycemia, STZ (Sigma, St. Louis,
MO), dissolved in citric acid buffer (CAB) at 7.5 mg/ml, was administered to 8-10-week-
old CK19-CreERT Rosa26-mTomato mice from Days 0-4 (Figure 2.2) by intraperitoneal
(i.p.) injection at increasing concentrations: 40 mg/kg/day, 50 mg/kg/day, and 60
mg/kg/day. CAB control mice were i.p. injected with CAB from Days 0-4. Mice were
weighed and non-fasted blood glucose was measured between 8:00-10:00 am using a
FreeStyle Lite glucometer (Abbott Diabetes Care, Mississauga, ON) on Days 0, 7, 10, 14,
17, and 21. At Days 10 and 21 glucose tolerance tests (GTT) were performed (Figure
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2.2). Mice were euthanized 24 hours following GTT and pancreata were harvested to be

analyzed by immunohistochemistry (IHC, see below).

Non-fasting blood glucose

\
[ \

Day | -7 0 7 10 14 17 21 |— Euthanize for IHC analysis
TT TTTTT T T (beta cell mass and islet #)
Tamoxifen @ STZ GTT GTT

Figure 2.2. STZ dose optimization timeline. Mice were given increasing doses of STZ
(40, 50, and 60 mg/kg/day) from Days 0-4. Mice were given glucose tolernace tests (GTT)
on Days 10 and 21. Pancreata were collected 24 hours after Day 21 GTT for IHC analysis.

2.4.4 Intrapancreatic (iPAN) injection of CdM and Lineage Tracing Experiments
CK19-CreERT Rosa26-mTomato (8-10 weeks old) were treated with 6 mg of
tamoxifen by oral gavage on Days -7 and -6 and after 5 days of rest, mice were i.p.
injected with 50 mg/kg/day of STZ from Days 0-4 to ablate beta cells and induce
hyperglycemia (Figure 3.6A). On Day 10 (short-term) or Day 14 (long-term),
hyperglycemic mice with non-fasted blood glucose levels of 12-25 mmol/L were given a
single intra-pancreatic (iPAN) injection as previously described®”:161, Mice were iPAN
injected with 20 pL of Wnt+ or Untreated CdM (containing approximately 2-6 g of
secreted protein) or basal AmnioMAX media™. Mice were monitored weekly for non-

fasted blood glucose by tail vein puncture using the FreeStyle Lite glucometer.

2.4.5 EdU Injections
Mice were given 0.25 mg EdU for 3 consecutive days (Day 14-16) via once daily
i.p. injection (Figure 3.16A). Pancreata were collected for analysis on Day 17 (24 hours

following the final EdU injection).
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2.4.6 Insulin Treatments

Insulin glargine Lantus (Sanofi-aventis, Laval, QC) was diluted 1/25 in phosphate
buffered saline. Mice were injected subcutaneously with 10U/kg of Lantus25-217 at 8:00
am and 8:00 pm daily from Days 15-21 following iPAN injection on Day 14 (Figure 3.9A).

2.4.7 Glucose Tolerance Test (GTT)

GTT was performed on Days 10 and 21 (STZ Optimization experiments) or Day
42 (iPAN injection experiments). D-Glucose (Sigma) was dissolved at 0.25 g/mL in
phosphate buffered saline. Mice were fasted for 4 hours prior to i.p. injection of the sterile
glucose solution (2.0 mg/kg). Blood glucose levels were measured by tail vein punctures
at0, 5, 10, 15, 30, 45, 60, 90, and 120 minutes post-bolus.

2.5 Flow Cytometry on Pancreas Tissue

All incubations were carried out at RT unless specified. Pancreas samples
dissected laterally (including both head and tail compartments) were digested using
collagenase V (Sigma) for 20 min. at 37 °C and TrypLE (ThermoFisher Scientific) for 5
min. at 37 °C. Cell viability was assessed by incubating samples with Zombie Y ellow
(BioLegend) for 15 min. prior to fixation with 10% formalin for 5 min. and permeabilization
with 1% Triton X-100 for 15 min. Cells were incubated with antibodies for CK19, insulin,
and glucagon for 1 hour. All antibodies and concentrations are detailed in Table 2.1. Cells

were analyzed using flow cytometry (LSRII, BD Biosciences).

2.6 Immunohistochemistry and Immunofluorescence Microscopy

2.6.1 Pancreas Tissue Preparation and Sectioning

Pancreas tissues were excised, weighed, and dissected laterally. Half the
pancreas tissue (including both head and tail compartments) was snap-frozen in optimal
cutting temperature media (Tissue Tek; Sakura-Finetek) at -30 °C. The other half was
submersion-fixed in 4% paraformaldehyde for 15 min., placed in 30% sucrose until

equilibrium was reached, and frozen in optimal cutting temperature media at -30 °C.
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Frozen samples were cryo-sectioned at 12 ym. Three sections per mouse >150 ym (>1

islet diameter) apart were analyzed for each measurement.

2.6.2 Immunohistochemistry (IHC) for Beta Cell Mass and Islet Number Quantification

All incubations were carried out at RT. Pancreas sections were fixed with 10%
formalin for 15 min., followed by blocking with peroxidase block for 5 min. and horse
serum for 1 hour. Sections were incubated with an anti-insulin primary antibody for 1 hour,
followed a peroxidase anti-mouse secondary antibody (Vector Labs, Burlington, ON) for
30 minutes. Antibody details and concentrations for IHC are indicated in Table 2.2.
ImMmPACT™ DAB (Vector Labs) staining was performed to detect antibody binding,
followed by a hematoxylin counterstain and slide mounting with Vectamount (Vector
Labs). An islet was defined as a minimum of 10 clustered insulin+ cells. Beta cell mass
and insulin+ islet number were quantified using light microscopy and QuPath software?:8.
Beta cell mass was calculated by:

Beta cell mass = (Beta cell area/Total pancreas section area) x Whole pancreas weight

2.6.3 Immunofluorescence (IF) Staining, Imaging, and Quantification

All incubations were carried out at RT. Pancreas sections were fixed with 10%
formalin for 15 min. and permeabilized with 1% Triton X-100 for 20 min. Sections were
blocked for 1 hour and incubated with primary antibodies to detect CK19, Mpx1, insulin,
and/or glucagon followed by staining with fluorescent secondary antibodies. Antibody
details and concentrations are described in Table 2.2. Nuclei were detected using a 5
min. incubation with DAPI. Slides were imaged using the Zeiss Axio Imager Z2
fluorescent microscope and images were quantified using QuPath software?!®. To
guantify the frequency of tdTomato+/insulin+ cells, total numbers of insulin+ cells and
tdTomato+/insulin+ cells were counted in 3 sections per mouse. To determine islet-duct
association, each islet in 3 sections per mouse was designated as in direct contact with
or not in direct contact with CK19+ ducts. For the quantification of EdU+ cells, sections
were incubated with the EdU detection cocktail as per manufacturer’s instructions

(Invitrogen) and total insulin+ cells and EdU+/insulin+ cells were counted for each islet in
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3 sections per mouse. 3D z-stacks depicting co-localization of insulin and tdTomato were
imaged using the Nikon Ti2-E Inverted Microscope paired with the A1R HD laser-
scanning confocal at the London Regional Microscopy Facility.

Table 2.2. Antibody specifications for IHC/IF staining.

Antibody Catalog # Company Concentration
Rabbit anti-insulin ab181547 Abcam, Cambridge, UK 1/500
Mouse anti-glucagon ab10988 Abcam 1/500
Developmental Studies
Rat anti-CK19 TROMA-III Hybridoma Bank, lowa 1/200
City, 1A
Rat anti-acinar (Mpx1) | MABS2144 MilliporeSigma, 1/20
Burlington, MA
Fluorescein-labelled Vector Labs, Burlington,
rabbit anti-rat 1gG FI-4000 ON 17200
®_
Texas R?d labelled TI-2000 Vector Labs 1/200
horse anti-mouse IgG
Fluorescein-labelled
goat anti-rabbit IgG FI-1000 Vector Labs 1/200
®_
Texas Red™labelled | 1 ;559 Vector Labs 1/200
goat anti-rabbit IgG
Cyb-labelled Goatanti- | 6064 Abcam 1/200
rabbit IgG
Peroxidase-labelled
goat anti-rabbit IgG P1-1000 Vector Labs 1/200

2.7 Statistical Analysis

Data was analyzed and graphed using GraphPad Prism version 9. All data was
expressed as Mean * standard deviation (SD). Non-fasted blood glucose curves and
glucose tolerance test curves were analyzed using a repeated measures two-way
analysis of variance (ANOVA). All other parameters were analyzed by one-way ANOVA
unless stated otherwise. Comparisons were made using Tukey’s multiple comparison test

unless stated otherwise.
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3.0 Results

3.1 Treatment with CHIR99021 increased nuclear beta-catenin levels and did not alter

BM-MSC cell surface phenotype.

GSKa3 interference by the addition of CHIR99021 to culture inhibits the function of
the beta-catenin destruction complex. This allows for intracellular accumulation of beta-
catenin and downstream upregulation of Wnt pathway effectors in CHIR-treated cells. To
confirm whether treatment with CHIR increased beta-catenin levels, BM-MSC were
assessed via flow cytometry for intracellular beta-catenin (Figure 3.1A). CHIR-treated
BM-MSC showed consistently increased mean fluorescence intensity (M.F.l1.) values for
beta-catenin relative to untreated BM-MSC (1.40+0.08, Figure 3.1B). Nuclear and
cytoplasmic protein fractionation followed by ELISA for human beta-catenin revealed that
CHIR-treated cells showed increased levels of nuclear-localized beta-catenin compared
to untreated cells (67.73+13.21 vs 7.13£3.01 ng/mL, p<0.01, Figure 3.1C), suggesting
that active Wnt signalling was upregulated in CHIR-treated BM-MSC.

The minimal defining criteria for MSC state that cultured cells should have over
95% expression of the stromal cell surface markers CD73, CD90, and CD105, as well as
less than 2% of contamination from other cell types such as CD45+ leukocytes or CD34+
cellst®, Both CHIR-treated and untreated BM-MSC show >95% expression of CD73,
CD90, and CD105 and <2% expression of CD45 and CD34 (Figure 3.1D,E). Collectively,

BM-MSC cell surface phenotype was unaltered upon treatment with CHIR.
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Figure 3.1. CHIR-treated MSC upregulated beta-catenin and retained expression of
stromal cell markers. (A) Representative flow cytometry plots of beta-catenin mean
fluorescence intensity (M.F.l.) in untreated BM-MSC and BM-MSC treated with 10 uM of
GSKS3-inhibitor CHIR99021 (CHIR). (B) CHIR-treated cells showed increased expression
of intracellular beta-catenin shown as fold change relative to untreated cells (N=10). (C)
CHIR-treated cells showed increased levels of nuclear-localized beta-catenin compared
to untreated cells (N=3, **p<0.01). (D) Representative flow cytometry plots of BM-MSC
surface marker expression. (E) No differences were found in CD90, CD73, CD105, CD45,
and CD34 expression between CHIR-treated BM-MSC and untreated BM-MSC (N=3).
Data represent Mean + SD. Nuclear beta-catenin was compared using an unpaired
Student’s t-test. Cell surface marker expression was compared using a two-way ANOVA

followed by Sidak's multiple comparisons test.
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3.2 Tamoxifen administration in CK19-CreERT Rosa26-mTomato mice resulted in dose-

dependent labelling of CK19+ pancreatic ductal cells.

8-10-week-old mice were treated with 12 mg (6 mg per day for 2 days), 6 mg, 3
mg, or 1 mg of tamoxifen or corn oil (vehicle) and assessed for efficiency and specificity
of CK19+ cell labelling with reporter tdTomato via flow cytometry 1-week post-tamoxifen.
Compared to lower doses of 1 mg, 3 mg, or 6 mg, 12 mg of tamoxifen showed an
increased frequency of live tdTomato+ cells (Figure 3.2A,B). 12 mg of tamoxifen resulted
in an increased proportion of CK19+ ductal cells labelled with tdTomato (21.78+9.10%,
p<0.05) compared to 1 mg of tamoxifen (5.19+3.87, Figure 3.2C,D). Less than 0.5% of
CK19+ cells showed tdTomato labelling following administration of corn oil vehicle (Figure
3.2D), indicating tdTomato was not expressed without Cre activity. Dose-dependent
mosaic labelling and co-localization of tdTomato in CK19+ ducts was observed in mice
treated with various doses of tamoxifen (Figure 3.2E-H).

The proportion of tdTomato+ cells that co-expressed ductal cell marker CK19
remained unchanged between various doses of tamoxifen and an average of
51.14+6.58% of tdTomato+ cells were CK19+ ductal cells following 12 mg of tamoxifen
(Figure 3.3A,B). Co-localization of tdTomato and acinar cell surface marker Mpx12%°
expression revealed that 16.75+2.70% of acinar cells were labelled with tdTomato upon
administration of 12 mg of tamoxifen (Figure 3.3C,D). Insulin+ beta cells were also
labelled with tdTomato at a frequency of 2.18+0.50% following 12 mg of tamoxifen (Figure
3.3E,F). Direct co-localization of tdTomato in insulin+ cells was confirmed by flow
cytometry (Table 3.2) and CK19 expression was not detected in tdTomato+ beta or acinar
cells by fluorescence microscopy (Figure 3.3G). Thus, tdTomato expression was not
limited to ductal structures and a significant proportion of acinar cells were labelled.

12 mg of tamoxifen (administered at 6 mg per day for 2 days) was chosen as the
optimal dose for subsequent lineage tracing experiments due to an increased efficiency
of CK19+ cell labelling with tdTomato (Figure 3.2B,D), despite co-labelling of acinar cells.



45

*kk
A B &
Gated on live cells 2 157
[+ *k
250K o
ol [
Q 200K 5 2 4
ﬁ = 10
o 150K 4 A E
« 100K 4 O
[} % = 54
Q,E, 50K i '.+_ . - +
ol il p) m
10° 400 100 10 10 3 o 1 j---4 i g g
tdTomato tdTomato tdTomato tdTomato tdTomato 12mg 6mg 3mg 1mg
C D
i Gated on CK19+ cells _
Gated on live cells / 1 < 40 *
250K < 250K 7 3mg | %<7 1mg ‘m"
g 200K - 200K+ 12.9% | ,00k- 6.1% % 304
O | 150K~ 150K 4 150K < :,, . .
3 o 20
3 100K 4 4 —
o 100K 100K+ V] HEJ
T sok- 5 50K g 50K4 © 404 -
(7] ¥ 3 i3 +
Mg 3 Srloeg 3 3 Vgt T B ® . Il
10 -10” 0 10°0 10° 10" 10 10°0 10° 100 10 b -
T T T U
tdTomato tdTomato tdTomato 12mg 6mg 3mg 1mg
E F G H

tdTomato

tdTomato




46

Figure 3.2. Tamoxifen treatment (12 mg) in CK19-CreERT Rosa26-mTomato mice
increased the proportion of tdTomato+/CK19+ cells. (A) Representative flow
cytometry plots of live tdTomato+ cells from mice treated with 12 mg (n=5), 6 mg (n=4),
3 mg (n=3), or 1 mg (n=3) of tamoxifen or corn oil vehicle control (h=3) 1-week post-
administration. (B) 12 mg of tamoxifen resulted in an increased proportion of tdTomato+
cells amongst total live cells compared to lower doses (*p<0.05, **p<0.01, ***p<0.001).
(C) Representative flow cytometry plots of live CK19+ ductal cells that co-expressed
tdTomato from mice treated with 12 mg, 6 mg, 3 mg, or 1 mg of tamoxifen 1-week post-
administration. (D) 12 mg of tamoxifen resulted in an increased proportion of CK19+ cells
labelled with tdTomato compared to 1 mg of tamoxifen (*p<0.05). Dotted lines represent
measurements observed in mice given corn oil only (n=3). Representative images of
tdTomato in CK19+ ducts after (E) 12 mg, (F) 6 mg, (G) 3 mg, or (H) 1 mg of tamoxifen.
Arrows indicate co-localization of tdTomato and CK19. Scale bars = 50 um. Data
represent Mean + SD compared using a one-way ANOVA followed by Tukey’s multiple

comparison test.
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Figure 3.3. tdTomato expression was observed in pancreatic acinar and beta cells
following tamoxifen treatment. (A) Representative flow cytometry plots of tdTomato+
cells that co-expressed CK19 from mice treated with 12 mg (n=5), 6 mg (n=4), 3 mg (n=3),
or 1 mg (n=3) of tamoxifen 1-week post-administration. (B) No differences were seen in
the proportion of tdTomato+ cells that co-expressed CK19 between groups. (C) Co-
localization of tdTomato in Mpx1+ acini (indicated by arrows). (D) 16.75+2.70% of acinar
cells were labelled with tdTomato. (E) Co-localization of tdTomato in insulin+ islet cells
(arrows). (F) 2.18+0.50% of insulin+ cells were labelled with tdTomato. (G)
Representative image of CK19 and tdTomato detection in insulin+ cells (arrows) and
acinar cells (brackets). Scale bars = 20 um. Data represent Mean + SD compared using

a one-way ANOVA followed by Tukey’s multiple comparison test.
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3.3 STZ treatment of 50 mg/kg/day for 5 days resulted in hyperglycemia, glucose

intolerance, and decreased beta cell mass.

8-10-week-old mice were treated with 40, 50, or 60 mg/kg/day of STZ from Days
0-4 and monitored for non-fasted blood glucose (NFBG) until Day 21. Mice treated with
50 or 60 mg/kg STZ demonstrated increased NFBG levels on Days 10 and 14 (Figure
3.4A) and increased area under the curve (AUC) for NFBG (Figure 3.4B) compared to
normoglycemic mice given CAB. Mice treated with 40 mg/kg STZ did not demonstrate
differences in glycemia compared to CAB. At Day 10, 30% and 70% of mice treated with
50 or 60 mg/kg STZ, respectively, were hyperglycemic with NFBG = 12 mmol/L. The
proportion of hyperglycemic mice increased to 60% of mice treated with 50 mg/kg STZ
and 100% of mice treated with 60 mg/kg STZ by Day 14 (Figure 3.4C). On both Days 10
and 14, only 10% of mice treated with 40 mg/kg STZ had NFBG levels = 12 mmol/L.

On Days 10 and 21, mice were administered an intraperitoneal glucose tolerance
test (GTT). Mice treated with 50 or 60 mg/kg STZ demonstrated significantly increased
glucose levels from 15 to 120 minutes post-bolus and increased AUC for GTT at Day 10
compared to CAB controls (Figure 3.4D,E). No further increase compared to CAB was
seen in post-prandial glucose levels of mice treated with 50 mg/kg STZ, although mice
treated with 60 mg/kg STZ had further elevated glucose levels compared to CAB at Day
21 (Figure 3.4F,G), indicating that mice given 60 mg/kg STZ were severely glucose
intolerant. Mice treated with 40 mg/kg STZ showed no differences in glucose levels post-
bolus or AUC for GTT compared to CAB at Days 10 and 21 (Figure 3.4D-G). The body
weight of mice treated with 50 or 60 mg/kg of STZ was decreased <10% at Day 21
compared to mice given CAB (Figure 3.4H), likely due to polyuria after STZ treatment.

IHC detection of insulin in pancreas sections at Day 14 showed all doses of STZ
resulted in >70% decrease in beta cell mass (Figure 3.5A) and insulin+ islet number
(Figure 3.5B) compared to CAB. Low magnification photomicrographs of pancreas
sections from STZ-treated mice demonstrated little to no insulin+ beta cells compared to

mice given CAB which demonstrated large insulin+ islets (Figure 3.5C-F).
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The STZ treatment regimen of 50 mg/kg/day for 5 days was chosen as the optimal
dose for future experiments as this was the lowest dose at which mice showed elevated
glycemia at Days 10 and 14 (Figure 3.4A-C), glucose intolerance by Day 10 (Figure 3.4D),
and reduced beta cell mass and islet number by Day 14 (Figure 3.5A,B).
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Figure 3.4. STZ treatment (50 and 60 mg/kg/day for 5 days) in CK19-CreERT Rosa26-
mTomato mice resulted in hyperglycemia (=12 mmol/L) by Day 14.

(A) Compared to citric acid buffer (CAB)-treated mice (n=10), non-fasted blood glucose
(NFBG) levels were significantly increased in mice treated with 50 (n=10, *p<0.05) or 60
(n=10, **p<0.01, ***p<0.001) mg/kg/day STZ on Days 10 and 14. Mice treated with 40
mg/kg/day STZ (n=10) did not demonstrate differences in NFBG compared to CAB. (B)
Mice treated with 50 (*p<0.05) or 60 (****p<0.0001) mg/kg of STZ had a significantly
higher area under the curve (AUC) for NFBG compared to mice given CAB. (C) By Day
14, treatment with 50 or 60 mg/kg of STZ resulted in 60% and 100%, respectively, of mice
with NFBG = 12 mmol/L. On Day 10, mice were administered an intraperitoneal glucose
tolerance test (GTT). Mice treated with 50 (n=10) or 60 (n=10) mg/kg STZ had (D)
increased glucose levels and (E) increased AUC compared to mice given CAB (*p<0.05,
**p<0.01, ***p<0.001). (F-G) On Day 21, mice treated with 60 mg/kg STZ showed minimal
response to the glucose bolus. (H) Body weight was decreased in mice treated with 50
(**p<0.01) or 60 (***p<0.001) mg/kg of STZ compared to mice given CAB. Data represent
Mean = SD. NFBG curves were compared using a repeated measures two-way ANOVA
followed by Tukey’s multiple comparison test. AUC and weight change were compared

using a one-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 3.5. Beta cell mass and islet number were reduced in CK19-CreERT Rosa26-
mTomato mice treated with STZ at Day 14. Compared to CAB treated mice (n=9), mice
treated with 40 (n=9), 50 (n=10), or 60 (n=10) mg/kg/day STZ had significantly decreased
(A) beta cell mass (p<0.001, p<0.0001) (B) and insulin+ islet number (****p<0.0001).
Representative images of insulin staining in pancreas sections from mice treated with (C)
CAB, or (D) 40, (E) 50, or (F) 60 mg/kg/day of STZ. Scale bars = 100 um. Data represent
Mean = SD compared using a one-way ANOVA followed by Tukey’s multiple comparison

test.
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3.4 iPAN injection of Wnt+ CdM preserved beta cell mass and islet number, but did not

significantly reduce hyperglycemia 11 days following injection.

CK19-CreERT Rosa26-mTomato mice (8-10 weeks old) were treated with 6 mg of
tamoxifen on Days -7 and -6 followed by 50 mg/kg/day of STZ on Days 0-4 to induce
hyperglycemia (Figure 3.6A). On Day 10, hyperglycemic mice (NFBG of 12-25 mmol/L)
were iPAN injected with either Wnt+ CdM, Untreated CdM, or supplement-free basal
AmnioMax™ media. NFBG levels of mice in all groups continued to rise from Days 10 to
21 (Figure 3.6B). No differences were seen in AUC for NFBG from Days 0 to 21 between
mice treated with Wnt+ or Untreated CdM compared to basal media (Figure 3.6C).

At Day 21 pancreata were harvested for analyses of beta cell mass and insulin+
islet number. Mice treated with Wnt+ CdM demonstrated an increased beta cell mass
(Figure 3.6D) and increased insulin+ islet number (Figure 3.6E) compared to mice given
basal media. Average values for beta cell mass (0.46 mg) and islet number (0.56
islets/mm?) in mice given Wnt+ CdM at Day 21 were similar to that of mice given STZ
only at Day 14 (0.61 mg and 0.31 islets/mm?), indicating that Wnt+ CdM may have had
an islet-protective effect and prevented further STZ-induced beta cell damage.

Low magnification photomicrographs of pancreas sections from mice treated with
Wnt+ CdM showed abundant insulin+ beta cells compared to mice treated with basal
media (Figure 3.6F-H), although islets were still reduced in mice given Wnt+ CdM

compared to the numerous large islets seen in mice given CAB (Figure 3.61).
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Figure 3.6. Beta cell mass and islet nhumber were preserved following iPAN
injection of Wnt+ CdM. (A) CK19-CreERT Rosa26-mTomato mice were treated with 6
mg/day tamoxifen for 2 days and 50 mg/kg/day STZ for 5 days then were iPAN-injected
on Day 10 with Wnt+ CdM (n=8), Untreated CdM (n=9), or basal media (n=6). Mice were
euthanized on Day 21. No significant differences were found for (B) non-fasted blood
glucose (NFBG) levels and (C) area under the curve (AUC) for NFBG between mice
treated with Wnt+ CdM, Untreated CdM, or basal media. Compared to mice injected with
basal media that displayed a further reduction of beta cell mass, mice injected with Wnt+
CdM maintained an increased (D) beta cell mass and (E) insulin+ islet number (*p<0.05).
Representative images of insulin staining in pancreas sections from mice treated with (F)
Wnt+ CdM, (G) Untreated CdM, (H) basal media, or (I) citric acid buffer (CAB). Scale bars
= 150 um. Dotted lines represent measurements observed in CAB control mice. Data
represent Mean + SD. NFBG data was compared using a repeated measures two-way
ANOVA and all other data was compared using a one-way ANOVA followed by Tukey’s
multiple comparison test. N=5 BM-MSC samples.
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3.5iPAN injection of Wnt+ CdM increased tdTomato and insulin co-expression at Day 21.

CK19-CreERT Rosa26-mTomato mice iPAN-injected on Day 10 with either Wnt+
CdM, Untreated CdM, or basal media were euthanized on Day 21 (11 days post-iPAN
injection, Figure 3.6A) and pancreata were harvested and digested into a single-cell
suspension for lineage tracing analyses by flow cytometry. To determine the frequency
of tdTomato+ cells that expressed insulin, live events were gated on tdTomato+ events
and subsequently gated on insulin+ events (Figure 3.7A). iPAN injection of Wnt+ CdM
resulted in an increased frequency of insulin+/tdTomato+ cells compared to injection of
basal media (Figure 3.7B, Table 3.1). To determine the frequency of tdTomato+ cells that
expressed glucagon, live events were gated on tdTomato and subsequently gated on
glucagon (Figure 3.7C). No differences were found in the frequency of
glucagon+/tdTomato+ cells between groups (Figure 3.7D). To determine the frequency
of insulin+ cells that expressed tdTomato, live events were gated on insulin and
subsequently gated on tdTomato (Figure 3.7E). Mice given Wnt+ CdM demonstrated an
increased frequency of tdTomato+/insulin+ cells compared to mice given basal media
(Figure 3.7F, Table 3.1). To determine the frequency of insulin+ cells that co-expressed
glucagon, cells that may be an intermediate of alpha-to-beta cell transition, live events
were gated on insulin and subsequently gated on glucagon (Figure 3.7G). No differences
were found in the frequency of glucagon+/insulin+ cells between groups (Figure 3.7D).

We conducted pulse-chase experiments to quantify labelled cells at successive
timepoints following STZ treatment (50 mg/kg/day from Days 0-4). iPAN injection of Wnt+
CdM resulted in an increased frequency of tdTomato+/insulin+ cells compared to STZ-
treated mice at Day 10 (Table 3.1). We decided to assess tdTomato labelling during
homeostasis (no STZ) at 3, 21, and 28 days following 12 mg of tamoxifen. The
frequencies of insulin+/tdTomato+, glucagon+/tdTomato+, tdTomato+/insulin+, and

glucagon+/insulin+ co-expressing cells were unchanged between timepoints (Table 3.2).
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Figure 3.7. tdTomato co-expression with insulin was increased following iPAN
injection of Wnt+ CdM. (A) Representative flow cytometry plots showing tdTomato+
cells that co-expressed insulin. (B) iPAN injection of Wnt+ CdM (n=8) resulted in an
increased frequency of tdTomato+ cells that co-expressed insulin compared to injection
of basal media (n=7, *p<0.05). (C) Representative flow cytometry plots showing
tdTomato+ cells that co-expressed glucagon. (D) The frequency of tdTomato+ cells that
co-expressed glucagon was not changed between mice treated with Wnt+ CdM or
Untreated CdM, or basal media. (E) Representative flow cytometry plots showing insulin+
cells that co-expressed tdTomato. (F) iPAN injection of Wnt+ CdM resulted in an
increased frequency of insulin+ cells that co-expressed tdTomato compared to basal
media (*p<0.05). (G) Representative flow cytometry plots showing insulin+ cells that co-
expressed glucagon. (H) The frequency of insulin+ cells that co-expressed glucagon was
not changed between mice given Wnt+ or Untreated CdM, or basal media. Data represent

Mean + SD compared by one-way ANOVA followed by Tukey’s multiple comparison test.
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Table 3.1. The frequency of cells that co-expressed tdTomato and insulin was

increased in mice injected with Wnt+ CdM compared to basal media.

% of Parent Population

Phenotype Day 10 Day 21
Tamoxifen + STZ (n=8) 1 Basal media (n=7) Wnt+ CdM (n=8) Untreated CdM (n=6)

tdT+/Total live cells 2.23+0.29 7.34+£0.72 8.22+1.02 6.66 + 1.81
Insulin+/td T+ 0.26 + 0.08 0.09 £ 0.05 0.46 £ 0.13* 0.32 £ 0.06
Glucagon+/tdT+ 0.13+0.07 0.09 £ 0.08 0.06 +0.03 0.12 +0.05
Ins+/Total live cells 0.73+0.2 0.21 +£0.08 0.65+0.19 0.47 £0.06
tdT+/Insulin+ 0.77+£0.24 1.97+0.82 5.04 £ 1.20* 432 +1.23
Glucagon+/Insulin+ 0.83+0.33 5.67 £2.32 5.15+1.99 7.01+£2.64

Data expressed as Mean + SD compared within rows using a one-way ANOVA followed

by Tukey’s multiple comparison test (*p<0.05).
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Table 3.2. Frequencies of cells that co-expressed tdTomato, insulin, and glucagon
remained consistent following treatment with 12 mg of tamoxifen in healthy citric

acid buffer (CAB) control mice.

% of Parent Population

Phenotype 72 hours Day 10 Day 21
n=6 n=3 n=6

tdT+/Total live cells 7.53+1.48 1.52+0.72 5.52+1.33
Insulin+/tdT+ 1.34 +0.58 1.65+1.43 2.06 +0.32
Glucagon+/itdT+ 0.03+£0.02 0.11+0.11 0.12 £ 0.06
Insulin+/Total live cells 2.54 +0.56 1.01+0.1 281+04
tdT+/Insulin+ 4.35+0.46 242 +1.87 4.36 £ 0.95
Glucagon+/Insulin+ 2.74 £0.89 3.18+0.91 0.61+0.22

Data expressed as Mean + SD compared within rows using a one-way ANOVA followed

by Tukey’s multiple comparison test.
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3.6 Regenerated insulin+ cells of STZ-treated mice iPAN-injected with CdM were devoid

of a high side-scatter population.

The granularity of cells on the flow cytometer can be measured by their light side
scatter properties. Healthy mice that were injected with citric acid buffer (STZ vehicle
control; CAB), had two populations of live insulin+ cells, a high side scatter population
and a low side scatter population (Figure 3.8A), corresponding to beta cells that contained
high amounts of insulin granules versus a lower amount of insulin granules respectively.
STZ-treated mice given Wnt+ CdM, Untreated CdM, or basal media were devoid of
insulin+ cells with high side scatter properties compared to CAB control mice at Day 21
(Figure 3.8B). In contrast, no differences were seen in the proportion of low side
scatter/insulin+ cells between mice given Wnt+ or Untreated CdM and CAB control mice
(Figure 3.8B). Mice given basal media had a decreased proportion of low side
scatter/insulin+ cells compared to CAB control mice (Figure 3.8B). These data suggest
that regenerated beta cells after STZ treatment contained a qualitatively lower amount of

insulin granules compared to healthy beta cells in CAB treated mice.
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Figure 3.8. High side scatter insulin+ cells were depleted in STZ- and CdM-treated

mice compared to healthy CAB control mice. (A) Representative flow cytometry plots

showing high side scatter and low side scatter properties of insulin+ cells from STZ-

treated mice given basal media (n=7), Wnt+ CdM (n=8), or Untreated CdM (n=6), or mice

with healthy islets given citric acid buffer (CAB, n=6). (B) Healthy CAB mice demonstrated

an increased proportion of high side scatter insulin+ cells measured by flow cytometry

compared to all STZ-treated groups (***p<0.001). CAB mice demonstrated an increased

proportion of low side scatter insulin+ cells compared to STZ-treated mice given basal

media (*p<0.05). Data represent Mean + SD compared using a one-way ANOVA followed

by Tukey’s multiple comparison test. N=5 BM-MSC samples.
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3.7 iPAN injection of Wnt+ CdM followed by a 7-day insulin treatment regimen did not

improve hyperglycemia, glucose tolerance, or beta cell mass.

Based on previous reports that constant hyperglycemia following STZ treatment
can diminish subsequent beta cell regeneration due to glucotoxicity®®, we hypothesized
that treatment with insulin for 7 days following iPAN injection of CdM may normalize blood
glucose levels and allow for more stable beta cell regeneration. Hyperglycemic CK19-
CreERT Rosa26-mTomato mice (8-10 weeks old) were iPAN-injected on Day 14 with
either Wnt+ CdM, Untreated CdM, or basal media and subsequently treated twice daily
with insulin glargine from Days 15-21 (Figure 3.9A).

Contrary to what we expected, NFBG levels rebounded following the
discontinuation of insulin treatments in mice treated with Wnt+ or Untreated CdM (Figure
3.9B). AUC for NFBG was unchanged between insulin-treated and non-insulin-treated
mice given Wnt+ or Untreated CdM, or basal media (Figure 3.9C). At Day 42, no
differences were seen between mice given Wnt+ or Untreated CdM, or basal media
treated with insulin and mice not treated with insulin in the ability to regulate glycemia
following administration of a glucose bolus (Figure 3.9D,E). Beta cell mass and islet
number were also unaltered between insulin-treated and non-insulin-treated mice given
Wnt+ or Untreated CdM, or basal media (Figure 3.9F,G).
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Figure 3.9. Glucose levels and beta cell mass were unchanged following iPAN
injection of CdM and 7-day treatment with insulin. (A) CK19-CreERT Rosa26-
mTomato mice were treated with 6 mg/day tamoxifen for 2 days and 50 mg/kg/day STZ
for 5 days then were iPAN-injected on Day 14 with Wnt+ or Untreated CdM, or basal
media. Mice were treated with insulin glargine (10U/kg) from Days 15-21 and euthanized
on Day 42. No differences were found for (B) non-fasted blood glucose (NFBG) levels or
(C) area under the curve (AUC) for NFBG between mice treated with basal media (n=3),
Wnt+ CdM (n=3), Untreated CdM (n=3), basal media + insulin (n=7), Wnt+ CdM + insulin
(n=6), or Untreated CdM + insulin (n=6). On Day 42, mice were given an intraperitoneal
glucose tolerance test (GTT). No differences were found for (D) glucose levels post-bolus,
(E) AUC for GTT, (F) beta cell mass, or (G) insulin+ islet number between groups. Dotted
lines represent measurements observed in CAB control mice (n=5). Data represent Mean
+ SD. Glucose curves were compared using a repeated measures two-way ANOVA
followed by Tukey’s multiple comparison test. AUC, beta cell mass, and insulin+ islet
number were compared using a one-way ANOVA followed by Tukey's multiple
comparison test. N=3 BM-MSC samples.
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3.8 iPAN injection of Wnt+ CdM reduced hyperglycemia and improved glucose tolerance

over a 28-day period.

In our pilot experiments of insulin treatment following CdM injection, mice treated
with Wnt+ CdM that were not given insulin showed the lowest AUC for glucose tolerance,
trending towards significance when compared to basal media (Figure 3.9E). Thus, we
decided to explore the effects of Wnt+ CdM on hyperglycemia and glucose tolerance
recovery over a pro-longed 42-day period.

Hyperglycemic CK19-CreERT Rosa26-mTomato mice (8-10 weeks old) were
iPAN-injected on Day 14 with either Wnt+ CdM, Untreated CdM, or basal media.
Remarkably, mice treated with Wnt+ CdM had lower NFBG levels at Days 17, 21, and 35
compared to mice given basal media. In addition, mice treated with Untreated CdM had
lower NFBG levels at Day 35 compared to basal media (Figure 3.10A). AUC for pooled
NFBG data was reduced in mice treated with Wnt+ CdM compared to basal media (Figure
3.10B). Simple linear regression revealed that intracellular beta-catenin levels of the
CHIR-treated BM-MSC used to generate Wnt+ CdM were correlated with AUC of the mice
given Wnt+ CdM (Figure 3.10C), suggesting that as the level of Wnt pathway upregulation
increased, the regenerative capacity of Wnt+ CdM increased, and blood glucose levels
of mice given Wnt+ CdM were decreased.

Male and female mice were also analyzed separately to observe any sex-specific
effects of Wnt+ CdM on NFBG. No differences in NFBG levels were seen between male
mice treated with Wnt+ or Untreated CdM, or basal media (Figure 3.10D). In contrast,
female mice treated with Wnt+ CdM demonstrated reduced NFBG levels at Days 35 and
42 compared to female mice given basal media (Figure 3.10E). AUC was decreased in
female mice treated with Wnt+ CdM compared to basal media (Figure 3.10F), suggesting
improved glycemic control may be more evident in female vs male mice given Wnt+ CdM.

On Day 42, mice administered Wnt+ and Untreated CdM showed correction of
glycemia in response to a glucose bolus, whereas mice given basal media did not (Figure
3.10G,H). Normalization of glucose levels to baseline revealed that, compared to healthy
CAB control mice, mice iPAN-injected with Wnt+ CdM, Untreated CdM, or basal media
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demonstrated an attenuated response to the glucose bolus (Figure 3.101). At Day 42,
beta cell mass and insulin+ islet number were unchanged in mice given Wnt+ or
Untreated CdM compared to basal media (Figure 3.11A-F).

Overall, two functional metrics of glycemic control suggest improved beta cell

glucose regulatory function in mice treated with Wnt+ CdM compared to basal media.
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Figure 3.10.iPAN injection of Wnt+ CdM decreased non-fasted blood glucose levels
and improved glucose tolerance at Day 42. (A) NFBG levels were consistently reduced
in mice iPAN-injected with Wnt+ CdM (n=14) compared to basal media (n=16, *p<0.05,
**p<0.01). (B) Area under the curve (AUC) for NFBG was lower in mice treated with Wnt+
CdM compared to basal media (*p<0.05). (C) Simple lineage regression correlating
relative beta-catenin mean fluorescence intensity (M.F.l.) in CHIR-treated BM-MSC to
AUC of mice treated with Wnt+ CdM. (D) No differences in NFBG levels were seen
between male mice treated with Wnt+ or Untreated CdM, or basal media. Female mice
treated with Wnt+ CdM (n=8) had (E) reduced NFBG levels at Days 35 and 42 and (F)
reduced AUC for NFBG compared to basal media (n=8, *p<0.05). On Day 42, mice were
given an intraperitoneal glucose tolerance test (GTT). (G) Glucose levels and (H) AUC
for GTT were significantly reduced in mice treated with Wnt+ CdM (n=10, ***p<0.001) and
Untreated CdM (n=10, *p<0.05) compared to basal media (n=10). (I) Mice iPAN-injected
with Wnt+ CdM (¥p<0.05), Untreated CdM (¥p<0.05), and basal media (*p<0.01)
demonstrated an attenuated response to the glucose bolus compared to healthy mice
given citric acid buffer (CAB, n=5). Dotted lines represent measurements observed in
CAB control mice. Data represent Mean + SD. Glucose curves were compared using a
repeated measures two-way ANOVA followed by Tukey’s multiple comparison test. AUC
data were compared using a one-way ANOVA followed by Tukey’s multiple comparison
test. N=7 BM-MSC samples.
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Figure 3.11. iPAN injection of Wnt+ CdM did not change beta cell mass or insulin+
islet number at Day 42. No differences were observed between mice iPAN-injected with
Wnt+ CdM (n=13), Untreated CdM (n=13), or basal media (n=13) for (A) beta cell mass
and (B) insulin+ islet number. Representative images of insulin staining in pancreas
sections from mice treated with (C) basal media, (D) Wnt+ CdM, (E) Untreated CdM, or
(F) CAB at Day 42. Scale bars = 250 um. Dotted lines represent measurements observed
in CAB control mice (n=5). Data represent Mean = SD compared using a one-way ANOVA

followed by Tukey’s multiple comparison test. N=7 BM-MSC samples.
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3.9 Increased insulin+ cell labelling with tdTomato observed at Day 21 following iPAN

injection of Wnt+ and Untreated CdM is decreased by Day 42.

Histological quantification of total tdTomato+/insulin+ co-stained cells at 3-, 21-,
28-, and 50-days following treatment with 12 mg of tamoxifen revealed that the frequency
of beta cells labelled with tdTomato did not change over time in the absence of STZ-
mediated beta cell damage and CdM injection (Figure 3.12A).

We performed detailed time course experiments euthanizing cohorts of CdM-
treated mice at Days 17, 21, or 42 for analysis of traced beta cells. Mice euthanized at
Day 17 (3-days post-injection) showed low levels (<1%) of tdTomato+/insulin+ cells, with
no differences observed between groups (Figure 3.12B). However, the frequencies of
tdTomato+/insulin+ cells were increased in mice treated with Wnt+ or Untreated CdM
from Days 17 to 21 (Figure 3.12B). At Day 21, mice given Untreated CdM showed an
increased frequency of tdTomato+/insulin+ cells compared to basal media. Interestingly,
by Day 42, the frequencies of tdTomato+/insulin+ cells in mice given Wnt+ or Untreated
CdM were decreased compared to Day 21 (Figure 3.12B,E-M), suggesting that ductal or
acinar cell conversion to beta cells was heightened at Day 21, but diminished by Day 42.

Previous studies on beta cell neogenesis have regarded small or extra-islet beta
cell clusters as evidence that neogenesis had occurred®:. Accordingly, we defined islets
as >20 insulin+ cells and small clusters as <10 insulin+ cells and analyzed tdTomato+
beta cells in islets and small clusters independently at the Day 21 timepoint (where CK19+
cell contribution to beta cells was most evident). The frequency of tdTomato+/insulin+
cells in islets was increased in mice treated with Wnt+ CdM or Untreated CdM compared
to mice given basal media (Figure 3.12C). For analyses of small clusters only, mice
treated with Untreated CdM showed an increased frequency of tdTomato+/insulin+ cells
compared to mice treated with Wnt+ CdM (Figure 3.12D). Thus, regenerated beta cells
from a CK19+ cell origin were observed within small insulin+ clusters in mice given
Untreated CdM. Conversely, mice given Wnt+ CdM showed an increased incorporation

of neogenic beta cells from a CK19+ origin in larger islets.
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Figure 3.12. iPAN injection of Wnt+ and Untreated CdM increased the frequency of
tdTomato+/insulin+ co-expressing cells at Day 21. (A) No differences were seen in
the frequency of tdTomato+/insulin+ cells from 3-50 days post-tamoxifen treatment
without STZ and CdM injection. (B) Mice given Wnt+ CdM (n=6, **p<0.01) or Untreated
CdM (n=5, **p<0.01) showed increased frequencies of tdTomato+/insulin+ cells at Day
21 compared to Day 17. At Day 21, mice given Untreated CdM demonstrated a higher
frequency of total tdTomato+/insulin+ cells compared to basal media (n=4, *p<0.05). At
Day 42, mice given Wnt+ or Untreated CdM showed decreased frequencies of
tdTomato+/insulin+ cells compared to Day 21 (*p<0.05, **p<0.01). (C) Compared to islets
(>20 insulin+ cells) from mice given basal media, islets from mice given Wnt+ CdM
(***p<0.001) or Untreated CdM (*p<0.05) showed a higher frequency of
tdTomato+/insulin+ cells. (D) At Day 21, small clusters (<10 insulin+ cells) from mice
given Untreated CdM showed a higher frequency of tdTomato+/insulin+ cells compared
to Wnt+ CdM (*p<0.05). Representative images of tdTomato+/insulin+ cells from mice
given (E) Wnt+ CdM, (F) Untreated CdM, or (G) basal media at Day 17, (H) Wnt+ CdM,
() Untreated CdM, or (J) basal media at Day 21, and (K) Wnt+ CdM, (L) Untreated CdM,
or (M) basal media at Day 42. Scale bars = 20 um. Data represent Mean + SD compared

using a one-way ANOVA followed by Tukey’s multiple comparison test.
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3.10 Regenerated tdTomato+/insulin+ cells may have originated from tdTomato+ ductal,
acinar, or beta cells.

The tdTomato+/insulin+ co-expressing cells observed in islets following Wnt+ or
Untreated CdM injection could be beta cells that have regenerated via 3 possible
mechanisms observed this model. The most likely mechanism that contributed to the
traced beta cell population was ductal or acinar cell differentiation into beta cells, due to
the higher labelling efficiency of these cell types. Rare occurrences of tdTomato+ ducts
adjacent to tdTomato+/insulin+ cells have been qualitatively observed (Figure 3.13A,B).
However, insulin+ cell clusters with no tdTomato labelling were more commonly observed
adjacent to tdTomato+ ducts (Figure 3.13C,D). We observed a few instances where
tdTomato+/insulin+ cells were located near tdTomato+ acinar cells (Figure 3.13E,F),
although we routinely observed labelled acinar cells directly in contact with insulin+ cells
with no tdTomato labelling (Figure 3.13G,H). Non-labelled beta cells adjacent to
tdTomato+ ducts and acini may have been more common due to incomplete labelling of
only 22% of ductal cells with tdTomato. Nevertheless, our qualitative observations
suggest that the increase in traced beta cells seen at Day 21 following treatment with
Wnt+ or Untreated CdM were likely beta cells originating from previously labelled ductal
or acinar cells that differentiated and migrated from exocrine structures into the islets. We
also frequently observed tdTomato+/insulin+ cells directly adjacent to one another in
islets (Figure 3.13I-L), suggesting some labelled beta cells arose from self-replication of

previously labelled beta cells.
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Figure 3.13. Three mechanisms were traced in CK19-CreERT Rosa26-mTomato
mice. (A-B) Beta cells that may have originated from adjacent tdTomato+ ductal cells.
(C-D) Beta cells that did not originate from adjacent tdTomato+ ductal cells were more
commonly observed. (E-F) Beta cells that may have originated from adjacent tdTomato+
acinar cells. (G-H) Beta cells that did not originate from adjacent tdTomato+ acinar cells
were more commonly observed. (I-L) tdTomato+ beta cells that may have duplicated were
commonly observed. Arrows indicate co-localization of tdTomato and insulin within cells.

Scale bars = 20 um.

3.11 iPAN injection of CdM did not alter islet-duct association or the frequency of islets
with CK19+ cells.

We have previously observed that after Wnt+ CdM injection, regenerating islets
were associated with ductal structures and contained CK19+ cells!40161 [slets were
designated as associated with ducts if an insulin+ islet was in direct contact with or one
cell width apart from a CK19+ duct. No differences were seen in islet-duct association at
Days 21 and 42 between mice given Wnt+ or Untreated CdM compared to basal media
(Figure 3.14A). However, islets that were associated with ducts were seen at Day 21
(Figure 3.14B-D) and Day 42 (Figure 3.14E-G) in mice given Wnt+ CdM, Untreated CdM,
or basal media. Furthermore, the frequency of islets that contained CK19+ cells at Days
21 was unchanged between mice given Wnt+ or Untreated CdM compared to basal media
(Figure 3.14H-K). At Day 42, mice treated with Untreated CdM demonstrated an
increased frequency of islets with CK19+ cells compared to basal media (Figure 3.14H,
L-N). Thus, an increased association of regenerated islets with the ductal epithelium was
not observed, although CK19+ cells may appear within regenerated islets following iPAN

injection of CdM.
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Figure 3.14. Islet-duct association and islets with CK19+ cells were not changed
following iPAN injection of Wnt+ CdM. (A) No differences were seen in the frequency
of islets associated with CK19+ ducts in mice given Wnt+ CdM, Untreated CdM, or basal
media at Days 21 and 42. Representative images of insulin+ islets and CK19+ ducts in
mice given (B) Wnt+ CdM, (C) Untreated CdM, or (D) basal media at Day 21, and (E)
Wnt+ CdM, (F) Untreated CdM, or (G) basal media at Day 42. (H) At Day 42, mice treated
with Untreated CdM showed a higher frequency of islets with CK19+ cells compared to
basal media (*p<0.05). Representative images of CK19+ cells in insulin+ islets (indicated
by arrows) from mice given (I) Wnt+ CdM, (J) Untreated CdM, or (K) basal media at Day
21, and (L) Wnt+ CdM, (M) Untreated CdM, or (N) basal media at Day 42. Dotted lines
represent measurements observed in CAB control mice (n=5). Scale bars = 20 um. Data
represent Mean + SD compared using a one-way ANOVA followed by Tukey’s multiple

comparison test.
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3.12 Islets from mice treated with Wnt+ CdM and Untreated CdM demonstrated improved

beta cell/alpha cell ratio.

Wildtype mouse islets typically contain a greater percentage of beta cells (85%)22°
compared to alpha cells (7.5%), with beta cells located at the core of the islet and alpha
cells located at the islet periphery??l. The ratio of insulin+/glucagon+ cells, as a proxy of
beta cell/alpha cell ratio, per islet was quantified at Day 21. Mice iPAN-injected with Wnt+
CdM (1.99+0.21, p<0.001) and Untreated CdM (1.44+0.19, p<0.05) showed a higher beta
cell/alpha cell ratio compared to mice given basal media (0.73£0.12) at Day 21 (Figure
3.15A-D). No differences were seen in beta cell/alpha cell ratio at Day 42 between mice
given Wnt+ CdM, Untreated CdM, or basal media (Figure 3.15A,D-G).

3.13 Treatment with STZ followed by Wnt+ CdM delivery increased levels of beta cell
proliferation compared to healthy mice.

Our previous study of Wnt+ CdM reported an increase in beta cell proliferation
within 1 week of iPAN injection!®l. Thus, to capture all beta cell proliferation following
iPAN injection on Day 14, we injected mice with EdU once daily from Days 14-16 (Figure
3.16A). Mice were euthanized on Day 17 to analyze islets for EAU and insulin co-
expression to identify proliferating beta cells. Interestingly, STZ-treated mice given Wnt+
CdM showed a higher frequency of EdU+ beta cells compared to healthy CAB control
mice (1.04+0.27% vs 0.36+0.07%, p<0.05, Figure 3.16B). No differences were seen in
the frequency of EdU+ beta cells at Day 17 between mice treated with Wnt+ CdM,
Untreated CdM, or basal media (Figure 3.16B-D), indicating that treatment with STZ can
stimulated beta cell proliferation, although no further increase is provided by treatment
with Wnt+ CdM.
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Figure 3.15. The beta cell/alpha cell ratio of islets at Day 21 was increased in mice
iPAN-injected with Wnt+ and Untreated CdM. (A) Mice treated with Wnt+ (n=7,
***n<0.001) or Untreated (n=8, *p<0.05) CdM demonstrated an increased beta cell/alpha
cell ratio compared to mice administered basal media (n=5). Representative images of
beta and alpha cells in islets from mice given (B) Wnt+ CdM, (C) Untreated CdM, or (D)
basal media at Day 21, and (E) Wnt+ CdM, (F) Untreated CdM, or (G) basal media at Day
42. Scale bars = 20 um. Dotted line represents measurements observed in CAB control
mice (n=5). Data represent Mean + SD compared using a one-way ANOVA followed by

Tukey’s multiple comparison test.
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Figure 3.16. The frequency of proliferating beta cells at Day 17 was not changed
following iPAN injection of Wnt+ CdM. (A) Mice were iPAN injected with CdM on Day
14 with Wnt+ CdM (n=8), Untreated CdM (n=9), or basal media (n=8) and i.p. injected
with 0.25 mg of EdU on Days 14-16. Pancreata were collected for analyses 24 hours
following the final EdU injection. (B) Compared to healthy CAB controls (n=5), mice
treated with Wnt+ CdM demonstrated an increased frequency of EdU+ beta cells
(*p<0.05). No differences in the frequency of EdU+ beta cells were found between mice
given Wnt+ or Untreated CdM, or basal media at Day 17. Representative images of
EdU+/insulin+ beta cells (indicated by arrows) in mice treated with (C) Wnt+ CdM, (D)
Untreated CdM, or (E) basal media. Scale bars = 20 um. Data represent Mean + SD

compared using a one-way ANOVA followed by Tukey’s multiple comparison test.
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4.0 Discussion
4.1 Summary of Findings

The following findings contributed to our knowledge of beta cell-regenerative

mechanisms induced by iPAN injection of Wnt+ CdM:

(1) Treatment with CHIR99021 in BM-MSC culture consistently upregulated
nuclear beta-catenin levels, indicating canonical Wnt/beta-catenin signalling was

activated in CHIR-treated cells.

(2) Tamoxifen treatment (12 mg) in CK19-CreERT Rosa26-mTomato mice
resulted in the mosaic labelling of 22% of pancreatic ductal cells and 17% of acinar

cells, and infrequent labelling of 2% of beta cells with tdTomato.

(3) An STZ dosing regimen of 50 mg/kg/day for 5 days was determined to be
optimal to induce hyperglycemia and glucose intolerance in the CK19-CreERT

Rosa26-mTomato model.

(4) iPAN injection of Wnt+ CdM maintained beta cell mass and the number of islets

per mm? but did not result in recovery from hyperglycemia within 11 days.

(5) Mice treated with Wnt+ CdM significantly lowered non-fasted blood glucose
levels and increased the ability to regulate a glucose load over a 28-day period

compared to controls given basal media.

(6) At 11 days following iIPAN injection of Wnt+ and Untreated CdM,
tdTomato+/insulin+ co-expressing cells were increased to ~5% (quantified by flow

cytometry and IHC), 4-fold higher than that of controls given basal media.
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4.2 Wnt+ CdM delivery in hyperglycemic mice preserved beta cell mass at Day 21,
although did not lower hyperglycemia.

The first aim of this project was to assess the capability of Wnt+ CdM to stimulate
beta cell regeneration in an immune-competent, lineage tracing mouse model for the first
time. At Day 21, Wnt+ CdM delivery maintained beta cell mass and islet number although
mice remained unable to regulate NFBG (Figure 3.6). These data indicate that further
STZ-induced beta cell damage may be prevented following Wnt+ CdM injection but
continued hyperglycemia suggested that the remaining beta cells were insufficient to
control glycemia. In healthy mice, islets are comprised of 85% beta cells??° and 7.5%
alpha cells??t. Following STZ-mediated beta cell ablation, islets lose beta cells while the
alpha cells remain, leading to a decreased beta cell/alpha cell ratio??>. When analyzing
islets by IF microscopy, mice iPAN-injected with Wnt+ or Untreated CdM showed an
improved beta cell/alpha cell ratio compared to mice given basal media (Figure 3.15),
indicating that beta cells may be regenerated by Day 21.

The side scatter profile of cells measured by flow cytometry can provide a unique
insight into the granularity of the cell type analyzed. Beta cells release insulin in secretory
granules, thus the side scatter profile of cells actively generating insulin granules should
be higher than cells that produce less insulin granules. Beta cells from mice given Wnt+
CdM were devoid of high side scatter properties at Day 21 compared to healthy CAB
control mice (Figure 3.8), indicating regenerated beta cells qualitatively contained lower
insulin granules compared to beta cells from healthy mice. Studies of MSC infusion in
STZ-treated rats previously showed that newly regenerated beta cells were not able to
fully mature and had improper insulin secretory function4®. It is possible that beta cells
observed at Day 21 may require additional stimuli to allow them to mature and properly
package and secrete insulin. For example, compared to MSC alone, MSC delivery in
combination with Exendin-4, a GLP-1 agonist, further improved glucose-stimulated insulin
secretion of beta cells in vitro and in vivo and increased beta cell expression of maturation
markers Pdx1, FoxO1, and MafA!38, Additionally, the neogenic beta cells may be a ‘band-

aid’ to reduce hyperglycemia and may never become equivalent to wild type beta cells.
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Further investigation into the effects of Wnt+ CdM on glucose-stimulated insulin
secretion and expression of functional beta cell markers such as GLUT2 in isolated

mouse or human pancreatic islets is warranted.

4.3 Insulin treatment following iPAN injection of Wnt+ CdM did not permit enhanced beta
cell regeneration.

Prolonged exposure to high systemic glucose levels can cause glucotoxicity-
induced apoptosis in beta cells??3. Cheng et al. (2015) investigated beta cell regeneration
following a single high dose of STZ in rats. They observed rapid regeneration 16-24 hours
post-STZ treatment, although the putative neogenic beta cell population rapidly
diminished over the following days, likely due to glucotoxicity®®. To combat prolonged
glucotoxicity and to allow for stable beta cell regeneration, the investigators treated the
rats with a long-acting human insulin analogue for 7 days. They found that, compared to
non-insulin treated rats, those treated with insulin demonstrated an increased surviving
beta cell number following 7 days of treatment®®. The effect on beta cell regeneration after
discontinuation of insulin treatment was not explored. Thus, we decided to treat mice with
insulin for 7 days post-iPAN injection to permit Wnt+ CdM-induced beta cell expansion
without glucotoxicity-induced deletion of regenerated beta cells.

Unexpectedly, mice given Wnt+ CdM and subsequently treated with insulin
glargine (Lantus) did not maintain reduced glycemia following discontinuation of insulin
treatments and were unable to regulate a glucose bolus on Day 42 (Figure 3.9). Further,
no differences were seen in NFBG levels between mice treated with insulin and those not
treated with insulin over the 28-day period following CdM injection. A study investigating
beta cell regeneration following single high-dose STZ treatment in mice found that 120
days, but not 60 days, of insulin treatment was sufficient to restore euglycemia and
increase beta cell mass’. Islet transplantation resulted in better glycemic control and
enhanced restoration of beta cell mass compared to subcutaneous insulin implants’®.
Islets provide additional signals and cues to beta cells, such as somatostatin, pancreatic
polypeptide and even small amounts of GLP-1, that improve stable glycemic control often

not achieved by insulin treatment alone. Further, it has been found that insulin signalling
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and strict glucose regulation were necessary for beta cell maturation and development?!’.
Short-term treatment with insulin glargine only partially recovered beta cell maturity
following insulin gene deletion in mice, whereas islet transplantation that provided long-
term stable glycemic control resulted in mature beta cell formation?!’. Thus, it is possible
that a longer period of insulin treatment or islet transplantation is required to allow for

consistent recovery from hyperglycemia in our model system.

4.4 Wnt pathway stimulation of BM-MSC may be involved in improved glucose
homeostasis.

Mice treated with Wnt+ CdM demonstrated a significant decrease in NFBG levels
over a 28-day period post-Wnt+ CdM injection and an improved ability to regulate a
glucose bolus at Day 42 compared to mice given basal media (Figure 3.10). Lower NFBG
levels at Day 35 and improved glucose tolerance was also observed in mice given
Untreated CdM compared to basal media. Additionally, no significant differences in NFBG
levels and glucose tolerance were observed between Wnt+ and Untreated CdM.

Canonical Wnt/Beta-catenin signalling is central to stem cell function and has been
highly implicated in the regenerative processes of many tissues??42?5, BM-MSC
communicate with the bone marrow microenvironment via Wnt ligands and Wnt pathway
activation plays a fundamental role in MSC fate decisions, proliferation, and
clonogenicity*®°. Wnt pathway stimulation in BM-MSC has previously generated CdM with
improved regenerative potential in STZ-treated mice compared to non-Wnt-stimulated
CdMm49.161 |n these studies, the CHIR-treated and untreated BM-MSC that were used to
generate Wnt+ CdM and Untreated CdM were evaluated for beta-catenin expression by
flow cytometry. Beta-catenin mean fluorescence intensity (M.F.l.) was consistently
upregulated in CHIR-treated BM-MSC relative to Untreated BM-MSC (Figure 3.1). Simple
linear regression rendered a slight correlation (R=0.82) between increased beta-catenin
M.F.l1. of 6 CHIR-treated BM-MSC samples and decreased AUC for NFBG levels for mice
treated with Wnt+ CdM generated from those samples (Figure 3.10). This is not direct

evidence that Wnt-pathway stimulation is crucial to the beta cell regenerative function of
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BM-MSC and a thorough comparison of the regenerative factors contained in Wnt+ CdM
and Untreated CdM using proteomics or miRNA-sequencing is necessary.

Following PDL in adult mice, Wnt signalling was upregulated in the ductal
epithelium and the addition of R-spondin, a potent Wnt-pathway agonist, to pancreatic
ductal cell cultures promoted long-term expansion and multipotency??6. Moreover,
pancreatic pericyte expression of TCF7L2, a transcription factor downstream of the Wnt-
signalling pathway, has been implicated beta cell function. Downregulation of TCF7L2 in
pancreatic pericytes resulted in the decreased glucose-stimulated insulin secretion and
lower expression of MafA and Pdx1 in beta cells??’. Although differences in glucose
regulation were not found between mice given Untreated CdM and Wnt+ CdM, mice given
Wnt+ CdM showed larger differences compared to mice given basal media. Thus, Wnt+
CdM containing increased Wnt pathway effectors may provide an extra signal to enhance
beta cell regeneration in the pancreas of hyperglycemic mice. Other active signalling
pathways and their cross-talk with the Wnt-pathway may also be involved and further

exploration into the pathways that affect BM-MSC regenerative function is needed.

4.5 Differences in glycemia reduction were discerned in female mice, but not male mice,
treated with Wnt+ CdM once analyzed separately.

Historically, female mice have been excluded from diabetes research, particularly
when using STZ models, due to increased variability in glucose levels and increased
resistance to STZ-induced hyperglycemia??®. We included both female and male mice in
our studies of Wnt+ CdM-induced beta cell regeneration. When stratifying the glucose
data based on sex, we found no differences in non-fasted glucose levels amongst male
mice given Wnt+ CdM or basal media. Compared to female mice given basal media,
female mice given Wnt+ CdM had significantly lower glucose levels at Days 35 and 42
and a reduced AUC (Figure 3.10). Although improved glucose control was more evident
in female mice, no differences were seen when directly comparing female and male mice
treated with Wnt+ CdM that display similar glucose curves. Furthermore, no differences

were seen in beta cell mass and islet number when stratified by sex (data not shown).
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Significant differences seen amongst female, but not male, mice may be due to increased

hyperglycemia in female vs male mice given basal media.

4.6 Increased beta cell mass following Wnt+ CdM delivery may be confounded by
regeneration occurring as a result of STZ-mediated beta cell ablation.

At Day 21, beta cell mass and islet number were increased in mice given Wnt+
CdM. However, at Day 42, this increase was no longer significant and no difference in
beta cell mass was observed between mice given Wnt+ CdM or basal media (Figure
3.11). This discrepancy may be explained, in part, by the slight but non-significant
increase in beta cell mass and islet number from Days 21 to 42 observed in mice given
basal media. There are conflicting reports as to whether beta cells in the adult mouse can
regenerate following STZ ablation without additional stimuli. One report suggested
regenerative capacity declines in aged mice and found that, following 5 daily injections of
low-dose (30 mg/kg) STZ, 2-month-old mice had a modest increase of 0.36% per day in
beta cell proliferation whereas 14-month-old mice had a small increase of only 0.04% per
day®®. Another study found, following a single high dose (90 mg/kg) of STZ, beta cell
proliferation was diminished in 8-month-old mice compared to 6-week-old mice’®,
although these studies did not consider the contribution of neogenesis. On the other hand,
multiple reports have found adaptive beta cell proliferation and re-establishment of beta
cell mass via epigenetic changes following STZ-mediated beta cell destruction’*’2. One
study observed a spontaneous increase (16-fold) in beta cell number 48 hours after a
single high dose (65 mg/kg) of STZ in 8-week-old rats®8. When looking at the pancreas at
Days 10 or 14 following STZ treatment (50 mg/kg, Days 0-4), we observed a 70%
reduction in beta cell mass compared to healthy CAB control mice (Figure 3.5). Thus, it
is possible that 5 daily injections of moderate STZ treatment (50 mg/kg) alone may
simulate endogenous beta cell regeneration, contributing to modestly increased beta cell
mass that may be augmented by Wnt+ CdM injection. Importantly, we used 8-10 week-
old mice in all our studies. Because regenerative capacity of the adult mouse pancreas

has shown to decrease over time®®’9, future studies of Wnt+ CdM delivery should
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investigate the effects of age on beta cell regeneration by comparing the responses of
older (>6-month-old) and younger (8-10-week-old) adult mice.

Collectively, we observed improved glucose homeostasis and regulation of
glucose load at Day 42 in mice treated with Wnt+ CdM (Figure 3.10), indicating increased
beta cell functionality in the pancreas of mice treated with Wnt+ CdM compared to basal
media. Spontaneous regeneration following STZ treatment may occur, but it is clear that
Wnt+ CdM provides an additional stimulus needed for regenerated beta cell maturation
and function. Further investigation into: (1) beta cell maturation over time following iPAN
injection of Wnt+ CdM compared to basal media by staining for markers such as MafA
and Nkx6.1, and (2) identification of biochemical targets of the regenerative factors
contained in Wnt+ CdM using bioinformatics approaches will allow us to further uncover

the mechanisms behind glycemic control induced by Wnt+ CdM.

4.7 Wnt+ CdM-stimulated beta cell regeneration in CK19-CreERT Rosa26-mTomato
mice was not as strong as in the NOD/SCID model.

Beta cell regeneration induced by Wnt+ CdM injection in CK19-CreERT Rosa26-
mTomato mice was not as robust as previously observed in the NOD/SCID model.
Following iPAN injection of Wnt+ CdM in NOD/SCID mice, we previously saw a dramatic
reduction in glucose levels to the ~10 mmol/L range and normalized glucose tolerance
over a 28-day period'®’, In CK19-CreERT Rosa26-mTomato mice, we observed a
stabilization of glucose levels in the 15-20 mmol/L range over the 28-day period following
injection of Wnt+ CdM while mice given basal media showed rising glucose levels >25
mmol/L (Figure 3.10). Thus, the marked reduction in hyperglycemia seen in NOD/SCID
mice after iPAN injection of Wnt+ CdM was not as vigorously detected in CK19-CreERT
Rosa26-mTomato mice.

First, this discrepancy in hyperglycemia reduction ability may be due to the strain-
specific differences in the injured state of the pancreas following STZ treatment. The
CK19 model used herein, which has a C57BL/6 background, is a fully immune-competent
mouse model, unlike the immunodeficient NOD/SCID model. NOD/SCID mice have a

mutation in DNA dependent protein kinase that leads to decreased innate immunity and
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a complete depletion of mature T and B cells, rendering the NOD/SCID mouse an ideal
model to study human cell transplantation??°. Previous characterization of CK19-CreERT
Rosa26-mTomato mice, showed that treatment with 60 mg/kg/day STZ for 5 days
resulted in an infiltration of CD45+ leukocytes in the pancreas. This immune response to
STZ-induced damage was absent in the pancreas of NOD/SCID mice treated with only
35 mg/kg/day STZ for 5 days?'?. Leukocyte infiltration into the islets and surrounding
areas and subsequent insulitis creates a pro-inflammatory microenvironment in the
pancreas of CK19 mice, posing an additional barrier to achieving regeneration.

Secondly, in Kuljanin et al. (2019), NOD/SCID mice were treated with a lower dose
(35 mg/kg/day) of STZ for 5 days. In contrast, CK19-CreERT Rosa26-mTomato mice
required treatment with 50 mg/kg/day of STZ to achieve equivalent hyperglycemia by Day
14 (Figure 3.4). Therefore, a higher dose of STZ may have a more sustained effect on
beta cell ablation seen over the 28-day period examined, resulting in altered
hyperglycemia recovery kinetics. C57BL/6 mice are typically more sensitive to STZ
treatment compared to Balb/cJ mice due to increased STZ metabolite accumulation in
C57BL/6 beta cells??8.230, possibly hindering regeneration via Wnt+ CdM injection.

Finally, there is variability in glucose homeostasis between different strains of mice.
For example, C57BL/6 mice have mutated nicotinamide nucleotide transhydrogenase, an
enzyme involved in NADPH synthesis??®. This mutation has been linked to impaired
function and reduced glucose stimulated insulin secretion in beta cells?3%. Thus, STZ
accumulation and defective energy metabolism in CK19-CreERT Rosa26-mTomato mice
may have a synergistic effect on beta cells and their ability to regenerate.

Interestingly, repeated, high dose tamoxifen administration (0.2 mg/g per day for 5
days) in C57BL/6 mice reduced fasted and random blood glucose levels within 2 weeks
following treatment?3?, Improved glucose regulation following tamoxifen may occur due to
agonistic binding of the estrogen receptor, which can increase beta cell function’”.
Clearly, there are a myriad of variables that could impact the beta cell functional outputs

analyzed in these studies.
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4.8 Tamoxifen administration in CK19-CreERT Rosa26-mTomato lineage tracing mice
resulted the labelling of pancreatic ductal, acinar, and beta cells.

The optimal dose of tamoxifen was determined to be 12 mg (administered at 6 mg
per day for 2 days), at which an average of 22% of CK19+ ductal cells were labelled with
tdTomato at one-week post-administration (Figure 3.2). In CreERT models, tamoxifen
treatment typically results in random recombination of a subset of cells expressing Cre
recombinase?®. Accordingly, it was expected that only a portion of CK19+ ductal cells
would be labelled with tdTomato. Increasing the dose of tamoxifen further to 18 mg
(administered at 6 mg per day for 3 days) resulted in body weight decline in the mice
(data not shown), in line with findings that tamoxifen can be toxic to the gastrointestinal
tract. Tamoxifen has shown to induce gastric injury involving parietal cell loss, although
tissue repair processes recovered this loss by 4 weeks post-tamoxifen?33, Although the
labelling efficiency at 12 mg of tamoxifen was low, labelling 1 in 5 ductal cells was enough
to assess whether or not they contributed to Wnt+ CdM-stimulated beta cell regeneration.

To evaluate the specificity of our reporter, we looked at the proportion of tdTomato+
cells that expressed CK19+, the marker chosen for ductal cell tracing. At 12 mg of
tamoxifen, an average of 50% of tdTomato+ cells co-stained for ductal marker CK19,
guantified by flow cytometry (Figure 3.3). IHC detection of acinar marker Mpx1 and beta
cell marker insulin in pancreas sections revealed that 17% of acinar cells and 2% of beta
cells were also labelled with tdTomato one-week post-tamoxifen, calling to question the
specificity of this CK19-CreERT lineage tracing model. Lowering the dose of tamoxifen to
a single dose of 1, 3, or 6 mg did not reduce the labelling frequencies of these off-target
cell types. This conflicts with previous reports on the CK19-CreERT Rosa26-YFP mouse
that stated <1% of acinar cells were labelled with YFP following 12 mg of tamoxifen?!3,
likely due to our Rosa26-mTomato mice having increased sensitivity to Cre compared to
Rosa26-YFP mice previously used?'“. In 2019, Kanayama et al., characterized a CK19-
iCre lineage tracing mouse that was crossed to the same Rosa26-mTomato reporter?4
and found iCre mRNA and tdTomato expression in both pancreatic ductal and acinar

cells, although the percentages of labelled acinar and ductal cells were not quantified?34.
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To generate CK19-CreERT transgenic mice, CreERT and a polyadenylation signal
were inserted upstream of the CK19 start codon, reducing the production of CK19 protein
while minimally affecting transcriptional regulatory elements2*3. We previously considered
CK19 to be a ductal-specific marker in the pancreas?® as staining for CK19 by IHC
resulted in a positive signal restricted to the ductal epithelium. Mouse pancreatic acinar
cells have reported to express low levels of apical CK19236 and CK19 expression in acinar
cells has shown to be upregulated following caerulein-induced injury?3’. Furthermore,
acinar cells have shown to contribute to beta cell regeneration following genetic
manipulation04186.187 and pancreatic ductal ligation’t. Thus, low activity at the CK19
promoter may be enough to induce Cre-recombination without producing a detectable
level of CK19 protein.

On the other hand, beta cells were not known to express CK192%3238 and we did
not detect expression of CK19 in tdTomato+ beta cells of control mice via IHC. This brings
about the question of whether Cre recombinase was expressed in beta cells or if the
Rosa26-mTomato reporter was leaky and tdTomato was expressed in cells without Cre
recombination. CK19-CreERT Rosa26-mTomato mice given corn oil only did not display
tdTomato expression (Figure 3.2A,B), indicating that Cre entry into the nucleus was
required for tdTomato expression. Cre recombinase mRNA or protein levels in beta cells
should be evaluated to confirm the reason behind tdTomato expression in these beta
cells. For the purposes of this thesis, ductal, acinar, and beta cells were regarded as
having equal potential to contribute to beta cell regeneration following Wnt+ CdM,
although newly formed tdTomato+ beta cells were more likely to originate from ductal or
acinar cells that showed increased labelling with tdTomato (22% and 17%) compared to
beta cells that showed minimal labelling with tdTomato (2.2%). Other pancreatic cell types
may also be labelled with tdTomato following tamoxifen administration. The relative
activity of Cre recombinase in different pancreatic cell types can be investigated using a
Cre reporter mouse (Jackson Labs #013587) that labels cells with either GFP or tdTomato
depending on their level of Cre recombinase expression.
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4.9 Pancreatic ductal cells as the origin of regenerated beta cells?

The primary objective of this project was to trace CK19+ ductal cells in the
pancreas following Wnt+ CdM-induced islet regeneration. We investigated co-expression
of tdTomato, our lineage tracing marker, with insulin and glucagon by flow cytometry and
IF microscopy. Most previous ductal lineage tracing studies have found ductal-to-beta cell
conversion after PDL-induced injury, indicating that ductal cells may act as facultative
beta cell progenitors®2:64.199206.226.239 " |ndeed, autoimmune diabetes and inflammatory
cytokine-induced damage to the mouse pancreas in vivo and human ductal cells in vitro
has resulted in ductal-to-endocrine cell conversion indicated by the acquisition of Ngn3
and pro-insulin in ductal cells?®. Evidence for a dedicated ductal cell progenitor that
contributes to regular beta cell turnover in the adult pancreas has not been found until
recently70.203204 Gribben et al. (2021) used adult Hnflb lineage tracing mice to observe
that ductal cells contributed to 0.66% of the insulin+ cell population per week during islet
homeostasis??4. We analyzed the population of insulin+ cells labelled with tdTomato at 3,
21, and 28 days following tamoxifen treatment alone (without STZ or CdM injection) and
did not see any differences in the frequency of labelled insulin+ cells over time when
analyzed via flow cytometry (Table 3.1) or IHC (Figure 3.12), although it is possible that
a longer study period is required for slight changes in the labelled beta cell population to
become apparent.

At Day 21, mice injected Wnt+ CdM demonstrated an increased frequency of
tdTomato+ and insulin+ co-expressing cells compared to mice injected with basal media
by flow cytometry (Figure 3.7B,F). 3D z-stack imaging confirmed that insulin and
tdTomato were directly co-localized within islet cells (Supplementary Figure 1).
Intriguingly, the percentage of insulin+ cells labelled with tdTomato was higher in mice
given Wnt+ CdM compared to STZ-treated mice euthanized on Day 10, the day of iPAN
injection (5.04+3.41% vs 0.77+0.68%, p<0.05, Table 3.2), indicating >4% of regenerated
insulin+ cells originated from tdTomato+ progenitors, likely previously labelled ductal or
acinar cells. When analyzing tdTomato labelling in total insulin+ cells by IHC at Day 21,
mice given Untreated CdM showed an increased frequency of tdTomato+/insulin+ cells

compared to basal media, whereas mice given Wnt+ CdM did not (Figure 3.12). When
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looking at small insulin+ clusters (<10 insulin+ cells) and larger islets (>20 insulin+ cells)
separately at Day 21, islets from mice given Wnt+ CdM showed an increased frequency
of tdTomato+/insulin+ cells compared to basal media, whereas small insulin+ clusters
from mice Wnt+ CdM did not show any tdTomato+ labelling (Figure 3.12).

At Day 17, 3-days post-iPAN injection, the labelled insulin+ cell population was low
as beta cell regeneration was not yet evident. There was a substantial increase in the
proportion of insulin+ cells labelled with tdTomato from Day 17 to Day 21 in mice given
Wnt+ CdM (0.71+0.23% vs 4.37+1.18%, p<0.01) or Untreated CdM (0.73+£0.19% vs
4.53+1.74%, p<0.01), indicating that a boost of beta cell regeneration, likely from a CK19+
ductal or acinar origin, may occur during a critical period of 3-10 days after iPAN CdM
injection. From Day 21 to Day 42, the frequency of labelled insulin+ cells also decreased
in mice given Wnt+ CdM (4.37£1.18% vs 1.3410.42%, p<0.05) or Untreated CdM
(4.53+£1.74% vs 0.74+0.21%, p<0.05), suggesting that CK19-traced tdTomato+ islet cells
were diluted as additional sources of regenerated cells contributed to the islet population.
Overall, our data provides evidence that CK19+ ductal and/or acinar cells showed a
partial contribution to beta cell regeneration stimulated by Wnt+ CdM within 10-days
following IPAN injection. Of note, the contribution of ductal-derived progenitor cells to islet
regeneration may be underestimated as only 22% of ductal cells were labelled with
tdTomato following 12 mg of tamoxifen. If the labelling efficiency was increased and all
ductal cells were traced, we would expect the contribution of ductal cells to the
regenerated beta cell population to be more evident, with a further increase in the
frequency of tdTomato+/insulin+ cells after Wnt+ CdM injection.

If regenerated beta cells were derived from ductal progenitor cells, we may have
observed insulin+ cells labelled with tdTomato nearby or directly adjacent to tdTomato+
ducts. Although the frequency of this occurrence was not directly quantified, we did
observe rare instances of tdTomato+/insulin+ cells in the proximity of tdTomato+ ducts
following the delivery of Wnt+ or Untreated CdM (Figure 3.13 A,B). More commonly, we
detected insulin+ cells not labelled with tdTomato directly adjacent to ducts that were fully
labelled with tdTomato (Figure 3.13). Although it is possible that these cells arose from a

non-labelled ductal cell, we can be certain that these islets did not come from fully labelled
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ducts. Lastly, regenerated islets containing substantial frequency of tdTomato+ cells were
not observed following iPAN injection of Wnt+ CdM, thus CK19+ ductal-derived progenitor
cells were highly unlikely to repopulate entire islets via clonal expansion.

The same principle holds true for acinar-to-beta cell conversion. Occasionally,
tdTomato+/insulin+ cells were seen in direct contact with or in the proximity of tdTomato+
acini, suggesting these labelled beta cells may have been derived from labelled acinar
cells. However, we quite frequently detected labelled acinar cells in proximity with non-
labelled beta cells. Thus, acinar-to-beta cell transition remains plausible in this model.

Since we did not commonly observe tdTomato+/insulin+ cells next to tdTomato+
ducts nor did we observe an increase in islet-duct association following treatment with
Wnt+ CdM, it is possible that the regenerated labelled beta cells budded from labelled
ducts and migrated into pre-existing islets. Recently, Ngn3+ cell lineage tracing found that
ductal cells contained a progenitor cell population that displayed multipotent endocrine
differentiation?%, The contribution of these ductal cells to islet regeneration may have
required cell migration as Ngn3-traced small insulin+/somatostatin+ clusters were
observed between ducts and islets during both homeostasis and during AKITA mutation-
induced diabetes?®*. Further investigation into the downregulation of cell adhesion
molecules and expression of epithelial-to-mesenchymal markers in traced ductal and
insulin+ cells is needed to further decipher this mechanism.

Finally, it is possible that there is a subset of ductal cells with unique ability to
dedifferentiate and contribute to beta cell regeneration via a developmental mechanism.
Single-cell RNA sequencing of mouse pancreatic ductal cells has shown that distinct
ductal subpopulations such as OPN+/TFF1+ ductal cells?*® and ALK3+/PDX1+/CAll-
ductal cells®*! retain progenitor cell-like characteristics. A proposed mechanism of beta
cell neogenesis involves a de-differentiation of a subset of ductal cells that acquire Ngn3
expression prior to differentiating into insulin-producing cells8263.204,206,242243 'pyctal cells
primed to acquire Ngn3 expression and serve as endocrine lineage progenitor cells may
represent a potential “signal-receiving” cell for Wnt+ CdM-stimulated beta cell
regeneration. Future lineage tracing studies following STZ treatment and subsequent

iPAN injection of Wnt+ CdM should investigate ductal-focused mechanisms using an
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Ngn3 genetic lineage tracing model to assess whether Ngn3+ cells uniquely contribute to

the regenerated beta cell population .

4.10 Other mechanisms of Wnt+ CdM-induced beta cell regeneration may be at play.

Another possible mechanism of beta cell regeneration that may have occurred is
alpha-to-beta cell transition. Glucagon and insulin co-localization in islets was previously
seen at early timepoints iPAN injection of Wnt+ CdM6, The expression of MafA, a master
regulator of insulin transcription, and Nkx6.1, a transcription factor critical to beta cell
function, was also observed in glucagon+ cells following Wnt+ CdM delivery*6. In our
study, we used flow cytometry to more accurately quantify insulin and glucagon co-
expressing cells. At Day 21, no differences were seen in the frequency of insulin+ cells
that co-expressed glucagon in mice treated with CdM (Figure 3.7). Further, the frequency
of tdTomato+ cells that co-expressed glucagon was low and remained unchanged
between groups, suggesting that the beta cell regeneration observed did not transition
significantly via an alpha cell intermediate.

Beta cell replication may contribute to regeneration of beta cell mass in this model.
Kuljanin et al. (2019) found that beta cell proliferation, detected by in vivo EdU
incorporation, was increased in the pancreas of mice treated with Wnt+ CdM compared
to basal media at early time points (1 and 3 days following iPAN injection)*. Other groups
have also concluded that beta cell proliferation is the prevailing mechanism of beta cell
expansion in the adult mouse’®'7®180  Thus, the decline in frequencies of
tdTomato+/insulin+ cells seen from Day 21 to Day 42 may be a result of increased beta
cell replication. Since only 2.2% of beta cells were labelled following tamoxifen and this
fell to 0.8% after STZ alone, proliferation of non-labelled cells would have diluted the
labelled population over time. Although the prevalence of multiple adjacent tdTomato+
beta cells was not quantified, we commonly observed numerous tdTomato+ beta cells
adjacent to one another (Figure 3.13).

Surely, analysis of EdU+/insulin+ cells at Day 17 revealed that beta cell replication
was increased in Wnt+ CdM-treated mice compared to healthy mice given CAB
(1.04+0.27% vs 0.36+0.07%, p<0.05). No differences were seen between mice given
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Wnt+ CdM and mice given Untreated CdM or basal media (Figure 3.16). This indicates
that beta cell proliferation was increased following STZ treatment and no further increase
was seen following delivery of Wnt+ CdM. Tamoxifen has shown to have cytostatic effects
on beta cells in C57BL/6 mice, reducing beta cell proliferation by 59% at high doses of up
to 40 mg administered over 5 days?32. Studies investigating beta cell proliferation using
lineage tracing models should be aware of this limitation imposed by tamoxifen-inducible
Cre systems and may consider other mechanisms of temporal gene expression such as

the reverse tetracycline trans-activator (rtTA) doxycycline-inducible system.

4.11 Limitations

Herein, we present a thorough characterization of Wnt+ CdM-induced beta cell
regeneration in CK19 lineage tracing mice at early (Day 21) and late (Day 42) timepoints.
However, there are a few confounding variables that may have influenced the results of
this study. The product used to collect and concentrate MSC CdM differed between the
Day 21 and majority of the Day 42 experiments. For the Day 21 experiments and some
of the Day 42 experiments, CdM was concentrated 40x in spin columns with a
regenerated cellulose membrane and diluted in AmnioMAX™ basal media to a protein
concentration of approximately 0.1-0.3 pg/pl. These columns became unavailable for
purchase, thus we switched to a polyethersulfone (PES)-based column for subsequent
Day 42 experiments. These PES columns allowed for a maximum 20x concentration of
CdM, allowing for a protein concentration of 0.1-0.2 pg/pl. This may have contributed to
the variability seen within groups at Day 42 and differences when comparing Day 21 and
Day 42 data. Aside from protein there are miRNAs, exosomes, and other biological
factors that can effect beta cell regeneration once injected into the pancreas. Future
studies should focus on developing reliable methods to concentrate and standardize the
biological molecules contained in BM-MSC CdM to ensure consistency and reproducibility
of results.

During iPAN injection, a microneedle is used to inject 20 pL of CdM into the splenic
portion of the pancreas'3¢. The precise location where the needle dispenses CdM into the

pancreas may vary from injection to injection. Thus, CdM may be retained in the pancreas
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at different rates and the failure to consistently reduce hyperglycemia close to
normoglycemic levels following iPAN injection of Wnt+ CdM may be due to differences in
the availability of MSC-secreted stimuli to signal receiving cells within the pancreas.
Furthermore, injection of CdM into the tail portion of the pancreas may not reach the head
portion of the pancreas and future studies should compare evidence for beta cell
regeneration in the head vs tail of the pancreas following CdM injection. Finally, the
stability and longevity of BM-MSC-secreted factors once injected into the pancreas is
unknown and it is possible that multiple injections of Wnt+ CdM are needed to achieve a
more consistent and sustained reduction of non-fasted glucose levels.

There were some limitations when using the CK19-CreERT Rosa26-mTomato
model to assess whether pancreatic ductal cells generate new beta cells following iPAN
injection of Wnt+ CdM. Firstly, upon administration of 12 mg of tamoxifen only 22% of
CK19+ cells were labelled with tdTomato. Consequently, only a portion of ductal cells
could be traced and observed as contributing to beta cell neogenesis. Whether or not
CK19+ ductal cells contributed to Wnt+ CdM-stimulated beta cell regeneration could still
be assessed, although the absolute contribution couldn’t be accurately quantified as only
1in 5 CK19+ cells were labelled.

The labelling of 16.8% of pancreatic acinar cells and 2.2% of beta cells with
tdTomato upon tamoxifen administration was unexpected as CK19 was considered a
ductal cell-specific marker in the pancreas. For the purposes of this study it was presumed
beta and acinar cells may also contribute to beta cell regeneration. Thus, all 3 cell types
were traced and interrogated as potential sources of newly regenerated beta cells. It is
possible that other cell types in the pancreas were labelled with tdTomato following
tamoxifen administration, although we did not investigate tdTomato expression in every
pancreatic cell type. An alternate high efficiency, ductal-specific lineage tracing model,
such as the Hnflb-CreERT mouse?°32%4 could be used in future experiments to exclude
the contribution of acinar cells and confirm the contribution of ductal cells to Wnt+ CdM-

induced beta cell regeneration.
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4.12 Significance

A curative therapy for diabetes would be transformative for patients living with this
all-consuming disease. Stimulating endogenous regeneration using conditioned media
derived from BM-MSC grown under Wnt pathway stimulation (Wnt+ CdM) remains a
promising approach to replenish lost beta cells in individuals with diabetes. Given the
controversy surrounding the occurrence of beta cell neogenesis from a resident precursor
in the adult pancreas, an investigation into the cellular mechanisms by which Wnt+ CdM
stimulated beta cell regeneration was highly warranted. Overall, results of the studies
outlined in this thesis suggest that iPAN injection of Wnt+ CdM can stimulate beta cell
regeneration in the presence of an active immune system following STZ-mediated beta
cell ablation. Lineage tracing of CK19+ cells revealed ductal and/or acinar cells show a
minor contribution to beta cell regeneration induced by Wnt+ CdM. In conclusion, these
studies are not only critical to our understanding of Wnt+ CdM as a protein-based
regenerative therapy for diabetes, but also attempt to lend support for the existence of a
ductal-derived beta cell progenitor in the adult pancreas. This body of work contributes to
our growing knowledge base on the turnover and plasticity of pancreatic cell types for the

advancement of regenerative medicine therapies for pancreatic disorders.
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Appendices

Appendix 1. Supplementary Figures

A Confocal video 1

B Confocal video 2

C Confocal video 3

Supplementary Figure 1. Confocal z-stack imaging of islets from mice treated with Wnt+
CdM at (A) Day 21 and (B) Day 42. (C) Small insulin+ cluster from mouse treated with
Wnt+ CdM at Day 21. Direct co-localization of tdTomato in insulin+ islet cells was
observed. Green = insulin; Red = tdTomato; White = glucagon; Blue = DAPI. To play the

videos, please click on the viewable links provided above.
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